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Across rice ecosystems, communities of soil
microorganisms, flora, and fauna perform a wide range of functions
affecting rice plant growth. In irrigated lowland, the small aquatic
fern Azolla fixes nitrogen through its symbiotic relationship with the
cyanobacterium Anabaena azollae; hence, providing nitrogen source for
rice. The nitrogen-fixing microorganisms or diazotrophs can also benefit
the plant by supplying phytohormones and enzymes, mobilizing
nutrients, suppressing pathogens, and increasing tolerance to abiotic
stress such as drought in rainfed lowland or upland. A thorough

understanding of the mechanisms by which microorganisms benefit rice
and its environment is essential to the development of environmentally
sustainable agronomic practices.
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*Corresponding author: clc.mondejar@philrice.gov.ph

Abstract Azolla is a small aquatic fern that fixes nitrogen (N) through its symbiotic relationship with
the cyanobacterium Anabaena azollae; hence, providing N source for lowland rice. Despite its rapid
biomass production, Azolla cannot survive long enough especially during the 1-2 months fallow period
due to decrease in soil moisture. Growth of Azolla along irrigated lowland rice cropping cycle in Majayjay,
Laguna was monitored. Field and plastic tray studies of Azolla in a rainout shelter with plastic roofing were
conducted in Los Bafos, Laguna to understand its growth in lowland rice system. Results showed
that in Majayjay, Laguna, growth and sporulation of Azolla coincided with growth and development
of lowland rice. Although Azolla plants dried during the fallow period when soil moisture decreased,
sporophytes emerged a month after re-flooding the soil. Doubling time, the number of days required to
increase biomass twice, ranged from 6.2 to 6.6 days for UPLB Hybrid 1 and other accessions, and 7.0-7.4
days for the accessions from Majayjay, Laguna and Lucban, Quezon. In terms of sporulation index, UPLB
Hybrid 1 ranked higher than A. Mexicana #2002 and Azolla accession from Majayjay. In response to dry,
wet, and flooded soil conditions, number of spores germinated was zero in dry soil but exponentially

increased from wet to flooded soils.

Keywords:

Introduction

Azolla Lam. is an aquatic fern that fixes N
through its symbiotic relationship with the
cyanobacterium (used to be called blue-green
algae but a prokaryote) Anabaena azollae inside
the leaf cavities (Lin and Watanabe, 1988; Peters
and Meeks, 1989). Symbiotic N fixation is part of a
mutualistic relationship in which plants provide a
niche and fixed carbon to bacteria in exchange for
fixed N (Mus et al., 2016).

The rapid growth of Azolla in water and
its accumulation of biologically fixed N make
it a good green manure for rice under flooded
culture. Azolla can be an eflicient fertilizer
alternative or supplement in flooded rice cropping
system (Fosu-Mensah et al., 2015). Several studies
have shown the impact of Azolla as biofertilizer
on rice yield (DA-UPLB-NAAP, 1988; Kannaiyan,
1987, 1993; Kulasooriya et al., 1987; and Zhuang-
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ta et al., 1987). The biomass of Azolla covering the
floodwater of a hectare rice paddy was estimated
to be at least 20 t/ha containing about 30 kg N ha™!
(DA-UPLB-NAAP, 1988). In 1982, the Philippine
government implemented a program to use
Azolla as Dbiofertilizer in rice production.
Survival of Azolla in rice paddies was a major
constraint and it appeared that the Azolla
distributed to farmers was dependent only on
vegetative growth. Azolla multiplied asexually by
branching and fragmentation, but some varieties
reproduced sexually through spores that formed
when condition was favorable. Azolla with
asexual reproduction alone died when the rice
paddies dried up during the fallow period.
Production of spores can ensure the continued
survival of Azolla in rice paddies during an
adverse environmental condition such as drought.
Previous studies on sporulation focused on large
scale cultivation of sporelings (Shuying, 1987;
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Quing-Yuan, 1987) but did not assess persistence
of Azolla along the rice cropping cycle in paddy
field.

Previous evaluation of spore production
of Azolla in the Philippines was sporadic and
occurred within a limited period during the
cooler months in the highlands (Payawal et
al., 1994).  The importance of improving the
sporulating ability of Azolla for easy transport
and distribution prompted the researchers of the
University of the Philippines Los Bafios (UPLB)
to conduct hybridization of Azolla (Payawal et al.,
1994). There were hybrids that produced spores
under the warm growing conditions in Los Bafios,
Laguna. In rice paddies in Barangay (Bgy.) San
Isidro Ilawod, Malilipot, Albay; Bgy. Tinamnam,
Lucban, Quezon; and Bgy. Taytay, Majayjay,
Laguna, Azolla appeared during the cropping
cycles, which was associated with the production
of spores under a favorable condition. In view
of the utilization of Azolla as a biofertilizer for
lowland rice and attendant concern for N fertilizer
economy and the environment (Kannaiyan, 1993;
Fosu-Mensah et al., 2015), it would be relevant to
re-evaluate the growth of Azolla hybrids (Payawal
et al., 1994) and strains (Watanabe et al., 1992)
along the cropping cycle in lowland rice areas in
Laguna.

This study assessed the growth and
sporulation of Azolla along the cropping cycle of
rice in lowland field in Majayjay, Laguna. Field
experiments were conducted to assess spore
production of Azolla accessions under well-
watered condition. Plastic tray experiments in a
rainout shelter were conducted in Los Baios,
Laguna to assess vegetative growth of Azolla
accessions under well-watered condition, and
germination of spores under varying soil moisture
conditions.

Material and Methods

Field Sites and Tests

The rice farming community was located in
Bgy. Taytay, Majayjay, Laguna, Philippines.

The site was 529 m above sea level and
located at latitude 14° 6’ 58.27” N, longitude
120° 30" 9.97” E and 45 km away from Los

Bafios, Laguna. The soil in the field site originally
belonged to Luisiana clay series characterized by
having deep soil that developed in place through
weathering of basaltic rocks among other igneous
materials. The soil belonged to the Soil Order
Ultisol, typically clayey (>60%) dominated by
kaolinite and oxides of Fe and Al, acidic in pH (pH
5.5), Bray P2-extractable P content of 2.4 ppm with
8.70% organic matter, and 0.44% total N content.

The terraced rice paddies were supplied
with cool irrigation water (18 to 20°C) from the
highlands near Mt Banahaw. The water
temperature at the site ranged from 20 to
25°C from January to May and 18-22°C from
October to February. The wet season crop was
established in June and harvested in October while
the dry season crop was established in December
and harvested in April. Water from the
communal irrigation system was available
throughout the year and distributed to clusters
of farmers to synchronize with their planting
schedules. Carabao-pulled moldboard plow
and toothed harrow were used. Farmers soaked
their paddies 3 to 4 weeks before plowing and
harrowing once with a hand tractor or carabao.
Wetbed-raised rice seedlings were transplanted at
3-5 seedlings per hill in straight rows 20 cm apart.
After crop establishment, a 2-4 cm floodwater
depth was maintained until crop maturity. Manual
weeding was done 2 weeks after transplanting
prior to topdressing with 2 bags per hectare of
complete fertilizer containing 14 kg N ha", 14 kg
P,O, ha’, and 14 kg K,O ha.

The paddy selected for observation was the
first to receive water from the main irrigation
canal. This ensured that the Azolla in the paddy
did not come from the other paddies.

The disappearance and reappearance of
Azolla were monitored during the dry and wet
season rice crops and fallow period in 2015.
The site was visited weekly in dry season and
every other week in wet season to observe
growth of Azolla in terms of floodwater
surface area covered and rice crop growth. Two
1 m x 1 m enclosures were randomly set up in the
paddy to obtain data on growth and sporulation
of Azolla.

Biomass of the spore-bearing Azolla was
obtained from the test site in Majayjay, Laguna and
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the spores were grown in the field in Los Bafos,
Laguna in 2015 to further assess the growth and
sporulation of Azolla. In Los Bafios, Laguna soil
was Maahas clay and climatic conditions were
similar to Majayjay, Laguna. Azolla biomass was
processed and dried spores were collected
following the method proposed by DA-UPLB-
NAAP (1988). The fresh biomass was kept in a
40-L plastic container until fully decomposed,
sun-dried, and screened to separate the finely
decomposed material containing spores from the
coarse organic fragments. Thirty grams of the
fine fraction containing spores were spread over
the surface of the puddled soil in a rectangular
plastic tray. The number of germinated spores
(sporophytes) was recorded daily until the spores
developed into sporelings. The sporelings, having
two to three branches in the main rhizome, were
collected and transferred to a 1 m x 1 m plot before
transferring to 4 m x 6 m plots located in a field
along the Pili Drive, UPLB, Los Bafios,
Laguna. The number of days when the biomass
fully covered the entire plot and number of days
when Azolla first sporulated were recorded. One
hundred plants were randomly sampled weekly for
spore count.

Sporulation index was calculated using the
following formula:

Total number of plants bearing spores

X100
Total number of plants collected

Sporulation Index (S1in %) =

The number of microsporocarp (MCS) and
megasporocarp (MGS) was obtained from the 100
Azolla plants sampled. The population of Azolla
in the plots was considered harvestable when no
appreciable additional sporulation was observed.
The period from the population’s first sporulation
until harvesting was recorded. SI at harvest and
the ratio of the number of MGS to MCS was
calculated. Field observations were replicated
twice.

Eight accessions of Azolla were released in
the field to test sporulation using a completely
randomized design (CRD). The field was located
along the Pili Drive, UPLB Campus, College, Los
Bafios, Laguna. Ambient temperature, floodwater
temperature, and solar radiation were monitored
during the conduct of experiments. The accessions

Rice-Based Biosystems J (2017) 3: 1-10
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evaluated were Azolla mexicana #2024 (UPLB
Hybrid 1), Azolla sp. collected from Majayjay,
Laguna, Azolla mexicana #2002, Azolla caro-
liniana #3002, Azolla caroliniana #3005, Azolla
mexicana #2028, Azolla pinnata var. pinnata
#7004, and Azolla pinnata var. imbricata
#0005. Except for the Azolla sp. From Majayjay,
Laguna, the accessions recommended and
distributed during the operation of National
Azolla Action Program (NAAP). Release of the
accessions in the field was based on the projection
that the 4 m x 6 m ponds were fully covered before
November when the highest peak of sporulation
was observed (Payawal et al, 1994). The
period when the majority of the plants attained
their peak of sporulation was recorded. Plants
(total of 100) were randomly sampled weekly to
count the spores. Likewise, SI, MGS, and MCS
counts were obtained. Data were analyzed using
analysis of variance (ANOVA). Treatment means
were compared using Tukey’s Procedure.

Plastic Tray Experiments in a Rainout Shelter
with Plastic Roofing

The Azolla plant samples from Majayjay, Laguna
and Los Bafos, Laguna and UPLB Hybrid 1 were
grown in plastic trays (33 cm x 27 cm x 10 cm)
with 3 replications in the rainout shelter covered
by plastic roofing. The experimental design was
CRD. Additional Azolla plant samples were
obtained from Malilipot, Albay; Bacacay, Albay;
and Lucban, Quezon. The morphological features
and sporulating behavior of the additional samples
of Azolla were similar to Azolla sp. from Majayjay,
Laguna. The trays were filled with 2-cm thick
puddled Maahas clay soil from UPLB Central
Experiment Station and flooded to a depth of
1 cm. With an initial biomass of 5 g, growth of
each Azolla sp. was assessed by measuring biomass
accumulated weekly. Doubling time (DT) is the
number of days required for the fronds to increase
their weight (Kannaiyan, 1993). DT in days was
calculated using the exponential growth equation:

N(t) = N(0)e™
Spores were collected from the sporula-

tion pond in Majayjay, Laguna and inoculated in
dry, wet (above field capacity), and flooded soil
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where

NaturallogN(t) |

Growth rate = -t
N(0)
when Where:
N(t) o .
=2 1log2 = 0.69 N(t) = biomass at time t
N@y  “Y

N(0) = biomass at time=0

0.69
Doubling Time (DT) = T r = growth rate

conditions contained in separate plastic trays in
a rainout shelter with plastic roofing for 30 days.
Thirty grams of dry spore samples were contained
in each of the treatment tray. The number of days
to germinate and the number of spores that
germinated (sporophytes) were recorded daily.
The experiment were replicated thrice using CRD
to validate the field observation that flooded soil
condition triggered germination of spores. Data
were analyzed using ANOVA and treatment means
were compared using Tukey’s Procedure. Other
parameters like fertilization of the female spores by
the male spores, germination of fertilized spores,
and development of newly emerged sporelings
were examined under the dissecting microscope.

Results

Field Observations on Azolla Growth in
Majayjay, Laguna

The morphological features of Azolla sp. in
Majayjay, Laguna (Figure 1) were similar to Azolla
mexicana 2001, one of the parents of UPLB Hybrid
1 (Payawal et al., 2004). UPLB Hybrid 1, Azolla
sp. from Majayjay and other accessions were used
in our field and plastic tray studies in Los Bafos,
Laguna. During the dry season rice cropping in
Majayjay, Laguna, spores of Azolla germinated
within a month after flooding the paddies prior
to land preparation. Before the final harrowing,
patches of Azolla grew profusely and covered 75%
of the paddies. However, during the harrowing
operation, Azolla plants were buried in the mud
and reduced Azolla cover by 20%. The remaining
patches of Azolla consisted of a mixture of
sporophytes and young Azolla plants. Growth and
sporulation of Azolla coincided with the growth
and development of the rice crop during the two
cropping seasons (Figure 2). At transplanting

time, Azolla patches occupied about 40% of the
paddies due to their fast growth. The patches
consisted of fragmented Azolla plants with two
to three branches in the main rhizomes. Three
weeks after transplanting, the Azolla covered more
than 50% of the paddy surface and consisted of
tully matured Azolla plants and newly-fragmented
Azolla plants from the main fronds.

Azolla covered the entire paddy before
the maximum tillering stage of the rice crop.
At this time, some Azolla plants had reached
physiological maturity based on morphological
features of the fronds. The Azolla patches found
near the dikes were oriented in the direction of the
prevailing wind and bore spores while those in
the interior of the paddies in the opposite side
appeared too young to bear spores. Azolla in the
paddies reached reproductive stage 40 days after
transplanting (DAT) or near the maximum
tillering stage of the rice crop. After the
production of spores, Azolla senesced in water and
spores germinated to form the sporophytes at 60
DAT or toward the flowering stage. Sporulation of
Azolla was again observed during heading or early
flowering stage of rice. The Azolla fronds appeared
sturdy with several fruiting bodies attached
beneath the fronds (Figure 1). A month after
flower emergence or at harvest stage, only small
patches of Azolla were observed as most of the
Azolla plants senesced after bearing spores. The
remaining few Azolla patches clung to the sides
of the dikes where soil was still moist. During the
fallow period, dried Azolla patches were observed
on the soil surface. The paddy was again
irrigated for the dry season cropping a month
after the fallow period. Sporophytes were observed
during this period. The sporulation cycle of Azolla
in dry season followed that of the wet season cycle
(Figure 2).

The major sporulation of Azolla (with a
sporulation index of > 50) was observed twice
in each cropping season, i.e., before maximum
tillering and after flowering. After harvesting the
wet season rice crop, fields were left fallow for
a month from October until the start of the dry
season crop in December. Desiccated patches
of Azolla were observed in the field during the
fallow period. Soil dehydration during the fallow
period after harvesting the wet season crop did not

Rice-Based Biosystems J (2017) 3: 1-10
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Figure 1. Azolla plants bearing spores underneath the fronds with microsporocarps (a) and megasporocarps (b) (10x
magnification of Azolla in abaxial position) before draining the paddies or two weeks before harvesting the rice crop

in Bgy. Taytay, Majajay, Laguna.
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Figure 2. Growth and sporulation of Azolla coinciding with the growth and development of irrigated lowland rice with a fallow period between

two rice crops in Bgy. Taytay, Majayjay, Laguna.

result in excessive soil cracks and soil
moisture was far above the permanent wilting
point. However, Azolla desiccated even under such
soil moisture status (Figure 3a). Longer fallow
period between the dry and wet season crops
resulted in longer period of desiccation for
Azolla (Figure 3b). Spores remained on the surface
of the dry soil during fallow period and
sporophytes emerged a month after re-flooding
the field. The sporophytes became complete young
plants with roots a month after flowering of the rice
crop. At this time, Azolla plants had roots attached
to the main rhizome with two to three branching
of fronds.

Rice-Based Biosystems J (2017) 3: 1-10

Biomass and Spore Production of Azolla sp. from
Majayjay

Data on biomass and spore production obtained
from the sampling area in the paddy in Majayjay,
Laguna were close to the biomass and spore
production data obtained from the field
experiments in Los Bafos, Laguna for the Azolla
sp. from Majayjay. Based on data from both field
set-ups, it was observed that with full Azolla
coverage, the 1 m x 1 m sampling area produced
1.75 kg fresh biomass. The 1.75 kg fresh biomass
contained 19 g dried spores that produced 16,250
sporophytes. The sporophytes continued to grow
and occupied the 1 m x 1 m plot size for 2-3
days. The first sporulation was observed 20 days
after the Azolla fully covered the plot. Table 1
shows the duration from inoculation of spores to
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Figure 3. Drying of soil during the fallow period between wet and dry season rice cropping (A) and fallow period between
the dry and wet season rice cropping (B) and observed patches of Azolla.

Table 1. Number of days from spore inoculation, germination, first sporulation until harvest of spore-bearing Azolla biomass, sporulation index,
and sporocarp ratio of Azolla sp. from Majayjay, Laguna. Number of replications = 3.

Parameter Mean

Number of days from spore inoculation to germination 10

Number of spores that germinated 16,294

Number of days from spore germination in plastic trays to transfer of sporelings in 1 x 1 m plot 32

Number of days from the release of sporelings in 4 x 6 m field plot until the azolla covered the entire plot 21

Number of days from azolla full coverage of the plot until the first sporulation 20

Number of days from first sporulation to harvest of spore-bearing azolla biomass 21

Sporulation index (SI) of azolla 65

Ratio of megasporocarp to microsporocarp 0.44

germination in flooded soil in plastic trays and
other parameters leading to sporulation for
the Azolla sp. from Majayjay. For example, the
number of days from first sporulation to harvest
of spore-bearing Azolla biomass was 21 and the
sporulation index was 65.

Vegetative Growth of Azolla Accessions

In the plastic tray experiment under a rainout
shelter with a plastic roofing, vegetative growth
of Azolla accessions from Majayjay, Laguna and
Lucban, Quezon were lower than the
vegetative growth of UPLB Hybrid 1 and the other
Azolla accessions (Figure 4). Mean doubling times
(DTs) were 11.2 days for Majayjay accession in
March and 7.4-10.6 days for Lucban
accession from April to September.Across the
12-month period, average DTs of UPLB Hybrid 1
and accessions from Bacacay and Malilipot in
Albay, and Los Bafios, Laguna ranged from 6.2 to
6.6 days. Average DTs were 7.0 and 7.4 for
accessions from Majayjay, Laguna and Lucban,

Quezon, respectively.

Spore Production of Azolla Accessions

Only 3 of 8 Azolla accessions that were tested had
sporulated in January 2015 under lowland field in
UPLB Campus, Los Bafios, Laguna. These were
UPLB Hybrid 1, Azolla mexicana # 2002, and
Majayjay (Table 2). The mean ambient and
floodwater temperatures in the field were 26°C
and 27°C, respectively. The UPLB Hybrid 1 had a
sporulation index (SI) of 100% and its
megasporocarp and microsporocarp counts were
significantly higher than that of Azolla mexicana #
2002 and Majayjay accession. SI of UPLB Hybrid 1
was 21% and 82% higher than that of Azolla
mexicana # 2002 and Majayjay accession,
respectively.

Germination of Spores under Different Soil
Moisture Conditions

Germination of spores of Azolla sp. from
Majayjay, Laguna was tested in dry, wet, and

Rice-Based Biosystems J (2017) 3: 1-10
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m UPLB Hybridl
= Lucban, Quezon

= Majayjay, Laguna

DT (days)
N

H Bacacay, Albay
2 Malilipot, Albay

# Los Bafios, Laguna

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 4. Doubling times (days) of Azolla accessions from 20 October 2014 to 28 September 2015 in PhilRice Los Bafios,
Laguna. Vertical bar is the standard error of each mean (+ SE).

Table 2. SI, MGS, and MCS of three Azolla accessions in the field UPLB Campus, Los
Baios, Laguna in January 2015. For MGS and MCS, means followed by a common letter
are not significantly different at 5% level by Tukey’s Procedure.

Source of Accessions SI (%) No. of MGS No. of MCS
UPLB Hybrid 1 100 4.4b 8.8b
A. mexicana # 2002 83 1.7a 3.3a
Majayjay 55 1.3a 2.9a

Table 3. Average number of days to germinate and spores that germinated in dry, wet
(above field capacity), and flooded soil moisture conditions in plastic trays in a rainout
shelter with plastic roofing in Los Bafos, Laguna for the Azolla sp. from Majayjay in 2015.
For the number of spores that germinated, means followed by a common letter are not

Figure 5. Sporelings or germinated spores

significantly different at 5% level by Tukey’s Procedure.

(denoted by blue arrows) were observed a

Soil Moisture Condition No. of Days to Germinate

No. of Spores Germinated

week after flooding the dry soil.

Dry - 0
Wet 41 151°
Flooded 8 1049°

flooded soil conditions in plastic trays in a
rainout shelter with plastic roofing for 30 days.
Spores did not germinate under dry soil condition
(Table 3). Under wet soil condition, the number of
days to germinate was 41 and 151 spores
germinated. Under flooded soil condition, the
number of days to germinate was 5 times shorter
and the number of spores that germinated was 7
times higher than in wet soil. It was observed that
spores were still viable 7 days after flooding the dry
soil (Figure 5).

Discussion
In Majayjay, Laguna, growth and sporulation of

Azolla were observed along the cropping cycle
of irrigated lowland rice during the dry and wet
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seasons. A flooded soil is critical in supporting the
growth of Azolla and rice. A shallow
floodwater depth of 5 cm or less is ideal, although
Azolla can grow satisfactorily in greater depths
(Wagner, 1997). Though Azolla is able to grow on
a wet mud surface or wetted peat litter, it prefers
to grow on free-floating conditions (Serag et al.,
2000). Other factors affecting growth and
development of Azolla (Sadeghi et al., 2013),
concomitant Azolla-Anabaena symbiosis and
impact on rice yield (Fosu-Mensah et al., 2015;
Singh and Singh, 1987; Wagner, 1987) are light
intensity, air and water temperature, relative

humidity, wind velocity and waves, soil
physical-chemical  variables including pH,
phosphorus, nitrogen, potassium, calcium,

magnesium, salinity, and biological factors like
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insects, bacteria, fungi, and viruses. For
example, the optimum temperature for Azolla spp.
is between 18° and 28°C (Tuan and Thuyet, 1979)
and around 30°C for A. pinnata, A. Mexicana,
and A. caroliana (Watanabe, 1982). In contrast to
other minerals, availability of N and to some extent
dissolved oxygen are considered not limiting
factors for Azolla growth because an increase
in nitrate concentration might result in low
coverage of Azolla in the Anzali wetland (Sadeghi
etal., 2013). Through its symbiosis with Anabaena,
Azolla can have free access to atmospheric N for
fulfilling its requirements (Costa et al., 2009). Like
other photoautotrophic aquatic organisms, some
nutrients such as phosphorus or P (in the form of
phosphate) are limiting Azolla growth (Sadeghi et
al., 2013). Phosphorus is an important nutrient to
yield a successful growth of Azolla sp. (El Katony
et al., 1996). If there is enough P in the aquatic
environment, Azolla will be able to grow without
the application nitrogen such as NH,NO, (Costa
et al., 1999). In laboratory studies, a P concentra-
tion of about 0.06 ppm (2 uM) has been reported
to be adequate to sustain Azolla growth (Sadeghi et
al., 2013). However, based on field surveys, a range
between 0.3 and 1 ppm of P (10 to 33 pM) has
been suggested to be adequate for Azolla growth.
Different Azolla species respond to different
concentrations of P (Kushari and Watanabe, 1992).

Data on biomass and spore production
of Azolla sp. in lowland rice field in Majayjay,
Laguna were similar to data on biomass and spore
production of the Azolla sp. from Majayjay
tested in Los Bafios, Laguna. This could be partly
attributed to some similarities in the climatic
condition and clay properties in both areas.
However, other physical, chemical, and biological
factors that can influence the growth of Azolla
(Sadeghi et al., 2013) in different test sites should
be considered, e.g., soil N and P supplies.

Based on a 12-month study conducted
in plastic trays in a rainout shelter with plastic
roofing in Los Bafos, Laguna, average doubling
times of 6.2 to 6.6 days for UPLB Hybrid 1 and
accessions from Barangays Bacacay and Mililipot
in Albay and Los Banos, Laguna were less than
the DT values (7.0 to 7.4) of accessions from Brgy.
Majajay, Laguna and Brgy. Lucban, Quezon. The
DT values in the present study were more than the

DT values reported by other researchers. Based
on an Azolla adaptability test conducted in the
Philippines from 1982 to 1983, a DT of less than
3.5 days was classified as highly adaptable; 3.5 to
5 days as moderately adaptable; and greater than
5 days as a non-adaptable (Callo et al., 1985). In
laboratory studies at International Rice Research
Institute, Azolla doubled its mass in 3 to 5 days,
growing in N free solution, and accumulated 30 to
40 kg N/ha in two weeks (Watanabe et al., 1977).
Under ideal conditions of light and temperature,
DTs of 2 days or less were reported for A.
filiculoides, A. caroliana, A. mexicana, and A.
pinnata (Watanabe, 1982). In studies of growth
and survival of A. filiculoides, Janes (1998a)
indicated that microclimatic effects were likely to
be responsible for the discrepancy between
laboratory and outdoor culture results. Hence,
differences in DT values obtained in the present
study and DT values from field studies reported
by other researchers can be partly attributed to the
smaller soil volume and other soil properties in the
plastic trays and microclimatic condition inherent
in our rainout shelter with plastic roofing.

Based on lowland field data in Los Baios,
Laguna, the sporulation index, number of
megasporocarps, and microsporocarps were
significantly higher in UPLB Hybrid 1 than in A.
mexicana # and Azolla sp. from Majayjay, Laguna.
However, DT was less in UPLB Hybrid 1 than in
the Azolla sp. from Majayjay, Laguna. Based on
studies on 14 strains of Azolla in Benguet State
University, Mountain Province, Philippines, DT
was inversely proportional to relative growth rate
(Fomeg-As and Merestela, 2014). In laboratory
experiments, increasing plant density and/or
P supply resulted in increased sporulation in
Azolla filiculoides (Janes, 1998b). Also, it was
estimated that a thick mat of 8 kg m? fresh
biomass can produce 380,000 microsporocarps
and 85,000 mgasporocarps m™. Hence, it can be
assumed that DT can be inversely proportional to
sporulation index. To validate this relationship, DT
and sporulation index can be evaluated for UPLB
Hybrid 1 and Azolla sp. from Majayjay, Laguna in
irrigated lowland fields in Majayjay and Los Bafos,
Laguna under similar crop management. The
interacting effects of light intensity, photoperiod,
temperature, soil pH, N, and P supply regulating
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sporulation (Pabby et al., 2003) will have to be
considered.

Toward the end of dry and wet season
cropping, water is withdrawn and field is left
fallow for a month or two. During the fallow
period, soil moisture is reduced and Azolla plants
become desiccated (Figure 3). This prompted us
to set up soil moisture studies in plastic trays in a
rainout shelter for a month in Los Bafos, Laguna
to assess germination of spores of Azolla sp. from
Majayjay, Laguna. The sensitivity of the Azolla sp.
from Majayjay to reduction in soil moisture was
evident with the significant reduction in number
of days to germinate and 595% reduction in spores
germinated when the wet soil treatment was
compared with the flooded soil treatment (Table
3"). No spores germinated in the dry soil treatment
but spores were still viable a week after flooding.
It will be important to assess the germination of
spores of UPLB Hybrid 1 and A. mexicana # 2002,
Azolla selections (Watanabe et al., 1992; Payawal et
al., 1994), and other Azolla spp. with some degree
of tolerance to abiotic stresses (Uheda et al., 1999;
Abraham and Dhar, 2010) in response to dry, wet,
and flooded soil treatments, and viability of spores
after flooding the dry soil.

Conclusion

This study documented the growth and
sporulation of Azolla sp. coinciding with the
growth and development of irrigated lowland rice
in two cropping cycles and desiccation of Azolla
plants during the dry fallow period between the
two cropping cycles in Majayjay, Laguna.

In Los Bafos, Laguna, doubling time or the
number of days required to increase plant biomass
twice, differed among the Azolla spp./accessions
tested and appeared to be inversely proportional
to sporulation index. This relationship should be
validated during the rice cropping cycle in
irrigated lowland fields in Los Bafos, Laguna
and Majayjay, Laguna. The interacting effects of
light intensity, photoperiod, temperature, soil pH,
nitrogen and phosphorus supply, and crop
management influencing growth and sporulation
should be considered.

For the Azolla sp. from Majayjay, Laguna,
the number of days to germinate and number of

Rice-Based Biosystems J (2017) 3: 1-10
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germinated spores were strongly influenced by soil
moisture condition. It is important to assess the
germination of spores of UPLB Hybrid 1, other
Azolla species, and selections with some degree of
tolerance to abiotic stresses in response to dry, wet,
and flooded soil conditions, and viability of their
spores after flooding the dry soil.
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Abstract High temperatures at reproductive stage can induce floret sterility and limit rice yields. Reports
show that rice yields can be reduced by 10-14% when air temperatures above 35°C coincide with
reproductive stage. With the current scenario and projected increase in temperature due to climate change,
new breeds of rice tolerant of heat stress are needed. Earlier, PhilRice identified genetic donors for heat
tolerance and started the breeding process resulting in hundreds of lines that were developed, screened,
and selected under high temperature conditions. In this study, marker-assisted selection (MAS) using a
heat-tolerant marker RM3586 and conventional selection by phenotypic acceptability using the standard
evaluation system were employed to identify high temperature tolerant and susceptible genotypes in early
segregating populations then screened under high temperatures in the fields in PhilRice, Science City of
Muiioz, Nueva Ecija and Southern Cagayan Research Station, Iguig, Cagayan. One elite breeding line select-
ed through MAS and five lines from conventional selection were nominated to the National Cooperative
Test (NCT). Of the six entries nominated to NCT, breeding lines PR42026-34-1-3-B-2, PR44500-A3-3-2-2
(MAS), and PR40330-4-2-7-1-2-1 were among the top five entries reported by NCT. Their average grain
yield and percentage spikelet sterility were 3.9 and 1.9 times higher, respectively, than the tolerant check

varieties N22 and Dular following exposure to heat stress at reproductive stage.

Keywords: Conventional Breeding,

Quantitative Trait Loci, Rice.

Introduction

Rice varietal development for high temperature
conditions is an increasing concern and challenge
among breeders due to global warming
scenarios in the tropics. Although farmers can
adapt to climate change by shifting planting dates,
selecting varieties with different growth durations,
or practicing crop rotation, these adjustments may
result in lower yields. Developing germplasm with
higher tolerance to climate-induced high
temperature stresses through breeding is a sound
climate change adaptation strategy. Breeding
improved rice varieties by developing germplasm
with higher tolerance to climate-induced stresses
is a sound climate change adaptation strategy.
Development of such varieties requires
participation of multidisciplinary teams composed
of breeders, geneticists, pathologists, entomolo-
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gists, physiologists, biotechnologists, agronomists,
and cereal chemists (Wassman et al., 2009).
Breeding rice varieties tolerant to high
temperature has received less attention compared
with other stresses such as drought and salinity
(Wassmann et al., 2009). In the early 1980s (Mack-
ill et al., 1982; Mackill and Coftman, 1983), high
temperature tolerance of rice were considered
within region-specific breeding programs with
limited success. Through the years, however,
corporation of high temperature tolerance in rice
is becoming a key breeding objective in the
Philippines (Manigbas and Sebastian, 2007; Ye
et al, 2012). Germplasm innovation and
identification of high temperature-tolerant
inbred rice varieties are initiatives for variety
development of  susceptible high-yielding
Philippine rice varieties (Manigbas et al., 2014).
High temperature affects all rice growth
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stages, from emergence to ripening but
flowering (anthesis and fertilization) and booting
(microsporogenesis) are the most sensitive stages
(Imaki et al., 1982; Shah et al., 2011; Tenorio et al.,
2013). In general, when rice plants are exposed
to temperature greater than 35°C for more than
an hour at anthesis, it results in increased sterili-
ty (Jagadish et al., 2007). Temperature above 35°C
at flowering stage causes high pollen and spikelet
sterility, which leads to serious yield losses, low
grain quality, and low harvest index (Osada et al.,
1973; Matsushima et al., 1982; Matsui et al., 1997a
and b; Zhong et al., 2005; Prasad et al., 2006). A
major cause of spikelet sterility at flowering stage is
anther indehiscence. Under high temperatures, the
anthers of heat-tolerant genotypes dehisce more
easily compared with susceptible ones (Satake and
Yoshida, 1978; Mackill et al., 1982; Matsui et al,,
1997a, 1997b; Matsui et al., 2001) due to tight
closure of the locules by the cell layers that
delays the opening and decreases spikelet
fertility (Matsui and Omasa, 2002). High
temperature affects anther dehiscence, pollination,
and pollen germination that leads to spikelet
sterility and yield loss (Yoshida et al., 1981).

Adaptation to high temperature stress in
rice through cultural management practices is
insufficient to sustain and increase yields. Thus,
breeding for heat tolerance in rice is a high
priority. Incorporation of biotechnology like
MAS has proven to be useful in rice breeding as it
shortens the breeding cycle by 2-3 years. This
tool was used in the development of new heat-
tolerant rice genotypes along with the conventional
method. In Vietnam, Lang et al. (2015) described
the use of molecular markers in identifying
tolerant plants using marker-assisted backcrossing
populations under high temperature
environments. The advantage of using molecular
markers over phenotypic data is the possibility to
compare genotypes even if they are sampled in
different environments and the ability to detect
DNA polymorphisms through the entire genome
(Sakiyama et al., 2014).

This study utilized MAS and conventional
selection by phenotypic acceptability to identify
high temperature tolerant and susceptible
genotypes in the early segregating populations
prior to their screening under high temperatures

in the field.

Materials and Methods

Location

The experimental areas were located at PhilRice
Central Experiment Station (PhilRice CES) in
Science City of Mufoz, Nueva Ecija and Southern
Cagayan Research Center (SCRC) in Iguig,
Cagayan. PhilRice CES, under the Department of
Agriculture, is situated in Central Luzon, Region
3, 15.6758°N and 120.8903°E. Farm areas were
mostly irrigated and dry season planting time was
from December to January. SCRC is in Northeast
Luzon, Region 2, 17.7499°N, 121.7537°E. Farm
areas were irrigated and transplanting rice was
from December to February. Late planting from
January to February was critical because high
temperatures (38 to 40°C) occurred during
April-May and usually large areas were affected.

Breeding and Selection

Hybridization and field selection were done at
PhilRice CES and several segregating populations
were advanced and selected using pedigree
method. Five selected backcrossed populations
were used for marker-assisted backcrossing during
dry (DS) and wet (WS) seasons. All populations
were screened and selected in the field under
high temperatures in two sites in unreplicated
conventional breeding with an initial 4,000
plants in the F, population of each cross and
generation advance in the F,-F. Selection of
desirable phenotypes under high temperature
conditions was done during the DS as temperature
reaches up to 38°C in April to May. Every season,
each population was grouped according to
flowering dates so that all breeding lines would
flower at the same time during high temperature
months. Selection was based on phenotypic
acceptability (IRRI SES, 2014). Criteria used were
erect leaves, high tillering, short to intermedi-
ate plant height, good panicle exsertion, 100-115
days maturity, high number of filled spikelets, and
long panicles with intermediate to long grains. At
harvest, percentage spikelet sterility/fertility was
determined by counting filled and unfilled
spikelets of the main panicle of 10 sampled healthy
plants of each advanced breeding line. This
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protocol was also followed at SCRC. After
undergoing  generation advance, selection
under high temperature conditions and yield tests,
promising lines were nominated to the
National Cooperative Test (NCT). The NCT is
the final testing of the breeding lines prior to
varietal release. The conventional breeding scheme
of backcrossing and the use of MAS as a tool are
shown in Figure 1.

Phenotyping of BC,F, Population
The BCJF, population was evaluated from
heading to maturity. Heading dates were recorded
as basis for the number of days to maturity.
Duration of heading was determined from start
of panicle exsertion to full exsertion. To monitor
the time of flowering, temperature at dehiscence,
and relative humidity (RH) at flowering, the time
and date on the MINCER micrometeorological
equipment and digital clock were synchronized to
facilitate marking of a phenotype. At physiological
maturity, the number of filled and unfilled grains
were recorded to determine percent spikelet
sterility/fertility. Grain yield was also recorded. The
mean spikelet sterility of three panicles was used to
evaluate the heat tolerance of the progenies.
Quantitative trait loci (QTL) analysis was
done using composite interval mapping with
IciMapping 4.0 software to identify the genetic

Development of New Heat-Tolerant Rice Varieties

loci responsible for the variation of study traits.
Linkage groups were identified using command
group with logarithm of odds (LOD) > 4.0, and
this LOD value was used to check linkage among
the SSR markers. Permutation test was done at
1,000 iterations to increase the precision of puta-
tive QTLs or reduce the probability of finding false
marker-QTL association. The QTL that could meet
the new threshold set by permutation was selected
based on the significance level at p > 0.05 and LOD
score of 4.0.

DNA Preparation

Six mapping populations with heat tolerance
donors N22 and Dular crossed with popular
high-yielding varieties but heat-susceptible were
assembled. Genomic DNA from leaf samples were
extracted using the Modified Cetyltrimethylam-
monium Bromide (CTAB) method (Perez et al,,
2012) and dissolved in TE buffer with RNAse.
PCR amplification was carried out using 6.82 uL
for each reaction well containing the following: sd-
H,0, 5x PCR buffer, 10 mM MgCl,, 1 mM dNTP,
10 pM forward and reverse primers, and 5 U Taq
polymerase. The PCR cycling regime was 94°C for
5 min, followed by 30 cycles of 1 min denaturing
at 94°C, 1 min primer annealing between 55°C to
67°C, 2 min primer extension at 72°C, plus a final
extension of 5 min at 72°C completed the cycle

NSIC Rel50 and other
popular and high-yielding
varieties but intolerant to
high temperature
(Recurrent parent)

B

MAS and phenotype selection
under high temperature
conditions

« U <«
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Figure 1. Schematic diagram for the development of heat-tolerant rice genotypes using marker-assisted backcrossing at different filial generations
and selection prior NCT nomination. HT = high temperature; MAS = marker-assisted selection.

Rice-Based Biosystems J (2017) 3: 11-24

13



14

Development of New Heat-Tolerant Rice Varieties

AS996-9*1/N22 I 4

Hanareumbyeo*4/ N22 G 20

IR66*4/ Dular NN 6

NSICRc150*4/ Dular - I 46

OM 5930*4/ Dular NN 13

NSIC Rc160*4 / Dular I 15
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NUMBER OF HEAT-TOLERANT ADVANCED LINES

Figure 2. Number of heat-tolerant advanced lines developed through MAS and selected in the field under high temperature conditions (37 -38°C)

at PhilRice CES and SCRC.

performed in programmable thermal cycler PTC®
100, MJ Research Inc.

The PCR products were loaded in 8% non-
denaturing polyacrylamide gel with 1x TBE
buffer. The samples were prepared by adding 6
uL of loading dye (3x STR dye) and loaded 3.5 pL
samples on the gel. The gels were electrophoresed
at 100 V for 1 h, stained with 5% SYBR® Safe
DNA Staining solution for 10 min and viewed in
Molecular Imager® Gel Doc™ XR System with
Image Lab™ Software.

Marker-Assisted Selection

MAS was used in six BC,F, mapping populations
that showed polymorphism (Figure 2). These
populations were selected based on the genotypes
using molecular marker RM3586 that was
associated with heat tolerance and tightly linked
to a major QTL on chromosome 3 (Zhang et al,,
2009; Lang et al., 2015). After band scoring and
marker data analysis, susceptible plants based
on the marker data were discarded. Only the
tolerant and heterozygous plants were grown in
the field in a regular unreplicated pedigree nursery
with 3 rows at 25 plants per row. Populations were
grouped according to flowering date and planted
in four batches so that they would flower at the
same time under high temperatures in the field.
Heterozygous plants that segregated with
susceptible alleles in the next generations were
discarded. Plants were not selected due to
susceptibility to pests and diseases, poor plant
type, highly sterile panicles, and less number of

grains per panicle. At harvest, percent spikelet
sterility/fertility ~was assessed for selected
individuals. Selected plants were advanced to
the next generation and repeatedly selected until
uniformity of the population was achieved in the
F.-F, and in the backcrossed populations. Most
of the selected lines were either tolerant or
heterozygous based on the marker and the
susceptible genotypes were discarded. Plants
susceptible to high temperature, insect pests, and
diseases were also dispensed.

Spikelet fertility should be >82% (or <18%
spikelet sterility) to be considered tolerant, 60-81%
(or 19-40% spikelet sterility) for intermediate
tolerance, and <59% (or >41% spikelet sterili-
ty) for susceptible. This percentage was based on
results from an experiment, which used MAS in
the field (Manigbas and Madrid, 2013). Figure 2
shows the number of high temperature-
tolerant advanced lines selected using MAS
and field methods. Outstanding lines with heat
tolerance trait generated were from cross of NSIC
RC150*4/Dular with 46 lines. This was followed
by Hanareumbyeo*4/Nagina22 or N22 with 20
lines, NSIC RC160*4/Dular, 15 lines; OM 5930*4/
Dular with 13 lines; IR66*4/ Dular with 6 lines;
and AS996-9*1/N22, 4 lines. Breeding lines
with grain yields of more than 4 t ha' and have
intermediateresistance (IR) toresistance (R) against
insect pests and diseases were included. Moreover,
those with acceptabse grain qualities and crop
maturity were studied.

Rice-Based Biosystems J (2017) 3: 11-24
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Figure 3. MINCER (Micrometeorological Instrument for Near
Canopy Environment of Rice) installed at the start of the reproductive

stage of the rice plant to record temperature and RH every 2 min for
24 h.

Temperature and Relative Humidity

In DS when temperature was expected to rise, a
MINCER (Micrometeorological Instrument for
Near Canopy Environment of Rice) was placed
above the rice crop canopy to record the
temperature and RH every 2 min for 24 h (Figure
3). The instrument was installed at booting stage
until near maturity to monitor the temperature
and RH during the reproductive stage and the
maximum temperature at the onset of flowering.
The instruments were useful in evaluating the
breeding lines that flowered at different
temperature regimes. A Ricoh camera (Model
Wg-30) was installed to monitor the start, peak,
and end of anthesis every 3 min from 8 am to 1 pm
(Figure 4).

Yield Trials

As part of the conventional breeding approach,
advanced and promising lines were evaluated in
the Observational Nursery for uniformity,
phenotypic acceptability, number of productive
tillers, spikelet sterility/fertility, and grain yield.
Uniform lines with excellent plant type and high
yield (>5 t/ha) and low spikelet sterility (<40%)
or more than 60% spikelet fertility were selected.
These advanced lines were tested in Preliminary
Multi-Environmental Yield Trial outside PhilRice
while others were tested at PhilRice CES and at
SCRC in 2015 DS and WS. Promising lines that
passed the criteria were nominated to Multi-
Environmental Trials (MET), Advanced Yield Test
(AYT), MET 1, MET 2, and the NCT. Only the best

Rice-Based Biosystems J (2017) 3: 11-24
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Figure 4. Portable camera installed in the field to take photo every 3
min from 8 am to 1 pm during flowering of the rice plants.

advanced and promising lines were selected and
presented in this paper as a result of the
different yield tests conducted. In the MET, AYT,
MET 1, and MET 2 tests, entries from other
breeding institutions and groups with reported
heat tolerance were evaluated. In the field test, the
checks used were the heat-tolerant varieties N22
and Dular and heat-susceptible varieties IR52 and
NSIC Rc160. NSIC Rc222, a high-yielding variety
popular among farmers, was also tested in the field.

Results

Field Selection

All breeding lines from segregating populations up
to advanced/promising lines, either selected
through MAS or conventional breeding, were
screened in the field for high temperature
tolerance, and reaction to pests (i.e., insect pests
and diseases). Nearly 4,000 plants were planted in
the F, nursery and advanced in the next
generation with approximately 10% selected for
tolerance for high temperature and pests. Each
generation, especially during DS, was subjected to
high temperature stress in the field and planting
was staggered so that flowering coincided with the
highest temperatures in April to May. Temperature
and RH from 2013 to 2015 DS were recorded us-
ing the MINCER. Figure 5 shows measurement of
temperature and RH above the rice crop canopy
in the field at 2 min interval for 24 h d' wk' in
April-May 2015 in PhilRice CES. The maximum
temperature during these months exceeded 35°C

15



16

Development of New Heat-Tolerant Rice Varieties

April 15 to May 11,2015;2-min. interval 24/7

Day

Figure 5. RH (gray in percent) and air temperature (black in °C)
readings by the MINCER (Micrometeorological Instrument for Near
Canopy Environment of Rice) at 2-min interval for 24 h from 15 April
to 11 May 2015 in PhilRice CES. Similar trends were observed in
SCRC.
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Figure 7. Plant yield and percent spikelet sterility of the different
crosses and their parents following exposure to high temperature.

during reproductive stage and caused heat stress
during anthesis, pollination, and grain
development. When air temperatures exceeded
35°C, average RH was 69.1% (Figure 5). Using a
time-lapse camera (Figure 4) at 3 min interval, the
start of anthesis was generally at 9:15 am and
ended at nearly 12 noon. Similar trends in
temperature and RH were observed in the other
field-testing site in SCRC.

A sample phenotype and genotype
relationship was obtained after crossing a
susceptible ~variety AS996-9 with a high

temperature-tolerant variety N22 (Figure 6).
Based on the SSR marker RM3586 linked to heat
tolerance, the coefficient of determination (R?)
was 0.71. In the intermediate tolerant types, the
phenotype and genotype had similar number of
plants and spikelet sterility ranged from 18 to 40%.
However, there was a mismatch between the
phenotype and genotype for the tolerant and
susceptible types. This was also observed in other
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Figure 6. Reaction of a backcross population of AS996-9
(susceptible to high temperature) with N22 (tolerant to high
temperature) for the tolerant, intermediate, and susceptible groups
and their ranges of spikelet sterility. The phenotype and genotype
relationship had a coefficient of determination of 0.71.
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Figure 8. Number of plants in the BC, populations of selected
populations in NSIC Rc150*2/Dular cross and AS996-9*2/N22 cross
for the tolerant, intermediate, and susceptible groups and their spike-
let sterility ranges. Note: *2 means recurrent parent in the second
backcrossing (BC,).

populations.

Figure 7 shows that the progeny of the cross
between NSIC Rc150 and Dular had higher
plant yield and spikelet sterility than the parents.
However, the progeny of the cross between
AS996-9 and N22 had lower yield than the
parent AS996-9 but lower yield than the other
parent N22. Spikelet sterility of the cross was
higher than those of the parents.

In terms of frequency of the breeding lines
or the number of plants in the BC, populations,
crosses NSIC Rc150*2/Dular and AS996-9*2/N22
produced an almost equal number of intermediate
tolerant types with spikelet sterility ranging from
17.6 to 40% (Figure 8). The frequency of breeding
lines from both crosses was more variable for the
tolerant and susceptible types. There were
variations in terms of the cross combination
between susceptible and tolerant parents
indicating good combining ability of particular
genotypes. Both crosses produced an almost
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similar number of intermediate tolerant types with
spikelet sterility of 17.6-40%.

Marker-Assisted Selection

Selected parents, check varieties, and backcrossed
populations were screened using the SSR marker
RM3586. The tolerant and susceptible checks had
distinct banding patterns and were easily scored
(Figure 9). The genotypic data was used to identify
and confirm tolerance and susceptibility of
segregating plants under high temperature
conditions. In some cases however, few
individuals showed tolerant reaction based on the
marker but had high percent spikelet sterility in
the field. It was therefore necessary that selection
in the field under high temperature stress be done
to confirm the genotypic data using the marker.

Performance of Breeding Lines in the Field

The following were evaluaed in the field (Ta-
ble 1): 42 promising heat-tolerant lines from
conventional method, 8 promising lines
selected through MAS, a popular high-yielding
variety NSIC Rc222, two tolerant check varieties
(N22 and Dular), and two susceptible check
varieties (IR52 and NSIC Rc160). These genotypes
were evaluated for grain yield, % spikelet sterility,
reaction to insect pests and diseases, grain quality,
and maturity following exposure to high
temperature stress. Breeding lines that attained
grain yields close to 6 t ha' and above were
nominated to NCT. NCT is a branch of the
National Seed Industry Council (NSIC) under the
Department of Agriculture that is responsible for
evaluating promising breeding lines prior to

Development of New Heat-Tolerant Rice Varieties

recommending the release of varieties. In the
2016 DS NCT field performance report, three
of the breeding lines PR42026-34-1-3-B-2,
PR44500-A3-3-2-2 (MAS), and PR40330-4-2-7-
1-2-1 (Table 1) were in the top 5 of the 25 entries
from the different breeding institutions. Yields
and spikelet sterility of the 3 breeding lines ranged
from 5.8 to 6.8 t ha'! and 7.8 to 34.0%, respective-
ly. Yields and spikelet sterility of the tolerant check
varieties N22 and Dular ranged from 1.2 to 1.9 t
ha' and from 6.8 to 20.0%, respectively. Yields and
spikelet sterility of the susceptible checks IR52 and
NSIC Rc160 ranged from 2.1 to 3.2 t ha' and from
42.8 to 45.6%, respectively. With such yield levels,
pest damage to the crop should be minimum.
Amylose content ranged from low to intermediate
levels. Grain chalkiness ranged from grade 1 to
premium. Crop maturity ranged from 122 to 129
days from date of sowing. The other promising
breeding lines were used for further improvement.

Discussion

Figure 5 shows that maximum air temperatures
exceeded 35°C during reproductive stage and
caused heat stress during anthesis, pollination, and
grain development in field-testing sites in PhilRice
CES and SCRC. As almost all breeding lines
planted in the field were subjected to high
temperature stress during the critical reproductive
stage, selection pressure was achieved. Selection
of desirable genotypes under high temperature
conditions is the best strategy to screen breeding
materials that possess heat tolerance. Considering
that high air temperatures usually occur in April-

. Heterozygous

Figure 9. Reaction of selected parents (N22-tolerant, Gayabyeo-intolerant), tolerant check variety N22, susceptible varieties IR52 and IR64,
tolerant and heterozygous individual plants in segregating population using the SSR marker RM3586.
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Table 1. Percentage spikelet sterility, grain yield, reaction to pest and disease, grain quality, and maturity of breeding lines developed through
MAS and conventional method, tolerant and susceptible checks, and a popular high-yielding variety NSIC Rc222 after exposure to heat stress.
The last column shows the breeding lines nominated to the NCT.

bogion Splsunty S et GoinQul gy
(tha™) Disease Amylose  Chalk (Day)

PR42026-34-1-3-B-2 34.0 6.8 -- 1 Pr 129 NCT
PR42130-M-1-B-6-2-B-7 29.9 6.4 IR-Blast L Gl 116 NCT
PR42130-M-1-B-3-2-B-9-B 37.8 7.0 - - - 115
PR44500-A3-3-2-2 (MAS)* 25.0 62 - I Gl 124 NCT
HTVN-13-9-2-1-1-B 49.3 6.0 IR-Blast VL Pr 121 NCT
PR42130-M-1-B-3-2-B-5-B 28.2 6.0 - - - 115
PR 40330-4-2-7-1-2-1 7.8 5.8 - L G3 122 NCT
PR42130-M-1-B-2-1-B-4-B 34.4 5.8 - - - 115
PR44499-A15-9-2-3-1-B (MAS) 14.8 5.8 - - - 106
PR42131-M-1-B-8-1-B-5-3 14.7 5.7 -- -- - 130
PR42130-M-1-B-8-3-B-4-B 255 5.6 - - - 122
PR42132-M-3-B-B-B-B-9 26.4 5.6 R-Blast - - 120
PR42130-M-1-B-3-2-B-1-B 27.8 5.5 - - - 118
PR42132-M(I)-1-B-8-B-B-6 14.3 5.5 IR-BLB L Pr 118 NCT
PR42132-M-1-B-B-B-B-17-B 19.5 5.5 R-Blast -- -- 115
PR44499-A14-5-2-3-6-B (MAS) 17.7 55 - - - 106
PR42130-M-1-B-6-1-B-2-B 36.2 5.4 - - - 112
PR42130-M-1-B-8-3-B-9-B 21.9 5.4 IR-Blast - - 118
PR 42079-42-1-3-1-2-B 15.1 5.4 -- -- - 130
PR44499-A14-6-2-2-2-B (MAS) 14.5 5.4 - - - 105
PR42130-M-1-B-6-3-B-9-B 40.5 5.3 - - - 118
PR42131-M-1-B-8-1-B-5-1 163 5.2 - - . 130
PR 42086-16-1-4-1-1-B 15.2 5.1 - - - 115
PR42130-M-1-B-10-3-B-7-B 31.9 5.0 R-Blast 1 Pr 124
PR 42082-2-3-1-2-3-B 16.2 49 - - - 126
PR42129-M-4-B-4-B-B-7 123 49 IR-Blast -- -- 126
PR42130-M-1-B-6-3-B-1-B 224 4.9 R-Blast -- -- 120
PR 42075-4-2-5-1-1-B 8.3 4.9 - -- - 118
PR42032-26-6-1-B-1 37.4 4.7 -- -- - 122
PR42130-M-1-B-1-2-B-8-B 359 4.6 IR-Blast -- -- 123
PR44498-A2-1-3-3-3-B (MAS) 16.7 4.6 - - - 108
PR42130-M-1-B-10-2-B-8-B 29.4 46 - - - 120
PR42130-M-1-B-1-2-B-9-B 40.0 4.6 IR-Blast L Gl 118
PR42130-M-1-B-2-1-B-4-B 15.1 46 R-Blast - - 119
PR42032-26-6-1-B-2 12.0 4.6 -- -- - 123
PR44499-A9-5-2-2-5-B (MAS) 15.6 45 - -- - 106
PR44499-A16-1-3-3-2-B (MAS) 13.3 4.5 - - - 104
PR42130-M-1-B-8-3-B-3-B 19.6 4.5 R-Blast L Pr 121
PR40780-58-2-1-2-1-2-B 145 44 - - - 115
PR40780-58-2-1-2-1-2-B 14.5 4.4 - - - 115
PR42130-M-1-B-3-2-B-1-B 16.7 44 - - - 121
PR 40788-16-1-1-1-1 24.8 4.4 - - - 129
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Table 1. Percentage spikelet sterility, grain yield, reaction to pest and disease, grain quality, and maturity of breeding lines developed through
MAS and conventional method, tolerant and susceptible checks, and a popular high-yielding variety NSIC Rc222 after exposure to heat stress.

The last column shows the breeding lines nominated to the NCT. (cont.)

bogmion sy S Rty GrinQuity iy
under Heat Stress (t ha) Disease Amylose Chalk (Day)

PR40780-42-3-1-1-1 15.5 4.4 -- -- 121
PR42132-M-1-B-B-B-B-15 16.0 4.3 -- L Gl 126
PR42130-M-1-B-8-B-B-7-2 13.4 4.2 -- -- 104
PR 44538-11-6-3 49.0 4.2 -- -- 125
PR42130-M-1-B-3-2-B-5-B 16.8 4.2 IR-Blast -- -- 120
PR42127-M-B-B-B-B-B-9 36.0 4.1 -- -- 121
PR44499-A16-3-1-3-4-B (MAS) 13.1 4.1 - -- -- 106
PR42128-M-4-B-9-3-B-15-B 14.0 4.0 -- -- 119
PR42130-M-1-B-2-1-B-2-B 12.4 4.0 -- -- -- 122
NSIC Re222 40.0 4.2 -- -- 114
N22 (Tolerant Check) 6.8 1.2 -- -- 82

Dular (Tolerant Check) 20.0 1.9 - - - 102
IR52 (Susceptible Check) 42.8 2.1 -- -- 104
NSIC Rc160 (Susceptible Check) 45.6 32 -- -- -- 107

Legend: R (Resistant to blast); IR (Intermediate resistance to blast); IR-BLB (Intermediate resistance to bacterial leaf blight); Grain Quality -
Amylose: I (Intermediate), L (Low), VL (Very Low); Chalk: Pr (Premium), G1 (Grade 1), G2 (Grade 2), G3 (Grade 3); Maturity - from sowing to
physiological maturity in days; *YMAS- selected through SSR marker RM3586; (--) No data.

May in the Philippines, breeding lines are made
to flower within this period to efficiently evaluate
their performance through grouping of flowering
dates and staggered planting. The camera set to
take photos every 3 min is useful in evaluating and
recording the start, peak, and end of anthesis. This
way, tolerance or escape can be determined.
Tolerant genotypes escape high temperature
stress by flowering early morning while others are
inherently tolerant similar to N22. For example,
the early morning flowering types have been
observed in wild rice such as Oryza glaberima.

The average RH was 69.1% during the periods
when air temperatures exceeded 35°C. Wassman et
al. (2009) noted that processes close to the meiotic
stage during tetrad formation and young
microspore stage were most sensitive to high
temperature during microsporogenesis, similar to
drought and cold stress. A significant reduction in
pollen production at 5°C above ambient air
temperature was attributed to impaired cell
division of microspore mother cells.

Spikelets that are exposed to temperature
greater than 35°C for about 5 days during
flowering period are sterile and set no seed. If

Rice-Based Biosystems J (2017) 3: 11-24

there is an interaction between temperature and
duration, then the response of spikelet fertility to
temperature has a cumulative temperature
response above the threshold temperature (Prasad
et al., 2006). Spikelet sterility was approximately
5% under normal conditions while field surveys
revealed that sterility increased up to 15% when
heading stage coincided with high-temperature
days (Hasegawa et al, 2009). The temperature
increase of 1°C shortened the number of days
from sowing to heading by 4-5 days for some
genotypes (Nakagawa et al., 2001). The peak of
flowering of spikelets on a panicle occurs about 5
days after heading and lasts for 11 days regardless
of temperature, cultivars, and flowering
distribution (Nguyen et al., 2014).

The tolerant cultivars Dular and Nagina
22 or N22 showed high temperature tolerance
and thus, are excellent sources of genes for high
temperature tolerance (Manigbas et al, 2014).
Tenorio et al. (2013) found that under screenhouse
condition, Dular was heat-tolerant at booting stage
after exposure to 39°C. Flowering and anthesis in
most Oryza sativa genotypes occurred over a 5-day
period, with most spikelets reaching anthesis
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between 10:00 am and 12:00 pm (Nishiyama and
Blanco, 1980; Prasad et al., 2006). This was also
observed in  this study but anthesis
started earlier at 9:15 am. Exposure to high
temperature stress for 1 h at anthesis is sufficient to
induce spikelet sterility (Jagadish et al., 2007), but
sterility does not occur when spikelets flower 1 h
prior to the high-temperature treatment,
suggesting that spikelets have achieved a
considerably high tolerance after the completion of
fertilization. Exposure to 41°C for 4 h at
flowering causes irreversible damage and plants
become completely sterile (Satake and Yoshida,
1978).

Rice has the ability to monitor and control
the rate of flowering as an escape mechanism
under high temperature. The concept of spenders
and savers with reference to rate of flowering in
rice has been reported (Jagadish et al., 2007), in
which a 20% increase and 36% decline in the rate of
flowering was observed in cultivars IR64 and
Azucena, respectively, at 38°C and 60% RH over
three consecutive days. Likewise, rice plants
exposed to high temperatures during critical stages
can avoid heat by maintaining their microclimate
temperature below critical levels through
transpiration cooling. The effect of high
temperature is closely related to the ambient RH;
hence, the level of transpiration cooling is
determined by vapor pressure deficit or dryness
of the atmosphere than temperature per se. Using
ultra thin copper constantan thermocouples,
Jagadish et al. (2007) recorded spikelet tissue
temperatures of 29.6, 33.7, and 36.2°C, i.e., 0.4, 1.3,
and 1.8°C below ambient air temperatures of 30,
35, and 38°C, respectively. Similar differences were
observed in rice (Satake, 1995).

The results of the correlation between
genotype and phenotype selections in Figure 6
showed that genotype selection was skewed to the
right (from tolerant to susceptible), having the
highest number of plants with susceptibility to
heat. On the other hand, phenotype selection had
a bell-shaped graph indicating well distributed
phenotypes. Results suggest that field phenotyping
is very important under high temperature
conditions to determine the tolerant and
susceptible individuals. However, more molecular
markers linked to high temperature stress

tolerance are needed.

In Figure 7, performance of tolerant and
susceptible parents and their progenies are
compared in terms of plant yield and % spikelet
sterility. The progeny of the cross between the
susceptible NSIC Rc150 and tolerant Dular
had significantly higher plant yield and slightly
higher spikelet sterility than the parents. In
contrast, the progeny of the cross between the
susceptible AS996-9 and tolerant N22 had lower
plant yield than AS996-9 and higher plant yield
than N22. The decreasing trend in spikelet
sterility from progeny to the parents was
similar the cross between NSIC Rcl150 and
Dular. Yield of the tolerant variety N22 appears to
be inherently lower than the yield of the
susceptible parent AS996-9, but its spikelet
sterility is significantly lower. Similar yield trends
were obtained by Buu et al. (2014) where grain
yields of most progenies from OM59 and N22
parental cross were significantly higher. This was
mainly due to larger sink size, specifically increased
spikelet number per panicle and larger panicle.
Results suggest that breeding for heat tolerance
may utilize susceptible high-yielding lines and
tolerant varieties like N22 and aim for
intermediate spikelet sterility (i.e., 18-40%
spikelet sterility) assuming that other yield
components (Buu et al, 2014) compensate to
attain a certain yield level.

The % spikelet sterility of the selected
progenies of NSIC Rc150*2 and Dular cross was
skewed to the left (from susceptible to tolerant)
with the tolerant having the highest number of
plants (Figure 8). For the progenies of AS996-
9*2/N22, % spikelet sterility was bell-shaped with
equally distributed phenotypes and the highest
number of plants having the intermediate level of
percent spikelet sterility. Results suggest that the
heat tolerance gene from tolerant parents has high
combining ability, in which the transmission of the
specific trait from the parent to offspring is high
(Griffing, 1956).

The use of MAS as a tool in conventional
breeding is effective in the selection of genotypes
with high temperature tolerance especially in the
early segregating populations where a large
number of plants is evaluated. This saves time
and space. Although not all known markers are
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polymorphic in breeding populations, use of MAS
can be specific. Continuous screening for MAS is
being done (Grospe et al., 2016) to map the genes
in different chromosomes using different genetic
backgrounds and populations and eventually
identify QTLs. This study utilized the
molecular marker RM3586 associated with heat
tolerance and tightly linked to a major QTL on
chromosome 3 (Zhang et al., 2009; Lang et al.,
2015). This work resulted in the selection of eight
breeding lines with grain yields ranging from 4.1
to 6.2 t ha'' and spikelet sterility ranging from 13.1
to 25.0% (Table 1). From the eight market-assisted
selections, PR44500-A3-3-2-2 (MAS) with a yield
of 6.2 t ha' and spikelet sterility of 15%, was
nominated to NCT. While 1 of the 8 marker-
assisted selections was nominated to NCT, 2 of
the 42 conventional selections were nominated to
NCT and both selections received good ratings.
Results suggest that use of more molecular
markers linked to heat tolerance can increase the
efficiency of breeding for heat tolerance.

Pradhan et al. (2016) studied a set of breeding
lines and landraces representing 240 germplasm
rice lines in relation to high temperature stress
tolerance. Their analysis of molecular variance
revealed 25% variation between populations, 61%
among individuals, and 14% within individuals in
the set. Based on the composition of materials in
the panel, there were QTLs representing the entire
genome for the expression of tolerance. The
strongly associated marker RM547 tagged with
spikelet fertility under stress and markers RM228,
RM205, RM247, RM242, INDEL3, and RM314
indirectly controlling high temperature stress
were detected through both mixed linear model
and general linear model TASSEL analysis. These
markers can be deployed as a resource for
marker-assisted breeding program of high
temperature stress tolerance.

This study focused on the impact of increased
daytime temperature on the reproductive growth
of breeding lines. However, understanding the
effects of high nighttime temperatures on rice
crop growth is also important. Peng et al. (2004)
examined the trends and relationships between
rice yields and temperature by analyzing the
1979-2003 IRRI weather data. Annual mean
maximum and minimum air temperatures
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increased by 0.35°C and 1.13°C, respectively. Rice
grain yield and minimum temperature had a close
correlation: that there is a 10% grain yield decline
for every 1°C increase in minimum temperature in
the DS. The decrease in radiation and increase in
minimum temperature were reported to reduce
yield. Morita et al. (2005) concluded that growth
rate was lower in the early or middle stages of grain
filling, and cell size was reduced midway between
the central point and the surface of endosperm at
high night temperature with 22/34°C than at high
day temperature with 34/22°C (Wassman et al.,
2009). Mohammed and Tarpley (2009) studied the
effects of high night temperatures (HNTs) and
preventive exogenous effectors (a-tocopherol,
glycine betaine, and salicylic acid) on growth,
development, physiology, and yield of rice plants.
Plants were subjected to ambient night time
temperature (ANT) (27°C) or HNT (32°C)
through use of continuously controlled infrared
heaters, starting from 2000 h to 0600 h. The HNT
did not affect leaf photosynthetic rates; however,
profound effects on chlorophyll content, leaf
nitrogen content, percent pollen germination and
spikelet fertility were observed. In addition, HNT
hastened plant development rates, as indicated by
the panicle emergence date. Plants grown under
HNT showed a 90% decrease in yield compared to
plants grown under ANT. Dry matter
partitioning to the grains of cv. Cocodrie decreased
under HNT mainly due to effects on pollen
germination and spikelet fertility, but not
photosynthesis. Their findings indicate that
exogenous application of salicylic acid reduced the
negative effects of HNT by 16%.

Fu et al. (2016) reported that superior
spikelets were damaged more by heat stress than
inferior spikelets. Heat-resistant and susceptible
rice varieties were exposed to heat stress of 40°C at
anthesis. Greater decrease in spikelet fertility and
kernel weight were observed in superior
spikelets due to significantly higher organ and
canopy temperatures, illumination, and panicle
types than inferior spikelets. They suggested that
rice with upright growth habit with loose panicles
might be more susceptible to heat stress resulting
in higher canopy and spikelet temperatures.

Wu et al. (2016) studied the changes in
phytohormones and their relationships with yield
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and other attributes under heat stress in rice. Four
rice varieties (Nagina22 or N22, Huanghuazhan,
Liangyoupeijiu, and Shanyou 63) were grown
in pots and subjected to three high temperature
treatments plus control in temperature-
controlled greenhouses for 15 days during the
early reproductive phase. Yield reductions in
Nagina22, Huanghuazhan, and Liangyoupeijiu
were attributed to reductions in spikelet fertility,
spikelets per panicle, and grain weight. The
adverse effects of high temperature were alleviated
by application of exogenous 6-benzylaminopurine
(6-BA) in the heat-susceptible Liangyoupeijiu.
High temperature stress reduced active
cytokinins,  gibberellin Al  (GAl), and
indole-3-acetic acid (IAA), but increased abscisic
acid (ABA) and bound cytokinins in young
panicles. Correlation analyses and application of
exogenous  6-BA  revealed  that  high
temperature-induced cytokinin changes may
regulate yield components by modulating the
differentiation and degradation of branches and
spikelets, panicle exsertion, pollen vigor, anther
dehiscence, and grain size. Heat-tolerant Shanyou
63 displayed minor changes in phytohormones,
panicle formation, and grain yield under high
temperature compared with those of the other
three varieties. Their results suggest that
phytohormone changes are closely associated with
yield formation, and a small reduction or stability
in phytohormone content is required to avoid large
yield losses under heat stress.

Conclusion

Rice breeding lines were subjected to high
daytime temperature stress (>35°C) and RH
during the critical reproductive stage in the field.
Conventional breeding selection resulted in 2
out of the 42 breeding lines being nominated to
the NCT. With the use of the marker RM3585
linked to heat tolerance, 1 of the 8 marker-assisted
selections was nominated to NCT. Both
conventional and marker-assisted selection, with
grain yields ranging from 5.8 to 6.8 t ha' and
spikelet sterility ranging from 7.8 to 34% (tolerant
to intermediate tolerant levels) received high
ratings from NCT. By using more molecular
markers, the efficiency of breeding for heat

tolerance can be increased.

Characteristic ~ panicle exsertion rate,
time/rate of flowering, anther dehiscence, and
spikelet sterility/fertility are traits associated with
heat tolerance. These morpho-physiological traits
can be used as candidate screening tools in the
field evaluation for heat tolerance. The linkage map
constructed earlier can be utilized in fine mapping
of the actual genes prior to isolation of genes via
map-based cloning. The information on identified
tightly-linked SSR DNA markers to heat tolerance
can be used as baseline information for the
selection of QTLs for MAS.

There is a need to assess the differential
impact of increased daytime air temperatures
and increased nighttime air temperatures on the
microclimate,  sterility, and other yield
components of superior spikelets (located on apical
primary branches) and inferior spikelets (located
on proximal secondary branches). It is worthwhile
to study the role of phytohormones in modulating
the differentiation and degradation of branches
and spikelets, panicle exsertion, pollen vigor,
anther dehiscence, and grain size.
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Abstract  Starchy materials like rice can be soaked for days or weeks in alkali to modify their
physicochemical and textural properties. However, a systematic study on process time and temperature to
hasten the process is lacking. We treated rice with slaked lime (CaOH), to determine the effect of time and
temperature on the extent of physicochemical changes using a 3 x 4 x 2 design (3 temperatures: 50, 60,
70°C; 4 cooking time: 22, 44, 66, 88 min in 2 conditions: limewater-cooked and water-cooked). Leaching
of amylose, starch, and protein from the grains into the wash water was determined using colorimetric
analyses. Thermal and morphological properties of the grains were also evaluated. Alkaline cooking of rice
resulted in 0.2%, 2%, and 3% leaching of amylose, starch, and protein, respectively. Temperature was the
only significant parameter in alkaline cooking. Cooking at 70°C selectively promoted amylose leaching
but not starch or protein. Morphologically, both limewater-treated and water-cooked rice showed partially
gelatinized cross sections but with less pore development in alkaline-cooked grains. Alkaline-cooked rice
retained more nutrients and exhibited thermal properties than hydrothermally-treated rice. Results of this
study may be used to develop a fast and inexpensive process to selectively modify rice composition and
produce a starch-based ingredient for food processing.

Keywords:

Introduction

Alkaline cooking is a process commonly applied
to maize in the processing of tortillas, pozole corn
chips, and other masa-based products (Guzman et
al., 2011). This process can also be applied to rice
and other starchy products to facilitate milling,
reduce mycotoxins, and impart desirable textural
attributes (Reepholkul and Charoenrein, 2013).
When subjected to alkaline treatment under mild
temperature conditions, starch can leach and
undergo cold gelatinization (Cai et al., 2014; de
Souza et al.,, 2016). Recently, there is an interest in
improving the extractability of amylose from
broken rice grains to yield low-amylose rice flour
as corn starch alternative (Cardoso et al., 2007;
Setyawati et al., 2016). Alkaline treatment is an
effective step to solubilize glutelin, the major
protein present in rice and aids in extracting starch
(Anupapsamosorn and Charoenrein, 2015).
Alkaline treatment of rice focused on the
use of sodium-based alkali such as caustic soda,
borax, and sodium carbonate (Anupapsamosorn

Rice-Based Biosystems J (2017) 3: 25-33

Alkali, Amylose, Leaching, Limewater, Protein, Rice, Starch.

and Charoenrein, 2015; Bello et al., 2004; Cai et
al., 2014; Reepholkul annd Charoenrein, 2013).
Calcium hydroxide (slaked lime), although used
extensively in maize nixtamalization, is seldom
applied to rice. Slaked lime 1is relatively
inexpensive and may increase concentrations of
calcium in the diet and improve niacin
bioavailability (Rodriguez-Miranda et al., 2011;
Ruiz-Gutiérrez et al., 2012).

Leaching of components during soaking is a
slow process that is limited by the extent of water
diffusion (Bello et al., 2004). Modest leaching
values can be obtained when rice grains are soaked
for extended periods, which is similar to an an-
nealing process (Bian and Chung, 2016; Cai et
al., 2014; Nor Nadiha et al., 2010). Moreover, the
diffusion rate can be affected by external
factors such as operating conditions and inter-
nal factors related to structure (Setyawati et al.,
2016). Temperatures below 100°C have been used
in past alkaline cooking studies (Ruiz-Gutiérrez et
al., 2010; Valdez-Niebla et al., 1993). However, a
systematic study of time and temperature
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combinations is lacking. Thus, the objective of the
present investigation was to evaluate the effect of
time and temperature combinations on the release
properties of amylose, starch, and protein as well
as the thermal and morphological properties of the
alkaline-cooked rice.

Materials and Methods

Materials

Rice grains (Super Angelika) were purchased from
a commercial supermarket and stored at -10°C
prior to analyses. The following analytical-grade
reagents were used: calcium hydroxide (Techno
Pharmachem, Haryana, India), anthrone reagent
(HiMejia Lab., Pvt., Ltd., Mumbai, India),
anhydrous glucose and 98% v/v sulfuric acid (RCI
Labscan Ltd., Bangkok, Thailand), and Bradford
reagent (Merck, Darmstadt, Germany). The
following chemicals were obtained from
Sigma-Aldrich Co., St Louis, MO: ammonium
chloride, potato amylose type V, and bovine serum
albumin. Ethanol 95% (v/v), perchloric acid 26%
(v/v), iodine, potassium iodide, sodium chloride,
and sodium hydroxide pellets were sourced from
Univar, Ajax Finechem Pty,, Ltd., NSW, Australia.
Saturated limewater (0.16 % w/v) was prepared at
room temperature using distilled water that had
been boiled, cooled, and mixed with slaked lime
powder thoroughly until the powder dissolved.
The resulting pH was 10.6.

Methods

Starch, Protein, and Amylose Content of Rice Grains
A revised iodine-amylose colorimetric assay of
Juliano et al. (2012) was adopted. Color was read
at a wavelength (L) of 620 nm within 20-60 min.
A standard curve (R* = 0.95) was generated with
potato amylose V at concentrations of 0, 5, 15, and
25 mg/100 mL of 0.09 molar sodium hydroxide.
Results were presented as % by mass of milled rice.
The anthrone-based method of Clegg (1956) was
used to estimate the starch content of rice grains,
as reported in other papers (Kale et al., 2015;
Pachuau et al.,, 2017). Ground rice was mixed with
0.5 mL of 95% (v/v) ethanol and 5 mL of 26%
(v/v) perchloric acid in a 100-mL volumetric flask.
The mixture was allowed to stand for 1 h with

occasional manual stirring every 15 min before
adding distilled water. The mixture (0.1 mL) was
transferred into a test tube and mixed with 2 mL
26 % (v/v) perchloricacid. The sample was placed in
an ice bath before 2 mL of freshly prepared
anthrone reagent (0.2% w/v in concentrated
sulfuric acid) was added. The solution was mixed
well, capped with glass marbles, heated in boiling
water bath for 10 min, and cooled to 25°C.
Absorbance was read at A of 630 nm using a UV
Mini 1240 spectrophotometer (Shimadzu Corp.,
Kyoto, Japan). A standard curve (R* = 0.94) was
generated after measuring glucose concentrations
of 0, 20, 40, 60, 80, and 100 ppm. The blank
consisted of dilute (6.76% v/v) perchloric acid.
Results were reported as % by mass of milled rice.
Starch content was calculated by multiplying the
glucose concentration with a factor of 0.9. The
Bradford micro assay was used (Bradford, 1976).
Ground rice (25 mg) was suspended in 0.15 M
sodium chloride. The mixture (0.5 mL) was added
to 0.5 mL of the Bradford reagent and the
absorbance was read within 2-5 min at A of 595
nm. A standard curve (R* = 0.95) was generated
after measuring different concentrations (1, 5, 7.5,
10 g/L) of bovine serum albumin. Results were
presented as % by mass of milled rice.

Alkaline Cooking Procedure

A 3 x 4 x 2 experimental design was used with
three treatment temperatures (50, 60, and 70°C),
four treatment times (22, 44, 66, and 88 min),
and two concentrations (limewater and distilled
water). The combinations were based on
preliminary tests. The tubes containing 2 g of the
rice samples and 6 mL of liquid (limewater or
distilled water) were immersed in a tempera-
ture-controlled water bath (Taitec Personal-10
incubator, Tokyo, Japan). After each run, the tubes
were removed and steeped for 18 h and allowed to
cool gradually at room temperature (30°C). Then
samples were washed with distilled water
repeatedly until pH was approximately 7.0.
The wash water (~200 mL) was collected in
polyethylene terephthalate bottles and stored at
-20°C. The grains were dried at 60°C for 6 h to
attain moisture contents between 11 and 15 % on
a wet basis. The dried grains were ground using
mortar and pestle, packed in polyethylene bags
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and stored at -20°C.

Wash Water Analysis

Starch, protein, and apparent amylose contents
were determined using the methods described
earlier. Owing to the low concentration of soluble
sugars in rice grains (Singh and Juliano, 1977), the
total sugars obtained using the anthrone method
can be considered to primarily consist of starch.
Wash water samples were thawed at room
temperature and the clear supernate was collected
and diluted appropriately prior to each test. Results
were presented as mg of test component per g rice
grains.

Differential Scanning Calorimetry (DSC)

The thermal properties of cooked and dried rice
grains were analyzed using a differential scanning
calorimeter (DSC 400 Perkin-Elmer, Norwalk,
VA) installed at the Thomas Aquinas Research
Complex, University of Santo Tomas, Manila,
Philippines. The sealed sample (~9 mg) and the
empty aluminum reference pans were heated from
35 to 120°C at a heating rate of 10°C/min. The
enthalpy of gelatinization, onset, peak and
conclusion temperatures were recorded. Duplicate
runs were conducted.

Light and Scanning Electron Microscopy

Light microscopy images of cooked and dried
rice grains were obtained with a USB digital
microscope (RoHS, China) equipped with 1.3
megapixel sensor, a USB 2.0 interface and powered
by 5V DC from USB port. Surface morphology
images were obtained using a Hitachi TM3000
scanning electron microscope (Hitachi High-
Technologies Corp., Tokyo Japan) installed at the
Thomas Aquinas Research Complex, University of
Santo Tomas. The microscope was operated at an
environmental mode and an accelerated voltage of
5kV. Backscatter detector was turned on.

Statistical Analysis

Triplicate runs were conducted at each time-
temperature test condition. Means were analyzed
using SAS System for Windows, Version 9.1 (Cary,
NC). The PROC GLM procedure was used for the
analysis of variance. Tukey’s honestly significant
difference test was used post hoc. Means were
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considered significantly different at 5% level of
significance.

Results

Leaching of components was significantly different
for limewater-treated samples (p<0.05). Cooking
in water resulted in greater leaching of components
than alkali treatment. Compared with the control,
cooking in alkali resulted in 45%, 33%, and 25%
mean reduction in leached amylose, starch, and
protein, respectively. Data were subsequently
analyzed separately for limewater-treated samples
and control (Table 1). Temperature was the only
source of variation for limewater-treated samples,
while time and temperature-time interaction
effects were also significant for the control.
Overall, temperature directly influenced the
concentration of the components in the wash
water. Heating at 70°C resulted in 4 to 9 times
increase in released amylose compared with 50
and 60°C. Protein and starch leaching behavior
was 27 to 35% higher at 60 and 70°C than at 50°C.
Compared with the lowest values recorded,
soaking for 44 min resulted in 80%, 39%, and 39%
greater release of amylose, starch, and protein,
respectively. Furthermore, leaching behavior of
components in the alkaline-cooked rice samples
was similar for two temperatures (50 and 60°C)
with significantly greater lixiviation of proteins
and starch compared with samples treated at 70°C.
Mean amylose leaching at 70°C was 3 to 4 times
greater than at 50 or 60°C. Leaching of starch and
protein was 57% lower at 70°C than at the other
two temperatures.

The uncooked rice grains were found to
contain 16% amylose. Across treatment time and
temperatures, wash water from control samples
were found to contain an average of 0.64 mg
amylose/g rice grains while limewater-cooked
samples had 0.35 mg/g. Soaking in water
resulted in maximum leaching of 1.70 mg
amylose/g (Figure 1) or roughly 1% of the total
amylose content. The amount of released amylose
for limewater-treated samples varied between 0.16
and 0.69 mg/g of rice grains for the entire
temperature range with coefficient of variation
(CV) ranging from 24 to 39%. CV of the control
ranged from 0 to 12%. A similar increasing trend
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Table 1. Analysis of variance and concentration trends of wash water from alkali-treated and water-soaked rice.

Amylose content

Alkali-treated

Water-soaked Concentration (C) trend

Source df
Mean Squares F Valueb  Mean Squares F Value Alkali-treated Water-soaked
Temperaturec (°C) 2 1.0x10-2 25.77%%% 5.6x10-2 1481.62**  (C,=C )<C, C,<C,<C,
Timed (min) 3 8.7x10-4 218 2.4x10-3 64.06%** C<Ce<(Cii=Cyo)
Temperature x Time 6 3.9x10-4 0.97 3.8x10-3 102.43***
Starch content
Alkali-treated Water-soaked Concentration (C) trend
Source df
Mean Squares F Value Mean Squares F Value Alkali-treated Water-soaked
Temperature (°C) 2 1.85 5.70%%* 1.01 29.75%4% C,<(C,=C,) C,<(C,=C,)
Time (min) 3 0.46 1.43 0.77 22.644%% (Ce=Cyp)<C,,<C,,
Temperature x Time 6 0.27 0.85 0.86 25.234**
Protein content
Alkali-treated Water-soaked Concentration (C) trend
Source df
Mean Squares  FValue = Mean Squares F Value Alkali-treated Water-soaked
Temperature (°C) 2 2.28 5.70%%* 1.25 29.75%%% C,<(C,=C,) C,<(C,=C.)
Time (min) 3 0.57 1.43 0.95 22,64 (Co=Car)<Ci<Cy,
Temperature x Time 6 0.39 0.85 1.06 25.230¢

a df=degrees of freedom; b Values with * = p<0.05, ** = p<0.01, *** p<0.001; ¢ Temperatures used: 50, 60, and 70°C; d Treatment time used: 22,

44, 66, and 88 min

with temperature was observed for the control that
was heated for 22 min. The trend across the control
samples indicated a proportional upsurge in
amylose content with increasing soaking
temperatures and time. Reduction in leached
amylose at 50°C for alkali-treated samples was
more significant at specific heating times (ie.,
44 and 88 min). At 70°C, amylose release was
inhibited by alkali at all heating times.

The initial starch content of the uncooked
rice grains was 84.66%. Alkali treatment resulted
in inhibited release of starch (~2% of total),
compared with 3% after hydrothermal treatment
(Figure 2). Across alkali-treated samples, starch
concentration  decreased  inversely  with
temperature while CV ranged from 2 to 44% and
0 to 18% for the control. The opposite trend was
observed when samples were heated in water for
22 min. Between 60 and 70°C, soaking in water
resulted in a rapid release of starch within 22 to 44
min followed by a substantial decrease. The ascent
to the peak was hastened by an increase in heating
temperature. Peak value for the control was
obtained after heating at 60°C for 44 min. At
heating times less than 88 min, an increase in
temperature resulted in proportional increase in

leached starch. Beyond this value, starch content
of the wash water decreased, which was similar to
the alkali-treated samples.

The unprocessed rice grains had an average
protein content of 7%. After alkali and
hydrothermal treatments, the initial amount
leached by about 3% and 4%, respectively (Figure
3). Across all treatments, protein leaching behavior
was similar to starch.

Thermal and Image Analysis

Microscopy images of rice grains showed
translucent and vitreous regions in control treated
at 50°C (Figure 4A) with more opaque and slightly
yellowish grains after alkali treatment (Figure 4B).
Treatment at 70°C showed greater surface erosion
and appearance of extensive cracks for the control
(Figure 4C), but less erosion, less cracks, and
deeper yellow grains for the limewater-cooked
grains (Figure 4D). Figure 5 shows the electron
microscopy images obtained for the four samples.
After soaking in water at 50°C for 22 min, the
surface structure of the grain shows intact, un-
gelatinized regions with substantial pore
development (Figure 5A). Intact cell walls were
clearly seen. Polyhedral-shaped starch granules
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and 88 min). Cooking time significantly
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grains but not in limewater-treated
samples. Vertical bar is the standard error
of the mean (+ SE).

were abundant in porous regions. At the same
test conditions, alkali-treated grains had less un-
gelatinized surfaces and more extensive cracks
with starch granules (Figure 5B). At 70°C, soaking
in water resulted in larger pores (~20pm), twice
bigger than pores observed at 50°C, and likely
resulting in the accumulation of starch granules at
the surface (Figure 5C). Cell walls were still visible
although the structures were mostly open. Alkali
treatment at 70°C resulted in less pore
development (Figure 5D). Cross-sections of
samples treated at 70°C showed internal fissures
(Figures 5E and 5F). However, starch granules
were more abundant throughout the region for
the control (Figure 5E). After alkali treatment,
the un-gelatinized starch granules tended to
accumulate at the core, resulting in a smooth-
er surface towards the edge (Figure 5F). Figure
6 shows the thermal properties of the selected
samples based on shared characteristics
among temperatures (i.e.,, 50 and 60 °C for
limewater-treated samples and 60 and 70°C for
control). Overall, the values recorded were not
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statistically different across treatments, although
slightly lower peak gelatinization temperatures
were observed for samples prepared at 70°C.
Onset, peak, and conclusion gelatinization
temperatures were 34-36°C, 67-77°C, and 107-
115°C, respectively. Large values of enthalpies of
gelatinization (i.e., 105 to 174 J/g) were obtained.

Discussion

Alkaline cooking with limewater generally results
in total gelatinization of the external starch layers,
partial gelatinization of the inner layers,
solubilization of proteins, saponification of
lipids, and increase in calcium content if limewater
is used (Cornejo-Villegas et al., 2013; Mondrag6n
et al., 2004). The concentration of alkali used can
also influence the extent of water absorption in the
grains. For instance, grains soaked in 1% sodium
hydroxide solution were found to contain higher
moisture content than the control (soaked in
water), while grains soaked in 0.1% sodium
hydroxide contained even less moisture than the

29



30

Time and Temperature Effects on Properties of Limewater-Cooked Rice

Figure 4. Light microscopy images of rice grains after soaking in: (A)
distilled water, 50°C for 22 min, (B) saturated limewater, 50°C for 22
min, (C) distilled water, 70°C for 88 min, and (D) saturated limewater,
70°C for 22 min. Magnification used = 60X
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Figure 6. Thermograms of limewater-treated and water-soaked rice
grains for selected treatment temperatures and times: 50°C and 22
min; and 70°C and 88 min (n = 2).

control (Bello et al., 2004). Mechanistically, starch
release from cells is enhanced when glutelin,
prolamin, albumin, and globulin solubilize
(Guzman et al., 2011; Rodriguez-Miranda et al.,
2011). The solubilized proteins in the liquor are
consequently removed during washing. On the
other hand, water soaking leads to expansion
of the starch granules, disintegration of protein
bodies, and leaching of rice components in
the wash water (Kale et al., 2015; Tester and
Morrison, 1990). The steeping process employed
in alkali treatment can be associated with an
annealing treatment, especially if the temperature
is kept below gelatinization temperature (Bian and
Chung, 2016). Both processes can further promote
leaching of amylose and increase the gelatinization
temperature,  narrow  the  gelatinization

Figure 5. Scanning electron microscope images of rice grains after
soaking in (A) distilled water, 50°C for 22 min, (B) saturated lime-
water, 50°C for 22 min, (C) distilled water, 70°C for 88 min, and (D)
saturated limewater, 70°C for 22 min. Cross-sections of grains after
treatments (C) and (D) appeared as images (E) and (F), respectively.
White scale bar = 20 um> cw = cell wall.

temperature range, and lower the enthalpy of
gelatinization (Bian and Chung, 2016; Cai et al,,
2014; Figueroa et al., 2013).

The main difference between alkaline
treatment and soaking in water is the reduced
extent of leaching of rice components, especially
amylose. Annealed rice starch can undergo 2%
reduction in amylose (Bian and Chung, 2016;
Reepholkul and Charoenrein, 2013), compared
with a maximum of 0.6% obtained in
limewater-treated samples in this study. Steeping
in alkali inhibits the release of amylose (Figure
1), and this may be due to hindrance offered by
cross-linked ~ starch  layers, calcium-protein
interactions, and formation of amylose-lipid
and amylose-protein complexes (Guzman et al,,
2009; Mondragoén et al., 2004). Protein fractions
solubilize with alkali, but they can also form
insoluble calcium bridges (with a range of molar
masses) that may be more difficult to disrupt than
disulfide bridges that may form from water
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treatment (Guzman et al., 2011). The effect of
alkali treatment, however, is not uniform across
starch sources. For instance, lower apparent
amylose contents were observed on alkali-treated
sago and potato but not on corn starches (Nor
Nadiha et al., 2010). Cai et al. (2014) reported
that treatment of rice grains with caustic soda
resulted in lower apparent amylose content of the
grains (higher amylose concentrations in the wash
water) than control.

Though limewater can induce lixiviation,
the resulting calcium-protein and calcium-starch
interactions may have hindered further pH-
induced protein solubilization and starch leaching.
This resulted in wash water with significantly
lower starch and protein contents than control
(Figures 2 and 3) and consequently, grains with
higher nutritive values. For comparison, soaking
of high-amylose rice in water at 65°C resulted in
grains with about 5% and 8% reduction in starch
and protein, respectively (Kale et al., 2015).
Although calcium can interact with starch, results
imply that interactions vary between amylose and
amylopectin.

Despite incomplete gelatinization with
both treatments, alkali-treated samples showed
less surface pore formation than water-soaked
samples (Figure 5), in support of observations
reported by Guzman et al. (2011). A “glue-like”
system may also form among amylose,
amylopectin, and proteins that may link the
un-gelatinized starch with the intact cells of the
endosperm (Cai et al., 2014; Guzman et al., 2009).
This may explain the formation of fewer cracks
in the cross-section of the limewater-cooked
samples (Figure 5F) and on the grain surface (Fig-
ure 4D). The surface morphology of water-soaked
samples, which showed pores of various sizes
(<20pm). Across control and limewater-treated
samples, Figure 4 showed increase in opaque
regions of the grain, formation of cracks,
swelling and erosion, as a result of higher
temperatures which promoted gelatinization.
Results suggest that below gelatinization
temperatures, more starch and protein leach,
which gradually decrease inversely with
temperature. Nor Nadiha et al. (2010) explained
that alkali probably has more significant effect on
amylose than on amylopectin. The proportional
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increase in amylose content with temperature in
this study may be caused by increased mobility
and diffusion of alkali and amylose.

Conclusion

The two-step process of limewater treatment
(heating and steeping) of rice grains was found to
inhibit leaching of components in the wash water
that normally accompanies gelatinization. Thus,
the cooked rice grains have comparatively higher
nutritive content than water-soaked rice. Amylose
leaching at higher alkaline cooking temperatures
was less restricted than either starch or protein.
The thermal properties of the grains were
considerably similar to the water-soaked grains.
Opverall, the treatment was insufficient in reducing
the amylose content of rice to levels indicative of
waxy rice. The process may find applications in the
production of an ingredient with minimal use of
energy and more nutritional significance.
Significant reductions in amylose but not in starch
may affect the resulting texture of starch gels made
with alkaline-cooked rice. The effects of alkaline
treatment on the texture and cooking properties of
rice are currently being investigated in the
researchers’ laboratory and may impact the use of
alkaline-cooked rice as a food ingredient.
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Abstract Nitrogen (N) is the most important nutrient that can influence growth duration and enhance
grain yield of rice varieties. However, N fertilizer is expensive and subject to field losses due to ammonia
volatilization and denitrification. Hence, it must be used efficiently and meet crop N demand. Field
studies were conducted at PhilRice in 2015 dry season (DS) and wet season (WS) and 2016 DS to
determine the effect of (a) “real-time” Leaf Color Chart (LCC)-based N application and (b) fixed-rate
and fixed-time (FRFT)-based N application on growth duration, grain yield, and agronomic efficiency
of applied N (AE,) of rice varieties. Results showed that based on the N omission plot or control, growth
duration of most rice varieties was prolonged by an average of 3 days with FRFT and LCC and partially
contributed to yield increase. Grain yields were significantly higher with FRFT with total N application of
190 kg ha™' than that of LCC with total N applications of 77 and 112 kg ha in 2015 DS. AE of most rice
varieties were significantly higher with LCC-based N application in 2015 DS and 2016 DS. With LCC-
based N application, farmers can increase AE and save on N fertilizer, but with a yield penalty, especially

in DS.

Keywords:

Agronomic Efficiency of Applied Nitrogen, Fixed-Rate and Fixed-Time, Grain Yield, Growth

Duration, Leaf Color Chart, Rice Varieties.

Introduction

In the Philippines, rice production must increase
to keep pace with population growth. Thus,
increasing rice crop productivity or yield
potential is imperative and can be achieved
through use of improved rice varieties and better
crop management. Yield potential is the yield of
a variety in an environment where nutrient and
water are non-limiting, with minimum pests and
diseases (Evans and Fischer, 1999) and favorable
weather condition. Among the plant nutrients, N
is the most important element that can help attain
the yield potential of modern rice varieties. Itis a
constituent of proteins which, in turn, are
constituents of protoplasm, chloroplasts, and
enzymes (Yoshida, 1981). However, N fertilizer is
subject to ammonia volatilization, denitrification,
(De Datta and Buresh, 1989; De Datta et al., 1991),
leaching, and runoff (Choudhury and Kennedy,
2005) losses in the soil-floodwater system. In many
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field situations, more than 60% of applied N is lost
due in part to the lack of synchrony of plant N
demand and N supply (Shukla et al., 2004). Hence,
there is a need to improve the congruence between
crop N demand and the available N supply from
soil and applied N fertilizer to increase N-use
efficiency (Peng et al., 1996; Peng and Cassman,
1998). In addition, farmers must use the often
expensive N fertilizer as efficiently as possible to
contain the production cost, optimize grain yields,
and maintain environment safety. The use of N
efficient varieties (Fageria and Filho, 2001) and
practical diagnostic tools to assess plant N status
in the field are important complementary
strategies to improve rice yield and reduce field
losses and cost of production. According to
Choudhury and Kennedy (2005), N fertilizer
losses in the field can be reduced by (1) applying
soluble chloride or nitrate salts of calcium,
magnesium, and potassium; (2) using urease and
algal inhibitors; (3) deep placement of N
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fertilizers and use of modified forms of urea; and
(4) use of slow-release fertilizers. Recently,
one-time urea application into 10 cm deep holes
positioned 5 cm from the rice root zone resulted in
lower N fertilizer loss and higher yield and N use
efficiency than the farmer’s practice in sandy soils
(Liu et al., 2016).

Chlorophyll content is highly related to plant
N status because a large fraction of N is used
for photosynthetic enzymes (Friedmann et al.,
2016; Islam et al., 2007). The Minolta SPAD 502
chlorophyll meter is a practical and non-destruc-
tive tool to estimate the plant N status of rice (Peng
et al., 1996; Islam et al., 2009), maize (Bullock and
Anderson, 1998), and other field crops. The LCC
is another practical non-destructive tool to assess
the “real-time” plant need for N fertilizer for rice
(Balasubramanian et al., 1998; Islam et al., 2007;
Islam et al., 2009; PhilRice, 2008) and maize
(Friedmann et al., 2016). The LCC is much less
costly than the SPAD. Techniques that are
inexpensive and easy to use may benefit
individuals, small operations, and other
stakeholders by managing N to enhance nutrient
efficiency and environmental quality (Cassman et
al., 2002).

The fixed-rate and fixed-time N application
is the common N fertilizer management method
followed by farmers in the Philippines (PhilRice,
1991). 'This is also called the calendar-based N
management or the blanket N recommendations
in which the N rates may vary depending on
location, soil type, and cropping season. Blanket
fertilizer N recommendations were mainly derived
from empirical testing of N response of rice
varieties to a few fixed doses applied at critical crop
growth stages (Shukla et al., 2004). However, the
fixed-rate and fixed-time N management do not
consider the dynamic crop N requirement and the
changing soil N supply during the crop growth
period. This is where LCC-based “real-time” N
management is useful, and N application can be
synchronized with dynamic crop demand. The
LCC-based N management is used to improve the
existing fixed split N recommendations (Shukla et
al., 2004). It also increases N use efficiency and
reduce N loss (Islam et al., 2009).

The efficiency with which applied N is
absorbed by the rice crop significantly varies

among modern varieties and environments. Some
varieties require low N rates (Hasegawa, 2003)
due to efficient N utilization by plants, disease
incidence, physiological problems, and other
factors that limit their yields at higher N rates.
There are other rice varieties that respond well to
high N doses and attain maximum yield at higher
N rates (Bufogle et al., 1997). Sanico et al. (1999)
evaluated the nitrogen use efficiency of rice
varieties developed in the Philippines since 1966
and they did not find significant differences in AE
among the old and new rice varieties under N rates
of 0, 60, 120 and 200 kg ha™’.

The reported grain yields of newly-released
irrigated lowland Philippine rice varieties in the
National Cooperative Test (NCT) for rice were
usually based on a fixed-rate and fixed-time N
application of 120 kg N ha' in DS and 90 kg N
ha' in WS across locations. Moreover, the growth
duration, grain yield, and AE_ of popular and
newly-released irrigated lowland rice varieties in
response to LCC-based N management had not
been assessed.

This study assessed the effects of (a) LCC-
based N application and (b) fixed-rate and
fixed-time-based N application on growth
duration, grain yield, and AE of selected
Philippine popular and newly-released irrigated
lowland rice varieties.

Materials and Methods

Experimental Seasons and Site

This study was conducted in 2015 DS and WS and
2016 DS at the Philippine Rice Research Institute
(PhilRice) Central Experiment Station (CES),
Maligaya, Science City of Mufioz, Nueva Ecija
(15.67°N, 120.90°E, 59m asl). The soil is
classified as Maligaya clay (Montmorillionitic
Ustic Epiaquerts by USDA soil taxonomy) with
an estimated indigenous N supply (INS) of 45 kg
N ha''. Based on previous experiments at the site,
grain yields in N omission or INS plots ranged
from 3.5to 4.5 tha™.

Experimental Design

The experiment was laid out in a randomized
complete block design (RCBD) with split plot
arrangement where nitrogen treatments formed
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the main plots and rice varieties the sub-plots, and
treatments were replicated three times. The sub
plot size was 36.04 m?.
Test Rice Varieties, Growth Duration, and
Planting Dates

The rice varieties tested for this study were (a)
early-maturing varieties: NSIC Rc238 (110
days from sowing to maturity), PSB Rc82 (110
days), NSIC Rc308 (111 days), NSIC Rc240 (115
days), NSIC Rc302 (115 days); and (b) medium-
maturing varieties: NSIC Rc122 (121 days), NSIC
Rc360 (122 days), and PSB Rc18 (123 days). Data
on crop growth duration were obtained from NCT.
Pre-germinated seeds were sown in well-prepared
seedbed to raise rice seedlings. Urea (15 g m?)
was applied on seedbed 10 days after sowing to
produce healthy seedlings. Twenty-one-days-old
seedlings were transplanted at a hill spacing of 20
x 20 cm with 2 to 3 seedlings per hill on January
15, 2015 (DS), July 9, 2015 (WS), and January 12,
2016 (DS).

N Fertilizer Treatments

N treatments were (N1) no N fertilizer application
or N omission plot (NOP) as control; (N2) Leaf
Color Chart (LCC)-based N topdressing of 35 kg
N ha'in DS and 23 kg N ha' in WS when LCC
reading was below 4. Before LCC-based N
application, a basal application of 6 bags 14-14-14-
12§ (equivalent to 42 kg ha each of N, P,O, and
K,O +12% §) in DS and 4 bags (equivalent to 28
kg ha' each of N, PO, and K,O + 12% S) in WS at
14 days after transplanting (DAT); and (N,) fixed-
rate and fixed-time N (FRFT) application of 190
kg N ha' in DS and 95 kg N ha' in WS, applied in
3 splits i.e., 50 kg ha! at mid-tillering (MT), 100 kg
ha™ at panicle initiation (PI) and 40 kg ha" at first
flowering (FF) for DS; and 25 kg ha' at MT,
50 kg ha'at PI and 20 kg ha'at FF for WS. In all N
treatments, P,O, and K O rates were applied at 42
kg each ha'! in DS and 40 kg ha' in WS. Fertilizer
ZnSO, was applied a day before transplanting at
the rate of 10 kg ha' for NOP and FRFT N plots
and 14 DAT for LCC-based N plots. The 4-panel
PhilRice LCC (PhilRice, 2008) was used to assess the
“real-time” plant N statusin the present field studies.
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Other Crop Management Practices

Molluscicide was applied immediately after
transplanting to control golden apple snails.
Pre-emergence herbicide was applied 1-3 DAT to
control weeds. Supplemental hand weeding was
done, when necessary. Carbofuran was applied
during active tillering (18-20 DAT) and panicle
initiation stage for protection against stem borer.

Data Collection
Mature plants were harvested from a 5 m? area
located at the center of each treatment plot to
determine grain vyields. Grain samples were
sun-dried and the yield was adjusted to 14%
moisture content. For yield components, four
adjacent plants were obtained from two corners of
the harvest area for a total of 8 hills per plot. Straw
and grains were oven-dried at 70°C for 3-4 days
or until constant dry weight is achieved. During
panicle initiation (PI), four hills per plot were
collected for determination of plant height,
number of tillers, aboveground biomass and leaf
area index. The phenology of the crop, i.e., the
dates of PI, flowering and physiological maturity,
was recorded.

Agronomic efficiency of applied nitrogen
(AE,kggrainkg’ N) wascomputedin the following
manner:

AEx = Grain yield in N fertilized plot (kg ha'!) - Grain yield in NOP (kg ha'!)
Total amount of applied N fertilizer (kg ha'')

Data Analysis

Analysis of variance was performed for each
parameter and treatment means were compared
using Least Significant Difference (LSD) Test for
N management and Tukey’s Honest Significance
(HSD) Test for rice variety at 0.05 probability.
Statistical ~analyses were done wusing the
Statistical Tool for Agricultural Research (STAR
Version 2.0.1 IRRI, 2014).

Weather Data

Weather data were obtained from the Climate
Change Center of PhilRice CES, Maligaya, Science
City of Mufioz, Nueva Ecija. The average daily
minimum and maximum air temperatures and
irradiance from transplanting to crop harvest for
each cropping season were recorded. Each
cropping period was approximately four months.
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Results

Weather Condition

The weather conditions during the three cropping
seasons are shown in Table 1. The mean irradiance
of 19.7 MJ m2 d!in 2015 DS was close to 19.2 M]
m? d! in 2016 DS, but 11% lower in 2015 WS.
However, the mean maximum air temperature of
31.8°C d! and mean minimum air temperature of
24.5°C d' in 2015 WS were on the average 3% and
11%, respectively, and higher than those in 2015
DS and 2016 DS. As frequently observed, there
was a significantly higher amount of rainfall in WS
than in DS.

N Fertilizer Application

Given the adequate amounts of phosphorus (P),
potassium (K), zinc and sulfur fertilizers, the
“real-time” LCC-based total N fertilizer applica-
tions were 77 kg N ha! each for NSIC Rc240, NSIC
Rc302, NSIC Rc308 and NSIC Rc360, and 112 kg
N ha'* each for PSB Rc82 and NSIC Rc238 in 2015

DS (Table 2). Total LCC-based N applications in
2015 DS and 2016 DS were similar. N fertilizer
was applied at 35 days after transplanting (DAT)
or at early panicle initiation stage, and at 56 DAT
or booting stage when LCC reading was below 4.
In 2015 WS, LCC-based total N applications were
51 N ha! each for NSIC Rc122, NSIC Rc240, NSIC
Rc302, NSIC Rc308 and NSIC Rc360, and 74 kg N
ha' each for PSB Rc82 and NSIC Rc238. N
fertilizer was applied at 35 DAT or early panicle
initiation, 42 DAT or panicle initiation, and 56
DAT or booting stage when LCC reading was
below 4.

The FRFT-based total N fertilizer
applications were 190 kg N ha' each for the
different rice varieties in 2015 DS and 2016 DS,
and 95 kg N ha' in 2015 WS (Table 2). In WS
and DS, N fertilizer was applied at 20-25 DAT
or mid-tillering, 38-45 DAT or early panicle
initiation stage, and 70-75 DAT or early
flowering.

PSB Rc18 and NSIC Rc122 were excluded in

Table 1. Mean daily irradiance, maximum and minimum air temperatures, and rainfall during the 4-month cropping period in 2015
dry season (DS), 2015 wet season (WS), and 2016 DS in PhilRice, Nueva Ecija, Philippines. Each mean is followed by a standard error

(+ SE).
. Mean Irradiance Mean Maximum Air Mean Minimum Air Mean Rainfall
Cropping Season (MJ m*d") Temperature Temperature (mm d")
(cdh (cdh
2015 DS 19.7£0.4 31.5+£0.2 21.7+£0.1 0.1+0.1
2015 WS 17.3+0.4 31.8+0.3 24.5+0.1 10.8 £ 0.1
2016 DS 19.2+£0.5 30.3+£0.2 225+0.1 0.1+2.1

Table 2. Total N fertilizer applied in the LCC-based N management and fixed-rate and fixed-time (FRFT)-based N applications in 2015 DS and
WS, and 2016 DS. Note: The total N rate with LCC-based N application included an initial application of 42 kg N ha! in DS and 28 kg ha in WS
from a compound fertilizer (14-14-14-12S) applied at 14 DAT. Adequate phosphorus and potassium fertilizers were applied in FRFT treatment.
PSB Rc18 and NSIC Rc122 were excluded in 2015 DS due to damage by stem borer. Likewise, PSB Rc18 was excluded in 2015 WS due to damage

by stem borer. PhilRice, Nueva Ecija, Philippines.

Cropping Season
Rice Variety 2015 DS 2015 WS 2016 DS
LCC FRFT LCC FRFT LCC FRFT
(kg N ha') (kg N ha') (kg Nha') (kg N ha') (kg N ha') (kg N ha™)
PSB Rc18 77 190
PSB Rc82 112 190 74 95 77 190
NSIC Rc122 51 95 112 190
NSIC Rc238 112 190 74 95 77 190
NSIC Rc240 77 190 51 95 77 190
NSIC Re302 77 190 51 95 77 190
NSIC Rc308 77 190 51 95 77 190
NSIC Re360 77 190 51 95 77 190
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2015 DS and PSB Rc18 was excluded in 2015 WS
(Table 2) due to 20-33% stem borer damage to the
rice crop at reproductive stage.

Crop Growth Duration

In 2015 DS (Figure 1A), across rice varieties, crop
growth durations ranged from 105-118 days in
the N omission plot (NOP), 109-121 days with
LCC-based N application, and 111-122 days with
FRFT-based N application. Growth durations with
FRFT-based N application were significantly
higher than growth durations with LCC-based
N application for PSB Rc82, NSIC Rc238, NSIC
Rc240, NSIC Rc302, and NSIC Rc308 but not for
NSIC Re360.

In 2016 WS (Figure 1B), similar trends in
growth duration were observed among NOP,
FRFT, and LCC-based N applications. FRFT
growth durations ranged from 116 to 119 days and
were significantly higher than growth durations
with LCC-based N application for PSB Rc82, NSIC
Rc122, NSIC Rc238, and NSIC Rc302 but not for
NSIC Rc240, NSIC Rc308 and NSIC Rc360.

In 2016 DS (Figure 1C), growth durations
were shorter in NOP, FRFT, and LCC-based N
applications than similar treatments in 2015
DS (Figure 1A) and 2015 WS (Figure 1B). NOP
growth durations ranged from 103 to 112 days and
were shorter than growth durations of FRFT and
LCC-based N applications for PSB Rc18, NSIC
Rc302, NSIC Rc308, and NSIC Rc360. Except for
NSIC Rc240, growth durations of the other seven

varieties with FRFT and LCC-based N
applications did not differ significantly.
Across rice varieties, average growth

durations in NOP were 111 days in 2015 DS, 112
days in 2015 WS, and 106 days in 2016 DS. With
LCC-based N application, average growth
durations were 113 days in 2015 DS, 114 days in
2015 WS, and 107 days in 2016 DS. With FRFT-
based N application, average growth durations
were 117 days in 2015 DS, 116 days in 2015 WS,
and 106 days in 2016 DS. Based on NOP across
seasons and varieties, growth duration increased
by 4 days with FRFT and by 2 days with LCC for
an average of 3 days.

In 2015 DS (Figure 2A) and across rice
varieties, grain yields ranged from 4.4 to 4.9 t
ha'in NOP, 7.1 to 7.7 t ha! with LCC-based N
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application, and 6.6 to 9.5 t ha” with FRFT-based
N application. N management treatments differed
significantly. However, grain yields of rice varieties
differed significantly with FRFT-based N
application but not with LCC-based N application,
and NOP. In FRFT, PSB Rc82 had the highest yield
of 9.5 t ha'' and NSIC Rc360 had the lowest yield
of 6.6 t ha'. Although not tabulated, the harvest
indices of rice varieties in NOP, LCC, and FRFT
did not differ significantly and had an average 0.51.

In 2015 WS (Figure 2B) and across rice
varieties, grain yields ranged from 3.9 to 4.5 t ha!
in NOP, 6.1 to 6.6 t ha' with LCC-based N
application, and 5.8 to 6.7 t ha” with FRFT-based
N application. Yields in NOP were significantly
lower than yields with LCC-based N and FRFT-
based N applications. However, there was no
significant difference in yields between LCC-based
N and FRFT-based N applications and among
yields of varieties in each N application treatment.

In 2016 DS (Figure 2C) and across rice
varieties, grain yields ranged from 4.4 to
5.4tha’in NOP, 6.3 to 8.3 tha! with LCC-based N
application, and 6.7 to 8.1 t ha™ with FRFT-based
N application. Yields in NOP were significantly
lower than yields with LCC-based N and FRFT-
based N applications. However, grain yields with
LCC-based N and FRFT-based N applications
did not differ significantly. Across N applications,
yields of NSIC Rc238, NSIC Rc240, NSIC Rc302,
NSIC Rc308, NSIC Rc360 and PSB Rc82 were
similar and ranged from 6.4 to 7.1 t ha'. PSB Rc18
and NSIC Rc122 had the lowest average yield of
6.0 tha'.

Agronomic Efficiency for Applied N (AE,)

In 2015 DS (Figure 3A) and across rice varieties,
AE ranged from 23.4 and 36.3 kg grain kg' N
with LCC-based N application, and 11.7 to 25.4
kg grain kg' N with FRFT-based N application.
LCC-based N and FRFT-based N applications
differed significantly for NSIC Rc240, NSIC Rc302,
NSIC Rc308, and NSIC Rc360 but not for PSB
Rc82 and NSIC Rc238.

In 2015 WS (Figure 3B) and across rice
varieties, AE ranged from 20.8 to 44.6 kg grain
kg' N in LCC-based N application, and 13.0 to
26.7 kg grain kg'N with FRFT-based N
application. However, there were no significant
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Figure 1. Growth duration (i.e., number of days from seed sowing to harvest) of rice varieties in the N omission plot (NOP), LCC-based N
application and fixed-rate and fixed-time (FRFT) N applications in 2015 DS (A), 2015 WS (B) and 2016 DS (C) in Nueva Ecija, Philippines.

LCC-based total N application rates were 77 and 112 kg ha™' in DS and 51
DS and 95 kg ha' in WS. In the Nitrogen Omission Plot (NOP), P and K
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Figure 2. Grain yields of rice varieties in the N omission plot (NOP), LCC-based N application, and fixed-rate and fixed-time (FRFT)-based N
application in 2015 DS (A), 2015 WS (B) and 2016 DS (C) in PhilRice, Nueva Ecija, Philippines. Means with the same letters are not significantly

different at 5% by LSD.
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Figure 3. Agronomic efficiency of applied N (AE,) of rice varieties with LCC-based N application and fixed-rate and fixed-time (FRFT)-based N
application in 2015 DS (A), 2015 WS (B), and 2016 DS (C) in PhilRice, Nueva Ecija, Philippines. Means with the same letters are not significantly
different at 5% by LSD. Note: AEN in 2015 WS showed no significant difference between LCC-based and FRFT-based N application treatments

across varieties.

differences in AE between LCC and FRFT and
among varieties in each N application treatment.
In 2016 DS (3C) and across rice varieties,
AE ranged from 16.7-37.7 kg grain kg N with
LCC-based N application, and 11.6-15.4 kg grain
kg! N with FRFT-based N application. Across rice
varieties, AE_ with LCC-based N application was
significantly higher than with FRFT-based N
application. However, AE  of rice varieties did not
differ significantly in each N application treatment.

Discussion

Although the average irradiance was lower in
2015 WS cropping than in 2015 and 2016 DS, the
average maximum air temperature was slightly
higher and the minimum air temperature was
2.4°C higher in 2015 WS (Table 1). The type of
clouds in WS can enhance the heating effect

by transmitting solar radiation and trap some
outgoing infrared radiation emitted by the earth
and radiate it back downward (Graham, 1999).
The 2.4°C increase in minimum air temperature in
2015 WS (i.e., 21.7°C in 2015 DS, 22.5°C in 2016
DS vs. 24.5°C in 2015 WS) was not detrimental to
grain yield because average WS yield across rice
varieties was high at 6.2 t ha™ for either LCC-based
N application or fixed-rate and fixed-time (FRFT)-
based N application. However, in a climate change
or global warming scenario, Peng et al. (2014)
found a negative relationship between grain yield
and minimum air temperature and a positive
relationship between grain yield and irradiance.
Since the increase in mean minimum temperature
was 3-fold greater than the increase in mean
maximum temperature, they concluded that rice
grain yield decreased by 15% for each 1°C increase
in growing-season mean temperature. It was
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possible that plant maintenance respiration
increased with increasing air temperature and that
a greater rate of maintenance respiration reduced
the amount of assimilates available for growth
and yield. The differential effects of night versus
day temperature could decrease tillering, leaf-area
expansion, stem elongation, and grain filling.

The length of time from sowing to harvest of
rice plants differs greatly and depends upon the
genetic characteristics of the varieties and
environmental conditions under which the plants
grow (Vergara et al., 1964). In the present study,
data from varieties with minimum pest damage
were considered. The growth durations of
early-maturing varieties (i.e., PSB Rc82, NSIC
Rc238, NSIC Rc240, NSIC Rc302 and NSIC
Rc308) and medium-maturing varieties (i.e.,
PSB Rc18, NSIC Rc122 and NSIC Rc360) did not
exactly match the crop durations previously
reported by NCT possibly due to differences in
crop management and environmental conditions.
Growth durations of most rice varieties did not
differ significantly in the different N management
treatments and cropping seasons. In the nitrogen
omission plot (NOP) or indigenous N supply
treatment, the average growth durations across
varieties and seasons ranged from 103 to 118 days
and were lower than growth durations in LCC-
based and FRFT-based N application treatments.
With LCC-based N application, growth
duration ranged from 109-121 days in 2012 DS,
111-119 days in 2015 WS, and 103-112 in 2016
DS. With FRFT-based N application, growth
duration ranged from 111 to 122 days in 2015 DS,
111-119 days in 2015 WS, and 103-112 days in
2016 DS. Based on NOP, the differential increase
in growth duration was greater with FRFT-based
N application than with LCC-based N application
especially in 2015 DS. The total amount of N
applied was higher with FRFT-based N
application than with LCC-based N application.
Hence, for the early-maturing and medium-
maturing varieties tested, differences in growth
duration could have been influenced by N
management, indigenous N  supply, and
environmental conditions. Crop growth durations
and grain yields in NOP were lower than growth
durations and yields with LCC-based and
FRFT-based N applications across varieties and
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seasons. Based on NOP, the average increase in
growth duration of 2 days with LCC-based
application and 4 days with FRFT-based N
application partially contributed to yield increases
in both N application treatments.

Across varieties and cropping seasons,
average yields in NOP ranged from 3.9 to 5.4 tha™.
In 2015 DS, grains yields with LCC-based N
application ranged from 7.1-7.7 t ha! but there was
no significant genotypic variation. With FRFT-
based N application, yield of the early-
maturing variety PSB Rc82 was highest at 9.5 t ha™!
and significantly higher than yields of the other
early-maturing varieties (i.e., PSB Rc238, PSB
Rc240, NSIC Rc302, and NSIC Rc308) and the
medium-maturing variety NSIC Rc360 that had
the lowest yield of 6.6 t ha'. However, in 2015 WS
and 2016 DS, there was no significant genotypic
variation in yield in LCC-based and FRFT-based
N application treatments. While N is the most
important element that can help attain the yield
potential of rice varieties (Yoshida, 1981), yields
vary due to tremendous variation in soil N supply
among lowland rice fields with similar soil types or
in the same field over time (Cassman et al., 1998),
differences in genetic characteristics, management
of N and other nutrients, cropping seasons or
weather, pests, and other environmental
conditions. For example, grain yields were
higher in DS than in WS (Figure 2). Yang et al.
(2008) studied the yield gap between DS and WS
from 2003 to 2004 under high-yielding tropical
irrigated conditions. Results showed that
higher yields were achieved in DS than in WS
due to higher irradiance during grain filling and
ripening stages. Moreover, the higher biomass
accumulation from flowering to physiological
maturity in DS was associated with higher grain
yield.

For most rice varieties, the average AE
was significantly higher with “real-time” LCC-
based N application than with FRFT-based N
application due to lower N rates in 2015 DS and
2016 DS. However, the average yield of varieties
with FRFT-based N application (with a total of 190
kg N ha' based on 3 splits at mid-tillering,
panicle initiation, and first flowering) was
significantly higher than yields with LCC-based N
application in 2015 DS. Similar results were
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Table 3. Reported methods of N fertilizer application, total N applied, grain yields, and agronomic efficiencies of applied N (AE,) for various

rice varieties. DAT = days after transplanting.

. .. Total N Applied  Grain Yield AE
Variety N Application (kg ha") (tha") (kg grain kg ' N) Reference
Fixed Rate-Fixed Time with 3 splits: 190 Present
e o
M1d-t111e-r e ?0 kg ha 0 Dry Season 9.5 25.4 study
Panicle initiation: 100 kg ha 2015
First flowering: 40 kg ha™!
PSB Rc82
Fixed Rate-Fixed Time with 3 splits: 95
AP 4
Mld'tllle'rlr.lg. 2.5 kg ha ) Wet Season 6.7 243
Panicle initiation: 50 kg ha™! 2015
First flowering: 20 kg ha™!
Initial application of 42 kg N ha'! from 14-14- Present
14-12S at 14 DAT + 112 study
ngf—based N application with a critical value Dry Season 77 26.8
35 DAT: 35 kg ha" 2015
56 DAT: 35 kg ha"
PSB Rc82
Initial application of 28 kg N ha™* from 14-14-
14-12S at 14 DAT + 74
LCC-based N application with a critical value Wet Season 62 241
of & 2015
35 DAT: 23 kg ha'
57 DAT: 23 kg ha'
LCC-based at critical value of 3: Krishna-
Early tillering: 15 kg ha-1 Early tillering: 15 kumar and
kg ha! 90 Haefele
PSB Re82 Extreme tillering: 25 kg ha! Wet season 46 139 (2013)
Panicle initiation: 25 kg ha™!
Flowering: 25 kg ha™!
4 splits: Cassman et
Transplanting: 60 kg ha™ 225 al. (1993)
IR72 Midtillering: 60 kg ha™! Dry Season 9.5 18.4
Panicle initiation: 60 kg ha™* ¥ >easo
Flowering: 45 kg ha™!
3 splits: Peng and
Midtillering: 50 kg ha! 190 Cassman
IR72 Panicle initiation: 100 kg ha™! Dry Season 9> 153 (1998)

Flowering: 40 kg ha™!

obtained by Peng and Cassman (1998) wherein
they studied the upper thresholds of N uptake rates
of IR72. They reported that with a total N
fertilizer application of 190 kg N ha' based on
3 splits at mid-tillering, panicle initiation, and
flowering in DS, total N uptake was 209 kg ha' and
grain yield was 9.5 t ha'. Peng et al. (1996)
reported that the best fixed-timing for N
application had either greater recovery efficiency
or physiological efficiency from applied N that
led to relatively higher grain yield compared to
“real-time” SPAD-based N application. However,
SPAD-based N application had higher AE
because of improved congruence of N supply and
crop demand.

In 2015 WS, AE_ for all rice varieties did not
differ significantly between LCC-based and FRFT-
based N applications. In our earlier field studies,
we found that “real-time” LCC-based N
application had higher AE than FRFT-based N
application in WS. Peng et al. (1996) found that
AE of “real-time ” SPAD-based N application
was significantly higher than that of fixed-time
N application in WS for IR72. Differences in our
findings could likewise be attributed to variation
in soil N supply in the same field overtime
(Cassman et al., 1998).

Differences in AE could be due to inability
of the plant to utilize higher N rates or due to rapid
N losses from ammonia volatilization,
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denitrification and nitrate leaching from the flood-
water system (Craswell and Vlek, 1979; Fageria
and Baligar, 2005; Wu et al., 2016). De Datta et
al. (1991) reported that gaseous N losses due to
denitrification from applied fertilizer N was 10%
in lowland rice. Such N losses cause
environmental problems by pollution of
atmosphere, aquatic systems, and groundwater
(Choudhury and Kennedy, 2005).

Nitrogen use efficiency (NUE) or AE has
two main components: (a) the ability of crops to
take up N from the soil and (b) use efficiency of
absorbed N for growth and yield (Schenk, 2006;
Burns, 2006). Efficiencies of these components
may vary within the same crop as there are
differences in plant organs, mechanisms, and
environmental factors (Benincasa et al., 2011).
Environmental factors such as temperature,
rainfall, and soil texture can affect NUE, crop
growth, development, and soil N availability
through mineralization of soil organic matter and
organic fertilizers (Agostini et al., 2010).

Overall, crop management, environmental
factors, and abiotic and biotic stresses affect the
sink-source relationship following alterations in
biomass and N partitioning; hence, affecting NUE
(Zvomuya and Rosen, 2002; Benincasa et al.,
2011). Crop management such as crop density and
spatial arrangement of plants, N fertilization and
placement and timing of application, and water
management also play a role in NUE (Shapiro and
Wortmann, 2006; Ma and Kalb, 2006; Osborne,
2006). Liu et al. (2016) studied the effect on rice
yield and NUE of basal application of 225 kg N
ha'! into a 10 cm deep holes positioned 5 cm from
rice root in a sandy soil. This resulted in increased
N-fertilizer residual and reduced N loss at harvest
with higher yield increment and increased
resistance to environmental threats in a sandy soil.

N-fertilizer —uptake efficiency can be
estimated on the basis of N wuptake from
unfertilized control (Greenwood et al., 1989).
Genotype affects N uptake and use because it has
its own morphological and functional characteris-
tics for plant organs (Schenk, 2006). N acquisition
of plants is regulated by plasma membrane-
localized transporters such as AMT (ammonium
transporter) super family and NRT2 (nitrate
transporter) families that are regulated by AMT
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and NRT genes, respectively. N uptake of plants
depends on the affinity of these transporters
especially under low availability of N (Ludewig
et al., 2007; Narcy et al., 2013; Krapp et al., 2014).
Modulating root growth and architecture also
plays a role in N uptake by increasing total
absorptive root surface and directing growth
towards nutrient-rich patches of soil (Kiba and
Krapp, 2016).

Variation in AE can also be attributed to its
method of calculation. Weih (2014) formulated a
calculation tool to accurately analyze NUE or AE
in annual and perennial crops and requires inputs
such as (a) days of critical phenology stages
limiting the main growth period and plant N
contents at two destructive plant harvests within
the main growth period for N calculation; (b) N
contents of plant parts; and (c) final biomass and N
yields for calculation of NUE. This is also
advantageous in terms of not requiring estimates
of soil N contents that is primarily linked to the
usual method of calculating AE,. The approach of
Weih (2014) needs to be validated and compared
with the method of calculating AE used in the
present study.

In Table 3, grain yield and AE of PSB Rc82
with LCC-based N application and IR72 with
FRFT-based N application reported by other
researchers were compared to the results of the
present study for PSB Rc82. In the present study
with LCC-based N application, grain yield and
AE_ of PSB Rc82 in WS were 6.2 t ha' and 24.1
kg grain kg N respectively, and were higher than
the yield and AE  of PSB Rc82 with LCC-based N
application in WS reported by Krishnakumar and
Haefele (2013). Likewise, the FRFT-based N
application grain yield and AE_ in WS in the
present study were higher than the LCC-based
yield and AEN in WS reported by Krishnakumar
and Haefele (2013). In DS, the FRFT-based N
application yield of 9.5 t ha' for PSB Rc82 in
the present study was comparable to the yield of
9.5tha for IR72 obtained by Cassman et al. (1993)
and Peng and Cassman (1998), but AE_ with
FRFT in the present study was higher. Overall, the
relatively high AE of 26.8 kg grain kg N in DS
and 24.1 kg grain kg' N in WS with LCC-based
N application and 25.4 kg grain kg’ N in DS and
24.3 kg grain kg' N in WS with FRFT-based N
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application for PSB Rc82 in the present study
indicate a better congruence of N fertilizer
application with crop demand for N. Because an
acceptable yield of 6.2 t ha' and AE of 24.1 kg
grain kg N have been achieved with LCC-based
total N application of 74 kg ha' in WS (Table 3),
the N fertilizer application rate could be increased
by 20 to 30% above the usual application rate of
35 kg N ha"! when LCC reading is below the criti-
cal value 4 to achieve yields close to 9 t ha'' in DS
when irradiance is higher. Increasing N
fertilizer application can lower AE. Based on
Table 3, it would be reasonable to aim for an AE
of 20 kg grain kg' N or higher and a yield target of
9 t ha! after the LCC-based N application rate is
increased by 20-30% in DS. However, any
substantial reduction in AE due to increase in N
fertilization has to consider the cost of N fertilizer
and its losses from the floodwater system
(Cassman et al., 2002; Zhang et al., 2014).

Conclusion

Crop growth duration, grain yield, and AE are
influenced by indigenous N supply, management
N fertilizer and other nutrients, genetic
characteristics, other crop management practices,
cropping season or weather, pests, and other
environmental conditions.

With the wuse of early-maturing and
medium-maturing varieties and minimum pest
incidence, higher AE_ was achieved with LCC-
based N application than with FRFT-based N ap-
plication but grain yields were lower especially in
dry season for transplanted irrigated lowland rice
system. An acceptable grain yield of 6.2 t ha' and
AE of 24.1 kg grain kg' N were achieved with
LCC-based N application rate of 23 kg N ha™ for
a total application of 74 kg N ha! in wet season. To
achieve the yield target of 9.0 t ha'! in dry
season wherein irradiance is higher, N application
rate could be increased by 20-30% above the usu-
al application rate of 35 kg N ha'! when the “re-
al-time” LCC reading is below the critical value
4 or when the crop demands N fertilizer
application, and aim for an AE of 20 kg grain kg
N or higher.
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Abstract  Diazotrophs, like growth-promoting bacteria, can improve rice growth. However, more
information is needed on the growth-promoting activities of diazotrophs, their common plant sources,
and impact on growth of rice seedlings. This laboratory study isolated and screened potential growth-
promoting diazotroph isolates from Bermuda grass (Cynodon dactylon) and talahib (Saccharum
spontaneum) and assessed their influence on growth of rice seedlings (Oryza sativa, upland
variety PSB Rc23). Four bacterial isolates obtained from Bermuda grass (i.e.,, CDL1, CDRI, CDR2,
and CDRS) and three bacterial isolates from talahib (i.e., TRS1, TST1-1, and TST1-2) were screened
using in vitro assays to assess their plant growth-promoting activities. CDL1, TST1-1, and TST1-
2 fixed more nitrogen based on colorimetric method. Highest production of indole-3-acetic acid
(IAA) was observed with TST1-1 while moderate levels of IAA were observed with CDL1, CDR2,
and TRS1 based on colorimetric method. Bacterial ability to solubilize phosphorus was observed with
CDR1, CDR2, TST1-1, and TST1-2 isolates based on Pikovskayas Test. Siderophore production was
observed with CDLI1, TST1-1, and TST1-2 based on qualitative method. Inoculation was done by
dipping rice seeds in suspension of bacterial isolates. Compared with the uninoculated Control and
other bacterial isolates, CDL1 from Bermuda grass significantly increased shoot growth, root growth, and
seedling vigor index of PSB Rc23 seven days after sowing. This was followed by TST1-1 from talahib.

Keywords:

Introduction

Diazotrophs are microorganisms (i.e., bacteria and
archaea) that convert atmospheric nitrogen (N)
gas into a readily available form such as
ammonia for the use of other organisms such
as rice in paddy field (Ladha and Reddy, 2003;
Raymond et al., 2004). They encode nitrogenase,
the enzyme complex that catalyses the conver-
sion of N, gas to ammonia (Santi et al., 2013). The
interaction of N-fixing ability of diazotrophs with
rice varieties is viewed as an alternative to replace
part of the required N fertilizer of rice plant and to
further study on other natural or added
nutrients present in the soil (Baldani and Baldani,
2005; Araujo et al., 2013).

Diazotrophs exert their positive effects on
plant growth directly and indirectly through
various mechanisms. Direct effects include N
fixation, production of phytohormones and
enzymes, and mobilization of nutrients while
indirect effects include increasing release of
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nutrients and fertilizer uptake efficiency, plant
tolerance to stress, and production of pathogen-
suppressing substances (Van Loon, 2007; Keyeo
et al., 2011). Diazotrophs can affect plant growth
directly by the synthesis of phytohormones such
as JAA, solubilization of inorganic phosphate and
zinc, mineralization of organic phosphate, and
inhibition of plant ethylene synthesis (Peng et al.,
2002; Dobbelaere et al., 2003; Govindarajan et al.,
2008; Saravanan et al., 2008; Aradjo et al., 2013).
IAA stimulates plant cell proliferation and
cell elongation by loosening plant cell walls
aiding root elongation and adventitious root
formation (Glick, 2014). TAA and 1-aminocy-
clopropane-1-carboxylate (ACC) deaminase,
produced by growth-promoting bacteria, have
synergistic interaction through induction of
transcription of ACC synthase by IAA that
catalyzes the formation of ACC. Okon and
Labandera-Gonzales  (1994) reported that
diazotrophs like Azospirillum sp. produced IAA
that stimulated increase in density and length of
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root hairs, rate of appearance of lateral roots, and
root surface area. Ferreira et al. (2015)
inoculated Azospirilium brasilense AbV5 strain
on several upland rice cultivars under field
condition. Fifty percent of the rice cultivars had
statistically significant increase in yield varying
from 40 to 108% upon inoculation with A.
brasilense AbV5 strain while 35% showed no
significant change in yield. Results indicated a
cultivar-dependent response of rice to inoculation
with A. brasilense AbV5 strain.

Certain strains of diazotrophic bacteria were
found to exhibit phosphorus (P)-solubilization
(Lopez-Ortega et al., 2013; Chung et al., 2005).
As majority of P is in insoluble forms (inorganic
mineral), P-solubilization aids in converting P to
soluble forms readily available for uptake of plants
(Bhattacharyya and Jha, 2012). Solubilization of
inorganic phosphorus occurs as a result of the
action of low molecular weight organic acids such
as gluconic and citric acids that are synthesized
by bacteria (Rodriguez et al., 2004). The ability
of these bacteria to solubilize P is considered as
ecologically safe and economically reasonable
option for supplying P as an alternative to
phosphatic fertilizer application (Ahemad and
Kibret, 2014).

Diazotrophs have been found to produce
siderophore, an iron-chelating compound, which
aids in iron absorption and influence plant uptake
of other minerals like zinc and copper (Dimkpa
et al., 2009; Gururani et al., 2012). The increased
availability of minerals to the bacteria was reported
to directly stimulate biosynthesis of antimicrobial
compounds that suppress growth of pathogenic
organisms important to crops such as Rhizoctonia
solani (Joseph et al., 2007; Wahyudi et al., 2011).
It also served as determinant of induced systemic
resistance (Kirankumar et al., 2008) by competing
with pathogenic fungi in terms of nutrient supply
and synthesizing anti-fungal compounds and
indirectly maintained plant growth through the
reduction or prevention of the deleterious
effects of one or more phytopathogenic organisms
(Dobbelaere et al., 2003; Ji et al., 2014).

This study isolated the diazotrophic bacteria
from Cynodon sp. and Saccharum sp. and assessed
their plant growth-promoting activities and
impact on rice seedling growth.

Materials and Methods

Isolation and Purification of Phyllospheric and
Rhizospheric Bacteria

Fresh samples of leaf, stem, root, and rhizospheric
soil from Cynodon dactylon and Saccharum
spontaneum were used as sources of isolates. To
isolate bacteria from the rhizosphere, the entire
root system was collected and carefully tapped to
remove soil adhering to the roots. The roots were
placed in 100 mL diluent and blended
thoroughly on a Wrist Action shaker. The soil
suspension was diluted to make a series of four
10-fold dilutions. Similarly, 0.1 mL of each of the
four dilutions were spread on duplicate Burk’s
nitrogen-free agar plates (20 g mannitol; 15 g agar;
5 g soil extract; 1 g dipotassium phosphate; 0.2 g
magnesium sulphate; 0.2 g sodium chloride, trace
amount of ferrous sulphate; 1000 mL distilled
water). To obtain endophytic isolates, the
procedure involved surface sterilization of root,
stem and leaf with tap water, ethyl alcohol, chlorox,
and sterile distilled water. Surface-sterilized root,
stem, and leaf samples were macerated using
sterilized mortar and pestle. Similarly, 0.1
mL of each sample extract was inoculated in
nitrogen-free broth.

Colonies from both isolation processes were
examined after incubation. Each viable
microorganism present in the sample developed
into a visible colony (Black et al., 1965). The visible
colony was further purified by 2 successive
quadrant streaks, a method to visually separate
single pure colonies on agar plate. Pure isolates
were then stored in agar slants incubated at room
temperature (28-30°C).

Isolates were given codes based on the source
plant and designated as CD from Cynodon
dactylon and T from Saccharum spontaneum. The
bacteria were isolated from stem, leaf, root, and
rhizospheric soil. They were designated as ST for
stem; L for leaf; R for root; and RS for rhizospheric
soil. Isolates were grown in nitrogen-free broth.

In vitro Screening of Bacterial Isolates for
Growth-Promoting Activities

Detection of nitrogen fixation. A loopful of each
isolate from nitrogen-free broth was spread on a
nitrogen-free malate agar plate containing bromo-
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thymol blue (BTB). Change in color from green to
blue or green to yellow indicated positive results
for nitrogen fixation.

Indole-3-acetic acid (IAA) production. IAA
production was measured by growing test culture
in Burk’s nitrogen-free broth media supplement-
ed with tryptophan. After 7 days of incubation,
the cultures were centrifuged and the IAA in the
supernatant was detected qualitatively using
Salkowski’s reagent (1.0 mL 0.5M FeCl; 50 mL
distilled water; 30 mL H,SO,). One mL of
bacterial supernatant was reacted with 2 mL of the
reagent. A color range from pink to red indicated
positive reaction for IAA production.

Phosphate solubilization. The ability of
isolates to solubilize P was evaluated using
Pikovskaya’s medium by Subba Rao (1999). The
bacterial isolates were inoculated onto the surface
of the agar. After 7 days, presence of clearing zone
around the bacterial growth indicated phosphate
solubilization.

Siderophore production. Procedure of
Alexander and Zuberer (1991) was followed using
Chrome Azurol S (CAS) agar media to detect
siderophore production. The CAS plates were
inoculated with the isolates using barbecue
sticks. After 3-4 days of incubation, orange halos
indicated siderophore production by the bacteria.

Effectiveness of Bacteria in Improving Seedling
Growth and Vigor
Effects of bacterial isolates on seedling growth and
vigor were assessed under laboratory conditions at
the Philippine Rice Research Institute (PhilRice)
in Nueva Ecija, Philippines. Twenty-five surface-
sterilized PSB Rc23 seeds were inoculated by
soaking in bacterial suspension for 30 min.
Inoculated seeds were sown in sterile petri plate
with moist filter paper for each treatment and
grown at room temperature with three
replications. The number of germinated seeds was
counted 7 days after sowing. Seed was considered
germinated when the radicle was > 2 mm. Root
and shoot lengths of randomly selected seedlings
were measured.

Percent germination and seedling vigor index
were calculated using the following formulas
(Abdul Baki and Anderson, 1973).
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Total number of plants bearing spores

Sporulation Index (51in %) = X 100

Total number of plants collected

Sporulation Index (SIin %) = Totalnumberofp!anrsbearmgsporesXmo
porucation ex mel= Total number of plants collected

Results

In vitro Screening of Bacterial Isolates for Growth
Promoting Activities

Nitrogen fixation. Three of the 7 bacterial isolates
in the agar media (i.e., CDL1, TST1-2, and TST1-
1) showed the highest intensity of color change
from green to yellow, while the rest of the isolates
(CDRSI1, TRS1, CDR2, and CDR1 ) showed lesser
intensity of color change (Figure 1). CDRS1 had
almost the same green color as the Control.

Indole-3-Acetic Acid Production. Bacterial
isolates were tested for IAA production following
reaction with Salkowski reagent. Isolate TST1-1
exhibited the most intense pink color that
indicated ample production of IAA (Figure 2).
TST1-1 was followed by CDL1 and CDR2.

Phosphate Solubilization. In vitro assay for
phosphorus solubilization revealed that CDRI,
TST1-2, TST1-1, and CDR2 were able to solubilize
P as observed from the formation of halo or
clearing zone in the Pikovskaya medium.

Siderophore Production. With the use of the
Chrome Azurol S agar media assay, formation of
orange halo around the bacterial growth indicated
siderophore production. Three of the 7 bacterial
isolates (i.e., CDL1, TST1-2, and TST1-1) formed
the largest orange halo diameter.

For Bermuda grass, CDL1 had ample degree
N fixation while CDR1 and CDR2 had moderate
degree of N fixation (Table 1). Except for P
solubilization, CDL1 had higher degree of IAA
production and siderophore production than
CDRI, CDR2, and CDRS1.

For talahib, TST1-1 and TST1-2 had ample
degree of N Fixation while TRS1 had moderate
degree of N fixation (Table 1). Only TST1-1 and
TST1-2 were positive for phosphate solubilization
and siderophore production. TST1-1 had the
highest degree or ample of IAA production.

Effectiveness of Bacteria in Enhancing Growth of
Rice Seedlings

Among the 7 bacterial inoculants tested,
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Figure 1. Nitrogen fixation on nitrogen-free agar medium by the 7 bacterial isolates.
Change in color from green to yellow indicated N fixing activity.
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Figure 2. Colorimetric determination of indole-3-acetic acid (IAA) production by the 7
bacterial isolates. Color change from clear to pink or from clear to red color indicated JAA

production.

inoculation with CDL1 resulted to the highest
shoot length, root length, and seedling vigor index
for the upland rice variety PSB Rc23 seven days af-
ter sowing (Table 2). CDL1 was followed by TST
1-1. However, when compared to the Control and
the other bacterial inoculants, significant increas-
es in shoot length, root length, and seedling vigor
index were more consistent with CDL1 than with
TST1-1.

Discussion

Based on shoot length, root length, and seedling
vigor of the upland rice variety PSB Rc23 seven
days after sowing, bacterial inoculant CDL1 from
the leaf of Bermuda grass consistently ranked
highest, followed by TST1-1 from the stem of
talahib. Inoculants from the leaf or stem appeared
to be more advantageous than inoculants from the
roots and  rhizospheric  soil. = Microbial
differences between phyllosphere (above-ground
plant portion) and rhizosphere (narrow soil
region influenced by root secretions) communities
were observed by Knief et al. (2012). In the
phyllosphere, majority of proteins (60%) matched
with members within the class Alphaproteobac-
teria, in particular with Methylobacterium and
Rhizobium. However, Bradyrhizobium,
Azospirillum and other Proteobacteria were
dominantly present in the rhizosphere. Both
bacteria have been extensively studied in the
recent years and were revealed to have beneficial
activities.

Certain strains of rhizobial diazotrophs
promoted growth and yield of lowland rice
through some changes in growth physiology or
root morphology (Biswas et al., 2000). Isawa et al.
(2010) showed that endophytic Azospirillum sp.
strain B510 isolated from surface- sterilized stem
of field-grown rice significantly increased tiller
number and seed yield of paddy rice.

Aratjo et al. (2013) evaluated the re-
sponse of 10 traditional upland rice varieties of
Marafao state, Northeast region of Brazil, to in-
oculation with 10 diazorophic strains, which were
previously isolated from a regional soil and
screened for their abilities to produce TAA. Results
of their gnotobiotic experiment showed that the
Azospirillum amazonense strain AR3122 increased
the dry matter yield of the traditional rice varieties
Cana Roxa and Cana Forte by 28 and 48%, respec-
tively. Hence, based on our current results, more
studies are needed to assess the impact of bacterial
strains from the phyllosphere and rhizosphere of
rice and non-rice plants on growth and dry matter
yield of a particular rice variety. Studies will have
to be conducted under a more controlled or
gnotobiotic condition with a positive control prior
to conducting inoculation studies in pot-soil
condition.

The higher plant growth-promoting activities
of CDL-1 and TST1-1 can be associated with N
fixation, production of IAA, and production of
siderophore, all of which were assessed
qualitatively. According to Keyeo et al. (2011), the
first step in screening possible beneficial bacteria
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Table 1. Plant growth-promoting activities 4 bacterial isolates from Bermuda grass and 3 isolates from talahib. CD for Cynodon dactylon, T for
Talahib, L for Leaf, R for Root, RS for Rhizospheric Soil, and ST for Stem. (+) trace, (+ +) moderate, and (+ + +) ample.

Plant Growth-Promoting Activity

Source Isolate Nitrogen TIAA Phosphate Siderophore
Fixation Production Solubilization Production
CDL1 +++ ++ - ++
Bermuda grass CDR1 ++ + + -
(Cynodon dactylon) CDR2 . iy + )
CDRS1 + + _ _
Talahib TRSI1 t T+ N -
(Saccharum TST1-1 +++ +++ + +
spontaneum) TST1-2 it . . .\

Table 2. Effect of bacteria inoculation on shoot length, root length and seedling vigor index of the upland rice variety PSB Rc23 seven
days after sowing. Means followed by a common letter are not significantly different at 5% level by Tukey’s post hoc test.

Treatment Shoot Length (mm) Root Length (mm) Seedling Vigor Index
Control 353°¢ 44.0° 250.2°¢
CDL1 58.2* 78.8* 490.9*
TST1-1 46.9 ® 47.2° 340.1°
CDRS1 40.8 " 50.7° 302.8 b
CDRI1 39.8 b 483" 300.3 >
TRS1 40.3% 52.3° 305.5
CDR2 33.7 42.0° 233.8%
TST1-2 40.7 b 49.7° 303.1°

that have the ability to transfer fixed nitrogen to
the host plant is to assess nitrogen fixation in free-
living condition. Preliminary screening through
quantitative assessment of acetylene reduction
activity (ARA) of diazotrophs is usually used.
Keyeo et al. (2011) utilized ARA and tested
the inoculation effects of isolated diazotrophic
rhizobacteria on MR220 rice variety and
reported that promotion of growth by IAA should
be optimal as the excess concentration supplied by
diazotrophs (e.g., 0.12 ug mL") would suppress
plant growth. Mohite (2013) reported that L-
Tryptophan is a precursor of IAA production
of bacteria by testing culture media with and
without tryptophan. Maximum IAA production
was observed on 0.05%, 0.1%, and 1.5% L-
Tryptophan for wheat, banana, and maize
rhizosphere isolates, respectively. JAA was not
produced on L-Tryptophan free medium.
Siderophore production activity is one way
of determining the ability of different microorgan-
isms to improve plant development. Siderophores
can be defined as small peptide molecules
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containing side chains and functional groups
that can provide high-affinity set of ligands to
coordinate ferric ions (Crosa and Walsh, 2002).
Ghosh et al. (2015) quantitatively estimated
siderosphore production of bacterial isolates using
Chrome Azurol S (CAS) - Shuttle assays wherein
the absorbance of the mixture of -culture
supernatant and CAS reagent was measured at 360
nm against a control reference (containing mixture
of uninoculated broth and CAS reagent) by
spectrophotometry. Under iron-limiting
condition, siderophore chelates unavailable
iron and make it all available to plants and co-
habiting  microorganisms;  thus, depriving
pathogens (Compant et al., 2005). In addition
to biocontrol, siderophores are known to play
multiple roles in diazotrophic bacterial species as
they require both iron and molybdenum for the
activity of nitrogenase.

In the present laboratory study that utilized
agar and broth media, CDL1 was positive for N
fixation, IAA production, and siderophore
production, but was negative for P solubilization.
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However, TST1-1 was positive for the
aforementioned four growth-promoting
activities. Results showed that CDRI, CDR2,
TST1-2, and TST1-1 were able to solubilize P.
Costa et al. (2014) simultaneously analyzed plant
growth-promoting bacteria from studies that had
similar methodology for bioprospection and
phenotype screening using the Categorical
Principal Component Analysis Model. The
model classifies soil richness according to isolate’s
indolic compound (IC) production, siderophore
production, phosphate solubilization ability, and
bacterial genera composition. The result of the
analysis through the model suggested that in rich
soils, production of indolic compounds was high
while phosphate solubilization and siderophore
production were low. The model indicated that
growth hormone producers had favorable plant
interaction under rich nutrient soil. Under poor
soil conditions, nutrient solubilizers were favored.
Hence, it will be relevant to assess the performance
of CDL1, TST1-1, and the other bacterial isolates
under nutrient-rich and nutrient-deficient soil
conditions.

P-solubilizing activity is determined by the
ability of microbes to release metabolites such as
organic acids, which through their hydroxyl and
carboxyl groups chelate the cation bound to
phosphate, the latter being converted to soluble
forms (Sagoe et al., 1998). Furthermore, Wani et
al. (2007) revealed that microbes with the ability
to solubilize P not only improved the availability of
soluble P to plants, but also improved the yields of
important crops through other mechanisms.

Quantification of phosphatase enzyme at pH
5, 7, and 8 from isolated phosphate-solubilizing
diazotrophs was conducted by Lopez et al. (2013).
They used a culture broth without P as culture
media of inoculum and measured concentration
of enzyme by spectrophotometry, in which genus
Azotobacter resulted in the highest values of
phosphatase activity compared to Azosporillum,
Rhizobium, and  Klesiella. Hence, such
quantitative approach to assess the P-solubilizing
activity will be useful to validate the P-solubilizing
activities of CDL1, TST1-1, and the other bacterial
isolates assessed qualitatively in the present study.

Conclusion

In association with the growth-promoting
activities of diazotrophic bacteria (e.g., N fixation,
production IAA, phosphate solubilization, and
production of siderophore), the present laboratory
study showed that among the 7 bacterial isolates,
CDL1 from leaves of Bermuda grass and TST1-1
from stems of talahib were most effective in
enhancing seedling growth of rice. However,
significant increases in shoot length, root length,
and seedling vigor index were more consistent
with CDL1 than with TSTI1-1. Quantitative
methods such as acetylene reduction assay and
spectrophotometry will have to be used to validate
the present results on growth-promoting activities
of diazotrophic bacteria assessed by qualitative
methods. The differential importance of
phyllospheric and rhizospheric bacterial strains
from rice and non-rice plants in terms of
growth-promoting activities and impact on rice
seedling growth and dry matter yield needs
assessment. Such studies have to be conducted
under gnotobiotic or more controlled condition
with positive control.
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Bual Norte, Midsayap, 9410 North Cotabato
Tel: (064) 229-7242; (088) 356-1888
PHILRICE AGUSAN

Basilisa, Rtromualdez, 8611 Agusan Norte

Tel: (085) 818-4477; -0778

Telefax: (085) 343-0768

Call for Papers

The Rice-Based Biosystems Journal is a peer-reviewed online journal managed by the Philippine Rice Research
Institute (PhilRice) through a competent editorial team, reputable advisory and editorial boards, and invited
referees. It encourages publication of original research and review articles that have impact on and are
interconnected with rice and rice-based crops. The journal publishes rice and rice-based research studies on
soil and crop management, crop protection, crop improvement, grain quality, farm machinery, resource use
efficiency, plant biology, nutraceuticals, food value-adding systems, biofertilizers, biopesticides, biomaterials,
and systems analysis and stimulation. It also covers the economics, social, and communication systems that may
influence the landscape of rice and rice-based production.

For your submission, you can email your manuscript to rbbj.philrice@gmail.com with subject and file format as:
RBBJ_Title_Surname.doc.

For more information about the journal, please visit www.philrice.gov.ph/grants/call-publication/.
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