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มีการรายงานไววาการปลูกขาวดวยระบบการเพิ่มผลผลิตขาว หรือเอสอารไอ สามารถทํา
ใหไดผลผลิตของขาวมากขึน้ จากระบบดั้งเดิมถึง 5-10 ตันตอเฮกแทร การเปลี่ยนแปลงของความ
ยาวของรากขาว, ระยะหาง, และ แรธาตุอาหาร สงผลใหตนขาวในระบบเอสอารไอไดรับ
สารอาหารมากขึ้น ซึ่งนําไปสูการเพิ่มผลผลิตของขาว การศึกษานีใ้ หความสนใจถึงในสวนของการ
ใหน้ําในนาเปนระยะ คือปลอยใหพนื้ นาแหงสลับเปยก ในชวงที่ขาวมีการแตกกอจนถึงระยะที่ขาว
เริ่มสรางรวงออน และการใชปุยหมัก เพือ่ ศึกษาการเปลี่ยนแปลงของกิจกรรม และกลุมประชากร
ของแบคทีเรียดิน ในระบบของการปลูกขาวที่ตางกัน ไดทําการปลูกขาวที่ศูนยวิจยั เพื่อเพิ่มผลผลิต
ทางเกษตร (ศวพก) มหาวิทยาลัยเชียงใหม จังหวัดเชียงใหม ประเทศไทย ในชวงหนาแลง ระหวาง
เดือนกุมภาพันธ ถึงเดือนมิถุนายน ป 2546 โดยนาในระบบดั้งเดิมจะมีการใหน้ําอยูตลอดเวลา สวน
นาในระบบเอสอารไอจะมีการปลอยใหพนื้ นาแหงสลับเปยกในชวงทีข่ าวมีการแตกกอจนถึงระยะที่
ขาวเริ่มสรางรวงออน นาในทั้งสองระบบจะมีการใหปยุ หมัก (12.5 ตันตอเฮกแทร) และไมใหปยุ
หมักเพื่อเปรียบเทียบกัน พบวาใหผลผลิตขาวในระบบดัง้ เดิม (5.92 และ 5.47 ตันตอเฮกแทร)
มากกวาในระบบเอสอารไอ (3.76 และ 3.58 ตันตอเฮกแทร) อยางมีนัยสําคัญ ในนาทีใ่ หและ
ไมใหปยุ หมักตามลําดับ พบปมที่รากของขาวที่ปลูกในระบบเอสอารไอ ซึ่งเกิดจากการเขาอาศัย
ของไสเดือนฝอย ในชวงทีพ่ ื้นนาแหงสลับเปยก ซึ่งอาจจะเปนเหตุผลที่ทําใหผลผลิตขาวในระบบ
เอสอารไอต่ํา
ในระหวางการปลูกขาว ไดทําการเก็บตัวอยางดิน 5 ครั้ง จาก 2 ระดับความลึก (0-10 และ
10-20 เซ็นติเมตร จากผิวดิน) คาของ mineralizable N ในดินทั้งสองระดับตางกันอยางมี
นัยสําคัญ แตไมพบความแตกตางดังกลาวในระบบของการปลูกขาวทัง้ สอง คาของ nitrification
rate ในระบบเอสอารไอที่ใสและไมใสปุยหมักสูงกวาในระบบดั้งเดิม แตคาของไนเตรทที่สูงกวา
ไมไดสงผลตอผลผลิตขาวหรือคา denitrification potential นอกจากนีย้ ังไมพบความแตกตาง
ของอัตราการตรึงไนโตรเจน ระหวางระบบการปลูกขาวทั้งสองจากทั้งสองระดับความลึก
การศึกษากลุมประชากรแบคทีเรียโดยวิธี Terminal Restriction Fragment Length
Polymorphism (T-RFLP) จาก 16S rRNA genes (16S rDNAs) แสดงใหเห็นถึงการ
เปลี่ยนแปลงของกลุมประชากรแบคทีเรียในระหวางการปลูกขาว โดยที่ในแตละเดือนจะรวมกลุม
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กัน
และกลุมประชากรแบคทีเรียจะเปลี่ยนไปจากระยะเริ่มตนการปลูกขาวในเดือนกุมภาพันธ
จนกระทั่งเดือนเมษายน นอกจากนี้ยังพบความแตกตางของกลุมประชากรแบคทีเรียในนาทั้งสอง
ระบบ จากทั้งสองระดับความลึก ทําการศึกษาแบคทีเรียในกลุม ammonia-oxidizing bacteria
(AOB) ดวยเทคนิค denaturing gradient gel electrophoresis (DGGE) รวมกับการทํา PCR
จาก ammonia monoxygenase gene (amoA) พบวากลุมของ AOB ในระบบดั้งเดิม และเอส
อารไอมีคาความสัมพันธอยูใ นชวง 15-100% และ 20-100% ตามลําดับ ทําการ clone และหา
ลําดับ DNA จาก DNA ในสวนของ amoA gene ที่ไดจากดิน จาก phylogenetic tree พบ
ลําดับของ DNA ที่คลายกับ Nitrosospira และ Nitrosomonas ในดินจากระบบเอสอารไอ และ
ระบบดั้งเดิมตามลําดับ สวนลําดับของ DNA ที่พบในทุกตัวอยางพบวา คลายกับกลุมของ AOB
ที่ไมสามารถเพาะเลี้ยงในหองทดลองได ทั้งนี้สรุปไดวาระบบของการปลูกขาวที่ตางกันจะสงผล
กระทบตอความเปลี่ยนแปลงของกลุมจุลินทรียในดิน
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The system of rice intensification (SRI) has been reported to increase yield up
to 5-10 t ha-1 when compared with practices used in conventional rice cultivation.
Changes in root length, distribution, and mineral cycling leading to increased crop
nutrient uptake, have been suggested as mechanisms responsible for these dramatic
yield increases under SRI. This study was focused on the practices of intermittent
irrigation during the vegetative growth phase and compost application to investigate
the effects of rice cultivation systems on microbial processes and bacterial community
structure. Sun Patong-1 was grown in the Multiple Cropping Center (MCC) Chiang
Mai University, Thailand, in 2003 during the dry season (February - June). The
conventional system of constantly flooded soil management was compared to the
intermittent wetting and draining during vegetative growth used in the SRI system.
Soils in both systems were amended with compost (12.5 ton ha-1) or left unamended.
Rice yields in the conventional systems (5.92 and 5.47 t ha-1) were significantly
greater than those obtained from the SRI systems (3.76 and 3.58 t ha-1), with and
without compost, respectively. Root knot nematodes were found colonizing roots
during the intermittent irrigation in the vegetative growth phase and could be a factor
in the low yields obtained under SRI. Soils were sampled 5 times across the growing
season at two depths (0-10 and 10-20 cm). Potentially mineralizable N differed
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significantly between soil depths, but not between rice cultivation systems.
Nitrification rate was significantly higher in the SRI system, with and without
compost addition, but higher nitrate (NO3- -N) availability did not lead to increased
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bacterial community structure, the terminal restriction fragment length polymorphism
(T-RFLP) analyses of 16S rRNA genes (rDNAs) were employed. Generally, the
communities shifted from February to April, then groups formed stayed together until
the end of the cropping season. Moreover, the shifts also revealed in both cultivation
systems on both levels. Denaturing gradient gel electrophoresis (DGGE) of PCR
amplicons of the ammonia monoxygenase gene (amoA) from both soil depths
revealed the relationships in the range of 15-100% and 20-100% similarity in
conventional rice cultivation system and SRI practice, respectively.

The amoA

amplicons generated from soil DNA were cloned and sequenced. A phylogenetic tree
showed that the Nitrosospira-like sequences were found within the SRI practice with
compost application, whereas the Nitrosomonas-like sequence was found in the
conventional rice cultivation system where compost was applied. The majority of
retrieved sequences from all four treatments were closely related to uncultured
ammonia oxidizing bacteria (AOB).

In conclusion, the differences in microbial

communities were influenced by different cultivation systems.
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CHAPTER I
INTRODUCTION

Rice (Oryza sativa L.) forms an important part of the diet in many countries.
As the world population continues to grow, more and more rice will need to be grown
to keep up with world demand, yet more land for rice production is unlikely to be
available. In addition, competing demands for water are becoming more intense and
rice cropping is being re-examined for its disproportionate use of this limited
commodity. Trials to reduce water use by means of alternating wetting and drying or
shifting to aerobic rice cropping have shown that yields may be significantly increased
(Uphoff, 2002) or that yield decline may occur much more quickly than in flooded
systems (Belder et al., 2005; Bouman, Peng, Castaneda and Visperas, 2005; Peng et
al., 2006). It is important to know which alternative management practices that
reduce water use might be beneficial for Southeast Asia and what potential difficulties
might be encountered as changes in water management are undertaken.

The system of rice intensification (SRI) is a method of rice cultivation that
originated in Madagascar in 1983 and has now been used successfully in more than 20
countries (Satyanarayana, Thiyagarajan and Uphoff, 2007).

There are five main

differences in paddy management in SRI compared to conventional practices, these
are: (i) transplanting younger seedlings, (ii) transplanting seedlings singly, (iii) using
wider spacing, (iv) alternating soil flooding and draining during the vegetative growth
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phase, and (v) applying compost. Where rice yields are 2 t ha-1 in conventionally
managed paddies, yields of 5 - 10 t ha-1 or higher have been reported for SRI-managed
paddies (Stoop, Uphoff and Kassam, 2002; Uphoff, 2002). It is still unclear why
these changes in agronomic practice result in such dramatic increases in rice yield in
some locations or if this practice can be integrated into rice farming systems in
Thailand.

Several research projects have been undertaken to gain more understanding of
the agronomic and scientific bases for these observations (Stoop et al., 2002). Studies
by Barison (2002) illustrated that the high performance of SRI plants is related to
greater root growth (at depths below 30 cm), deeper penetration of the roots and
higher nutrient uptake than conventional rice plants. The best yields (over 10 t ha-1)
were obtained with the use of compost, while yields of between 5.3 - 7.9 t ha-1, were
obtained without any fertilization (Randriamiharisoa and Uphoff, 2002). Nitrogen
fixing bacteria, identified as Azospirillum, have been found in association with rice
roots under SRI practice. Randriamiharisoa (2002) suggested that the presence of
these free-living nitrogen-fixing bacteria could reduce the quantity of N fertilizer
required.

Since nitrogen (N) is among the more important nutrients for rice plants and is
generally the most limiting nutrient for high-yielding rice, N transformations in rice
fields have been the subject of numerous studies (Arth, Frenzel and Conrad, 1998;
Irisarri, Gonnet and Monza, 2001; Xing et al., 2002). Nitrogen can be transformed
from organic to plant-available inorganic forms (NH4+-N and NO3--N) by the N-
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mineralization and nitrification activities of soil micro-organisms, respectively (Ghosh
and Kashyap, 2003). Soil microbial activity can also cause N loss from rice paddies
through denitrification (Reddy and Patrick, 1986). Denitrifying bacteria convert NO3-N into several intermediates, NO2-, NO, N2O and N2 under anaerobic or low oxygen
conditions. The N2 gas is then released into the soil atmosphere. Soil N is maintained
in part by biological N2 fixation (BNF) by asymbiotic bacteria associated with rice
roots (Roger and Ladha, 1992).

SRI practice is based on careful water management and use of organic
amendments. As microbial populations are strongly affected by the availability of
water, oxygen and organic matter, it is likely that these management practices will
alter microbial activity and diversity in soil. This study was aimed to gain a better
understanding of how microbial processes in the N cycle (N mineralization,
nitrification, denitrification and nitrogen fixation) and soil microbial communities are
affected by the type of rice cultivation system – conventionally managed versus the
system of rice intensification.

Culture-independent methods have been used increasingly to study microbial
communities and their activities in environmental samples, because the majority of
microorganisms cannot be cultivated on standard laboratory media (Amann, Ludwig
and Schleifer, 1995). Alternative approaches, based on polymerase chain reaction
(PCR) amplification of 16S rRNA or other target genes from DNA extracted from soil
samples followed by use of DNA fingerprinting methods, are now available for
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studying complex bacterial communities (Culman, Duxbury, Lauren and Thies, 2006;
Rotthauwe, Witzel and Liesack, 1997; Thies, 2007a).

One DNA fingerprinting approach is called terminal-restriction fragment
length polymorphism (T-RFLP) analysis (Liu, Marsh, Cheng and Forney, 1997;
Marsh, 1999; Thies, 2007b).

In this technique, one of the PCR primers is

fluorescently labeled. After amplification, the PCR products are digested with one or
more restriction enzymes, thus generating fragments whose terminal lengths vary.
The terminally labeled fragments are then sized on a DNA sequencing gel and the data
summarized by use of multivariate statistics (Blackwood, Marsh, Kim and Paul, 2003;
Moeseneder, Winter, Arrieta and Herndl, 2001; Ramakrishnan et al., 2001; Thies,
2007b).

Denaturing gradient gel electrophoresis (DGGE) is an alternative DNA
fingerprinting technique in which DNA fragments obtained after PCR amplification of
target genes from complex microbial communities are separated according to their
sequence (guanine + cytosine or G+C content) (Murray, Hollibaugh and Orrego,
1996; Nakatsu, 2007). The separation of the different DGGE bands depends on the
melting behavior of the PCR product and not on the size of the fragment. The
advantage of this technique is that DGGE bands of interest can be excised from the
gel and further analyzed by cloning and sequencing (Avrahami and Conrad, 2003;
Avrahami, Liesack and Conrad, 2003; Nakatsu, 2007; Watanabe, Kimura and
Asakawa, 2006).
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T-RFLP and DGGE analyses are powerful tools that have been used to
compare microbial community structures and gene diversity in a variety of different
laboratory and natural settings (Liu et al., 1997; Scala and Kerkhof, 2000).

Objectives of this research

This research is proposed to investigate the role soil microbial processes play
on the SRI yield phenomenon. Altered water management and increased application
of organic matter are expected to affect bacterial activity and diversity in soil.
Because nutrient availability is strongly controlled by microbial activity, changes in
these soil management factors or any combination of these factors could explain the
consistently observed increases in yield.
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CHAPTER II
LITERATURE REVIEW

2.1 Rice production

Rice (Oryza sativa L.) is cultivated primarily for its grain, which forms an
important part of the diet in many countries. Global rice production has increased
from 1.87 t ha-1 in 1961 to 4.02 t ha-1 in 2005 (Source: FAOSTAT Database, 2006.
FAO, Rome. 04 Sep 2006: FAO last access). Meanwhile, rice yield growth rate
decelerated from 2.3% per year during the 1980s to 1.1% per year during the 1990s
(or approximately equal to population growth) due to the difficulty of sustaining the
increase in rice productivity as yield has advanced, according to the FAO. While
world rice production has been rising at a rate nearly parallel to that of the human
population and no serious food storage or famine has been experienced in the
producing countries, the foundation of a sound and stable rice economy has yet to be
established in terms of a higher potential yield on rice farms and lower production
costs.

Generally, rice is grown under shallow flooded or wet paddy conditions, but it
is also cultured where floodwaters may be several meters deep.

Therefore, rice

appears to have a high water requirement. The system of rice intensification (SRI) has
been claimed to be an economic rice cultivation system. It can increase yields and
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production parallel with reducing production costs and water use (Satyanarayana,
Thiyagarajan and Uphoff, 2007).

SRI was first synthesized in Madagascar in 1983 by Father Henri de Laulanie,
a French Jesuit priest (Stoop, Uphoff and Kassam, 2002). This system has spread and
continued to develop across 20 countries in the past several years (Satyanarayana et
al., 2007). Yield is frequently increased from 2 to 8 t ha-1 or more by changing rice
management practices according to the SRI system (Uphoff, 2001). The SRI method
is based on a set of 5 practices: (i) transplanting young seedlings (8-12 days old), (ii)
transplanting seedlings singly using widely spaced rows (at least 25 x 25 cm), ii)
managing water during the vegetative phase (flooding and draining to keep the soil
moist but well-aerated), (iv) weeding (2-4 times after transplanting for soil aeration)
and (v) applying compost (Stoop et al., 2002; Uphoff, 2001). Use of SRI practices can
achieve higher yields without of the need for new varieties, chemical fertilizers, or
other purchased inputs, but it requires different management practices for rice, farmer
skill and increased investment of labor (Barison, 2002).

Several research projects have been undertaken to better understand the
practices that increase yield in SRI in terms of their agronomy and scientific bases
(Stoop et al., 2002). Studies by Barison (2002) showed that the high performance of
SRI plants is related to greater root growth (at depths below 30 cm), deeper
penetration of the roots and higher nutrient uptake than conventionally managed rice
plants. The best yields (over 10 t ha-1) were obtained with the use of compost (organic
fertilizer), while yields of 5.3-7.9 t ha-1, were obtained without added fertilizer
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(Randriamiharisoa and Uphoff, 2002). Randriamiharisona and Uphoff (2002) also
found that there were nitrogen fixing bacteria (identified as Azospirillum) associated
with rice roots under the SRI practice. He suggested that BNF might reduce the
quantity of N fertilizer required for improved yields.

2.2 Biological activity

Nitrogen is the mineral nutrient most often in short supply for plant nutrition
and the fourth most common element in plant composition, being outranked only by
carbon (C), hydrogen (H2), and oxygen (O2). The N atom exists in different oxidation
and physical states. Shifts between oxidation states and forms of N are commonly
mediated by soil organisms. Nitrogen fixation by bacteria in symbiosis with plants is
the single most important natural contributor to the N cycle and is of great agricultural
importance. It not only allows certain plants to grow in N-deficient soils, but also
increases soil fertility.

The biogeochemical cycling of N in ecosystems can be divided into an
external and an internal N cycle (Hart, Stark, Davidson and Firestone, 1994). The
external cycle includes those processes that add or remove N from ecosystems, such
as: N2 fixation, dry and wet N deposition, N fertilization, N leaching, runoff, erosion,
denitrification, and ammonia volatilization. The internal N cycle consists of those
processes that convert N from one chemical form to another or transfer N between
sedimentary pools. Processes of the internal N cycle include: plant assimilation of N,
return of N to soil in plant litter fall and root turnover, N mineralization (the
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conversion of organic N to inorganic N), microbial immobilization of N (the uptake of
inorganic N by microorganisms) (Hadas, Kautsky, Goek and Kara, 2004), and
nitrification (the production of nitrite and nitrate from ammonium or organic N)
(Ghosh and Kashyap, 2003).

Biological nitrogen fixation is the conversion of atmospheric N2 into organic
N by N2-fixing organisms. There are two types of N2-fixing bacteria, free-living or
asymbiotic (e.g., Azotobacter, Azospirillum) and symbiotic (e.g., Rhizobium, Frankia).
The process of N2-fixation is catalyzed by an enzyme complex called nitrogenase.
Nitrogenase is composed of two soluble proteins, an iron protein (dinitrogenase
reductase) and a molybdenum-iron protein (dinitrogenase). The nitrogenase enzyme
complex is sensitive to oxygen. It is inactivated when exposed to oxygen because O2
reacts with the iron component of the protein (Lei, Pulakat and Gavini, 2000).
Different bacteria have evolved different strategies for protecting the nitrogenase
enzyme from deactivation by O2. Some aerobic bacteria, such as Azotobacter, have
exceptionally high respiratory rates, which consume O2, thus reducing the local
oxygen tension and protecting the nitrogenase enzyme. In legume root nodules, the
plant produces leghemoglobin, which transports O2 to the root nodule bacteria,
rhizobia, to fuel their respiration, but simultaneously sequesters the O2 from
association with the nitrogenase enzyme. Other nitrogen-fixing bacteria are anaerobes
and thus the environments in which they live have low oxygen tensions. Changes in
the amount of water-filled pore space in soil, will change the availability of O2 and
thus influence which populations of nitrogen-fixing bacteria will predominate and be
active under the conditions that prevail at the time of sampling.
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Organic N, ammonium (NH4+) and nitrate (NO3-) are the three more important
pools of soil N. Transformations among these pools are mediated by soil bacteria and
are influenced by many factors of the environment, such as H2O, pH, O2, electrical
conductivity (Eh) and temperature. Organic N, such as proteins and amino acids, is
hydrolyzed by proteases produced by heterotrophic ammonifying microorganisms into
NH4+-N. NH4+ can either be assimilated into glutamate or oxidized to nitrite (NO2-)
and NO3-. Ammonium assimilation takes place by two pathways, either the glutamate
dehydrogenase enzyme (GDH) pathway or the glutamate synthetase- glutamine α–
oxoglutarate amino transferase (glutamate synthase) (GS/GOGAT) pathway, which
operate at different NH4+ concentrations (> 0.5, < 0.1 mg NH4+ kg-1 soil, respectively)
(Coyne, 1999). Changes in water-filled pore space in soil, as it is wetted and drained,
will influence strongly what forms of N will predominate. Under anaerobic
conditions, organic N that is ammonified to NH4, will be assimilated by plants and
microorganisms or bound to the soil cation exchange complex. Ammonium oxidation,
is most likely to take place in the oxygenated soil close to plant roots, although some
anaerobic ammonium oxidation does occur by the activity of Planctomycetes in
saturated soils (Fuerst, 1995).

Nitrification is the multi-step microbial oxidation of NH4+ into NO2- and then
into NO3- by ammonium oxidizing bacteria (AOB) and nitrite oxidizing bacteria
(NOB), respectively. Briefly, NH4+ is deprotonated into NH3 by the ammonia
monooxygenase enzyme (AMO) before being oxidized into hydroxylamine (NH2OH).
The oxidation of NH2OH into NO2- is catalyzed by hydroxylamine oxidoreductase
(HAO) (Schalk, De Vries, Kuenen and Jetten, 2000). The first steps are performed by
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AOB such as Nitrosomonas spp., then NO2- is oxidized into NO3- subsequently by
NOB such as Nitrobacter spp. (Regan, Harrington and Noguera, 2002). Since O2 is a
reactant for both ammonium and nitrite oxidation, nitrification is severely restricted
under anaerobic conditions. In flooded soils, very little inorganic soil N is in the form
of NO3-.

Denitrification is one of the three more important fates of NO3- in the soil
environment. It results from bacterial anaerobic respiration in which electron transport
phosphorylation is coupled to the sequential reduction of nitrogenous oxides to
gaseous nitric oxide (NO), nitrous oxide (N2O), and N2 that are commonly released to
atmosphere. The enzymes involved, nitrate reductase (NR), nitrite reductase (NiR),
nitric oxide reductase (NOR), and nitrous oxide reductase (NOS), are inhibited by
oxygen and low pH (Tiedje, 1994). While denitrification can be significant from
flooded soils, the lack of significant amounts of nitrate being generated via
nitrification under long-term soil saturation, will limit N losses via this pathway.
However, in a system where the soil is alternately wetted and dried, nitrification can
occur to a significant degree during the aerobic phase, which will result in higher soil
concentrations of nitrate when the soils are once again flooded. Under these
conditions, greater losses of N via denitrification may occur.

Ammonia (NH3) is continuously formed by chemical processes in the soil
and water in rice fields. Many factors affect NH3 loss by volatilization such as high
pH, NH3 concentration and wind speed (De Datta, 1981). When algae living in rice
paddies photosynthesize, carbon dioxide (CO2) is consumed. As CO2 is consumed, pH
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in the water column can increase dramatically, reaching pH 9 or 10 by midday
(Mikkelsen, De Datta and Obcemea, 1978). Furthermore, if algal populations are high,
N can be immobilized in algal biomass as well. It has been reported that about 40% of
N fertilizer applied can be ‘lost’ through the activities of algae (Fillery, Roger and De
Datta, 1986).

Since the SRI practice is based on careful water management and compost
application, this practice may change the abundance, activity and diversity of bacteria
in soil. Therefore, a better understanding of bacterial activity and population dynamics
especially of those bacteria involved in the N cycle is needed.

2.3 Microbial activity assays

Many assays are used currently to measure soil bacterial activity in N cycling
such as N mineralization potential, short-term nitrification potential, denitrification
and nitrogen fixation. Sahrawat and Ponnamperuma (1978) described and adapted an
incubation method to determine the potentially mineralizable N (PMN) in soil. Soil,
saturated with water, is incubated at 40oC for 7 days in a closed container. Since the
soil is saturated, N mineralized will accumulate as ammonium. After incubation, NH4
is extracted with a

2M KCl solution, steam distilled with MgO, captured in boric

acid, which is then titrated

with base to determine the NH4+ concentration.

Ammonium extracted prior to incubation is subtracted from that measured after
incubation to give a value for PMN. This approach was used to determine the
mineralizable N in 15 diverse soils from West African lowland rice paddies (Narteh

17
and Sahrawat, 1997). The mineralized N varied in the range of 21 – 166 mg kg-1 soil,
indicating a wide range in the ability to release mineral N under flooded conditions
from different soils.

Sodium chlorate (NaClO3) is a competitive inhibitor of NO2- oxidation (Belser
and Mays, 1980), thus the conversion of NO2- into NO3- does not occur in the
presence of NaClO3. Measuring NO2- accumulation after incubating soil slurry with
NaClO3 provides a means to estimate the activity of ammonia oxidizing bacteria and
thus estimate the potential nitrification rate.

There are many intermediates generated during the dissimilatory reduction of
NO3- to N2 or denitrification. Acetylene (C2H2) is known to inhibit N2O reductase at
the final step of this pathway (Bollmann and Conrad, 1997). Denitrification rates can
be measured by enclosing soil in an airtight container, injecting acetylene, incubating
the mixture and then sampling the headspace gas. The accumulation of N2O in the
presence of C2H2 can then be measured in the sampled gas by using electron capture
gas chromatography to measure N2O concentrations.

Just as for denitrification, C2H2 can be used to measure the N2-fixation activity
by the acetylene reduction assay because the nitrogenase enzyme can reduce C2H2 to
ethylene (C2H4). Again, a soil sample is enclosed in an airtight container and
acetylene is injected. The sample is incubated and the headspace gas is sampled. The
production of C2H4 is then measured as a proxy for nitrogen fixation by analyzing the
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gas sampled for C2H4 produced using flame ionization gas chromatography (Ota,
Kurihara, Satoh and Esashi, 1991).

2.4 Microbial diversity analysis

Classical cultivation-based techniques are insufficient for studying the
diversity of the bacterial community in soil since many bacteria cannot be cultivated
on artificial media (Amann, Ludwig and Schleifer, 1995).

Therefore, molecular

biological techniques have been introduced to analyze the structure and species
composition of microbial communities without cultivation (Olsen et al., 1986; Thies,
2007a). DNA in soil is extracted directly from the microbial consortium, so that
cultivation bias is eliminated. The extraction and analysis of total microbial
community DNA from soil is useful for several purposes (Trevors and Van Elsas,
1989). First, it provides insight in the prevalence of specific genes in microbial
communities in the soil ecosystem, possibly resulting in a better understanding of
natural selection of specific microbial groups under the influence of prevailing soil
conditions. Second, by using 16S/18S or 23S/25S/28S ribosomal DNA sequences as
‘signature molecules’ (biomarkers), overall community DNA analysis may help to
describe microbial communities in terms of their population structure (Gerard, De
Waal and Uitterlinden, 1993; Holger et al., 1997; Schwieger and Tebbe, 1998;
Virginia, McDonald, Devereux and Smith, 1999). Microbial community composition
can be estimated by using DNA fingerprinting techniques such as terminal restriction
fragment length polymorphism (T-RFLP) or denaturing gradient gel electrophoresis
(DGGE) to analyze PCR products generated with various sets of conserved PCR
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primers (Ferris, Muyzer and Ward, 1996; Gerard et al., 1993; Holger et al., 1997).
The advantages of the use of rRNA genes are: (i) all organisms have these genes and
their evolutionary relationships can be deduced from their sequence (Woese, 1987),
(ii) a large number of sequences of different organisms are already stored in databases
(Maidak et al., 1999), (iii) universal PCR primers can be designed using sequences in
several highly conserved regions, and (iv) bacterial cells can be detected in situ by
hybridizing selected probes to the ribosomes present in their cells (Amann et al.,
1995). Using the 16S rDNA sequences, bacteria are classified into phylogenetic
groups as proposed by Woese (1987). Identifying members of natural populations
follows this phylogenetic classification. Finally, by extracting microbial community
DNA and analyzing it, non-culturable cells, which are known to abound in soil, can be
included in the analyses. The highly conserved sequences of the 16S (or 18S) rRNA
genes are not the only genes that can be targeted for PCR amplification. Sequences
specific to particular enzymes that have specific ecological functions, such as those
integral to denitrification nitrate reductase (nirK and nirS) (Gruntzig, Nold, Zhou and
Tiedje, 2001; Prieme, Sitaula, Klemedtsson and Bakken, 1996) or nitrification
ammonia monooxygenase (amoA) genes (Horz, Rotthauwe, Lukow and Liesack,
2000; Rotthauwe, Witzel and Liesack, 1997) can be used to analyze these microbial
communities as well.

2.4.1 Terminal restriction length polymorphism (T-RFLP)
T-RFLP is a PCR-based technique in which one of the primers is fluorescently
labeled at its terminus. After amplification, the PCR products are digested with one or
more restriction enzymes, generating fragments with different lengths, depending on
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the DNA sequence of the bacteria analyzed and on the specificity of the enzyme. The
terminally labeled restriction fragments are then sized on a DNA sequencing gel and
the data are summarized in similarity matrices or analyzed by clustering algorithms
(Blackwood, Marsh, Kim and Paul, 2003; Thies, 2007b). This technique has been
shown to be particularly useful for describing complex microbial communities at high
resolution (Culman, Duxbury, Lauren and Thies, 2006; Dunbar et al., 1999; Pesaro,
Nicollier, Zeyer and Widmer, 2004). In addition to reducing the complexity of genetic
fingerprints, T-RFLP analysis has three main advantages as compared to other DNA
based techniques (Marsh, 1999; Thies, 2007b): (i) T-RFLP technology with capillary
electrophoresis has considerably higher resolution than the commonly used gel
electrophoretic systems; (ii) quantity and size of terminal restriction fragments are
detected by laser-induced fluorescence and the output is digital and readily converted
into numeric data which enables subsequent statistic analyses; (iii) T-RFLP offers the
possibility to compare data obtained with data stored in sequence databases, e.g. the
Ribosomal Database Project (RDP) or with data from other studies (Marsh, Saxman,
Cole and Tiedje, 2000).

2.4.2 Denaturing gradient gel electrophoresis (DGGE)
DGGE is the technique that can separate the DNA fragments of the same
length that have different sequences. One of the primers for DGGE is attached to a
GC-rich nucleotide sequence, called a GC-clamp. Separation of PCR products is
based on the decreased electrophoretic mobility of a partially melted double-stranded
DNA molecule in polyacrylamide gels containing a linear gradient of DNA
denaturants (a mixture of urea and formamide).

The DGGE fingerprint can be
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visualized by staining the gel with ethidium bromide or SYBR Green I and viewing it
under UV light (Nakatsu, Torsvik and Ovreas, 2000). The DGGE bands can be
excised for further cloning and sequencing (Nakatsu, 2007; Nicolaisen and Ramsing,
2002; Nicolaisen et al., 2004).
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CHAPTER III
MICROBIAL ACTIVITY AND COMPONENTS OF
YIELD IN A MODIFIED SYSTEM OF RICE
INTENSIFICTION

3.1 Abstract

With the changes of 5 practices from conventional rice cultivation, the system
of rice intensification (SRI) has been reported to increase yield up to 5-10 t ha-1.
Several research projects based on agronomic and scientific approaches have been
undertaken to explain these observation. In this study, we focused on the alternating
wetting and drying during the vegetative growth phase and compost application to
investigate the role soil microbial processes play on the SRI yield phenomenon. Rice
was grown during the dry season (February-June) of 2003 in Chiang Mai, Thailand
under the conventional rice cultivation and SRI systems combination with compost
amended and unamended in both systems. Rice yield in the conventional systems
(5.92 and 5.47 ton ha-1) were significantly greater than those obtained from the SRI
systems (3.67 and 3.58 t ha-1), with and without compost, respectively. Nematodes were
found during the intermittent irrigation in the vegetative growth phase and could be a factor in
the observed yield reduction in SRI fields. Measurement of N mineralization, short-term

nitrification, N2 fixation and denitrification were used to determine the
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bacterial activity in functional groups that are keys to N cycling. The potential
mineralizable N differed significantly between two soil depts. (0-10 and 10-20 cm),
but not between rice cultivation systems. Nitrification rate was significantly higher in
the SRI system. No differences in rates of denitrification potential and nitrogen
fixation were observed between the two cultivation systems.

3.2 Introduction

The system of rice intensification (SRI) is a novel system of rice cultivation
that has been shown to increase yields up to 5-10 t ha-1 (Stoop, Uphoff and Kassam,
2002; Uphoff, 2002) by changing management practices, especially water
management. Previous studies have shown that increased root growth (Barison, 2002),
compost addition and the presence of nitrogen fixing bacteria (Randriamiharisoa and
Uphoff, 2002) are factors in the observed increased yields of the SRI system. The
water management regime in SRI calls for a cycle of wet and dry soil in contrast to the
traditional system where the paddies are flooded throughout the growing season.
Cycling of nutrients, particularly nitrogen (N), is strongly affected by oxygen
concentrations, hence, alternating wetting and drying of the soil is likely to influence
nutrient availability.

Generally, N in the environment is simultaneously transformed into different
forms by biological processes, which are commonly mediated by soil organisms
(Bothe, Ferguson and Newton, 2007).

N assimilated by plants is derived from
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inorganic-N pool, NH4+ and NO3-, and these forms of N are produced via the process
of N mineralization and nitrification (Ghosh and Kashyap, 2003). Under the reduction
condition, produced NO3- is sequentially transformed into NO2-, nitrix oxide (NO),
nitrous oxide (N2O) and finally to dinitrogen (N2) via denitrification process (Arth,
Frenzel and Conrad, 1998; Rich and Myrold, 2004). The final connection in the Ncycle is N2-fixation, which is the reduction of N2 to NH4+ to provide their Nrequirement (Bothe et al., 2007).

While yield increases are common (Fernandes and Uphoff, 2002; Rafaralahy,
2002; Satyanarayana, Thiyagarajan and Uphoff, 2007; Sinha and Talati, 2007), failure
of SRI practices to increase rice yield has also been observed in many systems (Evans,
Justice and Shrestha, 2002; Gypmantasiri, 2002; Latif, Islam, Ali and Saeque, 2005;
Shao-hua et al., 2002; Sheehy et al., 2004). Much is not understood about why and
how SRI works to date or why it does not work in some locations. In this study, we
aimed to understand how microbial processes in the nitrogen cycle (N mineralization,
nitrification, denitrification and nitrogen fixation) are affected by the type of rice
cultivation system and if any changes observed in N cycling could in part be
responsible for the higher yields often observed in the SRI system.

3.3 Materials and Methods

3.3.1 Field site and rice cultivation systems
Replicated field plots were set-up in a randomized complete block design at
the Multiple Cropping Center (MCC), Faculty of Agriculture, Chiang Mai University,
Chiang Mai, Thailand. The soil is a sandy loam to sandy clay loam, which has
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sand:silt:clay content of 61.5 : 13.8 : 24.7, pH 5.0-5.3, organic matter 1.09-1.16 %, P
= 35-200 ppm, K = 40 ppm. Rice was grown under two types of water management,
the conventional system (CS) and system of rice intensification (SRI). The rice variety
Sun Patong-1 was planted in nursery plots at the beginning of February and seedling
were transplanted to the conventional and SRI fields at the 24 and 12-days-old,
respectively. Plant spacing of 25 x 25 cm with a single plant per hill was used.
Chicken manure (0.5% N) was applied at 12.5 t ha-1 one day before transplanting. In
the SRI system, 4-5 days of flooding was alternated with 4-5 days of drained soil
management during the vegetative growth period, while rice fields in the conventional
system were completely flooded for the whole period. The compost or no-compost
treatments were applied within these two water management systems. Each treatment
combination consisted of 4 replicates, thus there were 16 plots each with dimensions
of 5 x 4 m.

3.3.2 Soil sampling
Soils were sampled 5 times at monthly intervals during the dry season,
February to June, 2003. The stages of rice development at each sampling time were: i)
rice preplant (February), ii) vegetative growth phase after the first draining of the SRI
plots (March), iii) vegetative growth phase one month after the previous sampling
(April), iv) rice panicle initiation (May), and v) rice harvest (June). Eight sub-samples
per plot were collected and separated into 2 depths (0-10 and 10-20 cm from the soil
surface) then pooled to make a single composite sample for each soil depth. This was
done twice for each plot. Well-mixed composite samples were immediately placed on
ice for transport back to the laboratory and then used for N-mineralization and
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nitrification activity assays as soon as possible. The soil samples for DNA analysis
were frozen for later analysis. Therefore, 64 total soil samples were collected at each
sampling time. The field layout and plot design is shown in Figure 3-1.

Block A

Block B

CS+C

SRI+C

CS+C

SRI-C

CS-C

SRI-C

SRI+C

CS-C

Block C

Figure 3-1

Block D

SRI+C

CS+C

SRI-C

CS-C

SRI-C

CS-C

CS+C

SRI+C

Plot layout, randomized complete block design

CS+C:

Conventional system with compost

CS-C:

Conventional system without compost

SRI+C:

SRI system with compost

SRI-C:

SRI system without compost
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3.3.3 Components of yield
Rice plants were harvested from each plot in an area of 2 m2 (based on true
area measurement). Grain and straw were dried in an oven at 70oC for 48 h and
weighed, and grain yield, reproductive efficiency, total above-ground biomass and
harvest index were calculated at 14% moisture content.

Reproductive efficiency
Seed fill (%)

= panicles number / tillers number x 100

= good grains number / total grains number x 100

Total above-ground biomass = straw weight + total seeds weight
Harvest index

= good weight / total above-ground biomass

3.3.4 N-mineralization activity
Potentially mineralizable nitrogen (PMN) was measured by the anaerobic
incubation method (Keeney and Nelson, 1982). Five grams of soil were incubated in
screw-cap test tubes with 12.5 ml water at 40oC for 7 d, while replicate samples were
incubated at 4oC as controls. Soils were then extracted with 12 ml of 2 M KCl.
Ammonium-N was quantified by steam distillation into boric acid indicator solution
and back-titration with 0.5 M HCl until the end point (light pink).

3.3.5 Nitrification activity
The short-term nitrification assay described by Berg and Rosswall (1985) was
used to measure the nitrification rate in soil samples at each of the 5 sampling times.
Briefly, 5 g soil samples were incubated with 20 ml of 7.5 mM NaClO3 and 1 mM
(NH4)2SO4 solution at 25oC for 5 h. Control soils were incubated at -20oC. The soil
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suspensions were filtered. Five ml of clear filtrates were mixed with 3 ml of 0.19 M
NH4Cl buffer, pH 8.5 followed by 2 ml of developing reagent (0.058 M C6H8N2O2S,
0.019 M C12H14N2, and 8.5% H3PO4). The concentration of NO2--N produced was
determined colorimetrically at 520 nm in a spectrophotometer against a NaNO2
standard curve.

3.3.6 Gas sampling for denitrification and nitrogen fixation activity assay
The surface soil was sampled as intact soil cores (15 x 3.8 cm diam) were
placed in teflon sealed containers with 100 cm3 of head space. There were 4 replicates
per plot. Acetylene (C2H2) was used to replace 10% of the head space gas. Cores were
buried in the field for 24 hr. Then, twenty ml head space gas was sampled twice after
5 min and 24 h and stored in vacutainers (20 ml test tube with the rubber stopper
sealed with Teflon tape) then placed in a cooler for transport to the laboratory where
nitrous oxide and ethylene concentrations were measured as proxies for denitrification
and nitrogen fixation activities, respectively.

3.3.7 Denitrification activity
Denitrification activity was measured by the C2H2 block technique (Ryden,
Lund and Focht, 1979). The N2O concentration was quantified by gas chromatography
(HP6890 Series GS System, Hewlett Packard, USA) using an electron capture
detector against the N2O standard curve.
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3.3.8 Nitrogen fixation
A C2H2 reduction assay (Hardy, Burns and Holsten, 1973) was performed to
estimate nitrogenase activity of soil N2-fixing bacteria in the different rice cultivation
systems. Ethylene (C2H4) concentration was measured by gas chromatography
(AutoSystemXL, Perkin Elmer, USA) using a flame ionization detector against a C2H4
standard curve.

3.3.9 Statistical analysis
The plots were configured in the field according to the randomized block
design to increase the power to discriminate between treatment effects and
experimental error. Table 3-1 showed the statistical model that was used in
subsequent ANOVA tests.
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Table 3-1

ANOVA table

Source of Variation
Replication (R = 4)
Treatments

Degree of Freedom
r–1=
abc – 1 =

3
(7)

Practices (A = 2)

a–1=

1

Treatment (B = 2)

b–1=

1

Depth (C = 2)

c-1=

1

AxB

(a - 1)(b - 1)

1

AxC

(a - 1)(c - 1)

1

BxC

(b - 1)(c - 1)

1

(a – 1)(b – 1)(c - 1) =

1

(r – 1)(abc – 1) =

21

rabc – 1 =

31

AxBxC
Error
Total
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3.4 Results

3.4.1 Rice yield
Components of rice yield are presented in Table 3-2. Rice yields obtained from
the conventional paddy system were significantly higher than those obtained from the
SRI practice (p < 0.001) as were the total above ground biomass, harvest index and
height of the main stem. On average, the grain yields from the conventional system
were 57% and 53% higher than in the SRI practice in the compost-amended and
unamended treatments, respectively. No significant differences were observed in
reproductive efficiency or seed fill.

3.4.2 N-mineralization activity
N mineralization potential in soil sampled from 0-10 and 10-20 cm depths
across the cropping period for all treatments ranged from of 2.84 to 13.23 µg NH4+-N
g-1 soil (Figure 3-2), where the highest mineralization potential was found in March,
after the first draining in the SRI treatments. There were no significant differences in
N mineralization potential observed between either water management regimes or
compost treatments, yet a significant difference in N mineralization potential was
found between the two soil depths. A treatment effect (p < 0.001) was observed in
May, but most of the variance was explained by soil depth (p = 0.001).

38
Table 3-2

Grain yields and yield components of rice with different cultivation treatments

Treatment

Grain

Total

Harvest

Reproductive

Seed

Plant height

yield

above-ground

index

efficiency

fill

main stem

(t ha-1)

biomass

(%)

(%)

(cm)

(t ha-1)
Conventional
Compost

5.92 ± 0.21 a

10.42 ± 0.47 a

0.55 ± 0.03 a

98.1 ± 6.4 a

86.2 ± 9.0 a

102.3 ± 3.0 a

None

5.47 ± 0.25 a

9.71 ± 0.51 a

0.55 ± 0.02 a

99.7 ± 2.0 a

86.9 ± 9.0 a

101.4 ± 3.8 a

Compost

3.76 ± 0.65 b

7.76 ± 1.38 b

0.47 ± 0.03 b

98.9 ± 3.4 a

83.8 ± 9.7 a

86.5 ± 4.6 b

None

3.58 ± 0.47 c

7.30 ± 0.83 b 0.45 ± 0.04 b

98.1 ± 5.2 a

84.2 ± 10.1 a

87.1 ± 3.1 b

SRI

N-mineralization (µg NH4+-N g-1 soil)

N-mineralization (µg NH4+-N g-1 soil)
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(a)

20.00
16.00
12.00
8.00
4.00
0.00
Feb

March

April

May

June

(b)

20.00
16.00
12.00
8.00
4.00
0.00

Figure 3-2

Feb

March

April

May

June

N-mineralization potentials in different rice cultivation treatments over
the growing season (a) upper soil depth (0-10 cm) (b) lower soil depth
(10-20 cm).

= conventional rice cultivation system with compost;

= conventional rice cultivation system without compost;
with compost;

= SRI

= SRI without compost. Error bars represent one

standard deviation from the mean.
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3.4.3 Nitrification activity
Soil nitrification potential in the conventional system was significantly lower
than in the SRI system for the whole period of rice cultivation, except at the preplant
stage. Some variation was observed among treatments at the initial sampling (p <
0.001), but most of the variance was explained by soil depth, with the upper 10 cm of
the soil having significantly higher nitrification potential than the 10-20 cm depth (p <
0.001). The effect of water management was observed at the start of the alternating
wetting and drying practice in the SRI plots during the vegetative growth phase
(Figure 3-3). Some differences were observed between soil depths, but these are not as
pronounced as those observed for N mineralization potential (p = 0.062). Some of the
variance was due to the interaction of soil depth and treatment (p < 0.001), in that the
conventional system showed little difference in rates between soil layers while the SRI
system had large differences between the upper and lower soil depths. The effect of
soil depth was not significant (p = 0.75) during the sampling times when treatment
effects became dominant in May (p < 0.001) as well as in June (p < 0.001).

Nitrification Rate (NO2--N g-1 soil h-1)

Nitrification Rate (NO2--N g-1 soil h-1)
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(a)

0.20
0.16
0.12
0.08
0.04
0.00
Feb

March

April

May

June

(b)
0.20
0.16
0.12
0.08
0.04
0.00

Figure 3-3

Feb

March

April

May

June

Short term nitrification rates in different rice cultivation treatments
over the growing season (a) upper soil depth (0-10 cm) (b) lower soil
depth (10-20 cm).
compost;

= conventional rice cultivation system with

= conventional rice cultivation system without compost;

= SRI with compost;

= SRI without compost.

represent one standard deviation from the mean.

Error bars
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3.4.4 Denitrification activity
While some variation was explained by the water management treatment
effect, there were no statistically significant differences observed at any of the
sampling times (Figure 3-4).

(µg N2O-N g-1 soil dm h-1)

0.012
0.01
0.008
0.006
0.004
0.002
0
March

Figure 3-4

April

May

June

Cumulative nitrous oxide production in the acetylene block assay.
= conventional rice cultivation system with compost;
conventional rice cultivation system without compost;
compost;

= SRI without compost.

standard deviation from the mean.

=

= SRI with

Error bars represent one
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3.4.5 Nitrogen fixation activity
The N2-fixing activity in soil in the different rice cultivation systems is shown
in Figure 3-5 as the amount of C2H4 produced from soils in the various treatments. At
the first sampling time, no significant differences between treatments were seen.
Differences in treatments were observed in March and April, while no significant
differences were observed in the May or June samplings.

(nmol C2H4 g-1 dm h-1)

1
0.8
0.6
0.4
0.2
0
Feb

Figure 3-5

March

April

May

June

Cumulative ethylene production at 5 sampling periods in the acetylene
reduction assay.
compost;

= conventional rice cultivation system with

= conventional rice cultivation system without compost;

= SRI with compost;

= SRI without compost.

represent one standard deviation from the mean.

Error bars
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3.5 Discussion

The System of Rice Intensification has been shown to increase yields from 2 to
up to 5 – 10 t ha-1 (Uphoff, 2001). Continuous increases in yield year by year at the
same location have also been reported (Rafaralahy, 2002). Improved soil exploration
by roots due to early transplanting, wide spacing and placing a single plant per hill;
and improved soil fertility by compost application (Uphoff, 2001) are the more likely
explanations for observed SRI yield responses. In this study, microbial activities in the
nitrogen cycle and yield responses were compared between conventional paddy rice
and an SRI system with and without compost applied.

Rice plants in the SRI plots were visually larger and greener than in the
conventional field plots before alternating wetting and draining treatments were
started in March, which indicates that transplanting young seedlings was likely
beneficial. Once alternating draining and flooding began, however, plant parasitic
nematodes were found in the rhizosphere of rice plants in the SRI plots. Root knot
formation was observed on the rice roots in the middle of the alternating wet-dry
periods in the SRI plots, which resulted in slower growth and yellowing of leaves.
Higher numbers of Meloidogyne graminicola were found after rice transplanting in
the SRI plots than in conventionally managed plots, with about 10 nematodes per 300
g soil. Nematodes dramatically decreased in the conventional system after the first
month of growth under flooded conditions, whereas they slowly decreased in the SRI
plots over the first two months following transplanting (data from Kitti et al., 2004).
At rice harvest, yields were more than 50% higher in the conventional as compared to
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the SRI system in both the compost amended and unamended plots. Even though the
percentage of seed fill were not different but total above-ground biomass from
conventional cultivation system were significantly higher than SRI practice. While
the total above-ground biomass from conventional system were higher, the harvest
index were also significantly higher than SRI plots as well. This indicated that the
conventional cultivation system is more favorable to rice plants than SRI. The low
yields in the SRI plots are most likely due to the presence of plant parasitic
nematodes, although other possible limiting factors, such as low phosphorus
availability that has been observed in other aerobic rice systems (Nie et al.,
unpublished), cannot be ruled out.

In upland rice growing regions, Meloidogyne incognita and M. javanica are
the more common nematode species found, and these can reduce plant height and rice
yield by 60% (Babatola, 1984; Plowright and Hunt, 1994). In the absence of plant
parasitic nematodes, rice yields in the SRI plots would likely have been equivalent to
the conventional plots, or possibly better due to the increased availability and mixed
forms of inorganic N in the SRI plots. These results point out a substantial problem
associated with how water is managed in the SRI. In areas where nematodes are a
problem, draining the field as practiced in the SRI is likely to result in substantial
nematode pressure. The same is true for weeds. In fact, increases in weed pressure
and associated labor costs are the most often cited limitations to the SRI approach.

The analysis of microbial activities in the N cycle was employed to study the
main effects of SRI cultivation on soil microbes to try to delineate potential
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mechanisms for the frequently observed increases in yield. There was no effect of
treatments on N-mineralization potential, but differences were observed between soil
depths. This is likely due to increased organic matter in the 0-10 cm soil depth, where
compost was applied and where residues from prior cropping would be incorporated.
Decreased organic matter content and reduced oxygen tension in the 10-20 cm soil
depth are likely the primary variables responsible for the lower N mineralization
potentials measured. Regardless, organic N supply was not limiting in either of the
two systems examined.

Unlike N mineralization, nitrification potentials were significantly different
between the two cultivation systems. The higher nitrification potentials seen in the
SRI plots were found primarily in the upper soil layers where intermittent irrigation
was employed throughout the vegetative growth period. Significant differences in
nitrification potentials between treatments were also found in the lower soil layers,
except in April, but to a lesser degree than in the upper 10 cm depth. Thus, we can
conclude that intermittent draining of the soil in the SRI system promotes nitrifying
bacterial activity.

Azospirillium has been found associated with rice roots in SRI-managed fields
and may be providing an alternative source of fixed N for SRI rice (Randriamiharisoa
and Uphoff, 2002). However, we did not find any significant differences in nitrogen
fixation potential between the two systems. The assay used was a short-term
measurement, which may lack the sensitivity needed to detect any differences should
they be there. An alternative, longer-term assay, such as use of 15N labeled fertilizer,
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may be needed to trace changes in fixed N availability over the duration of the
cropping cycle. In addition, the rice rhizosphere is typically aerobic, even under
flooded conditions. It may be that N2 fixation is being carried out equally in both
systems, yet by different bacterial species with different requirements for O2. Further
study is needed to determine if differences in nitrogen fixation are an important driver
for some of the yield increases that have been reported for the SRI.

Denitrification potential also did not differ between treatments, despite the
higher potential for nitrification, and resulting changes in the soil NO3- -N pool.
Previous studies have reported that the C2H2 block assay seriously underestimates in
situ denitrification rates (Bollmann and Conrad, 1997; McKenney, Drury and Wang,
1996). The lack of sensitivity of the C2H2 block technique might have precluded
detecting subtle differences between the systems in both denitrification and nitrogen
fixation activity. Thus, it may be necessary to employ other techniques to detect any
differences in these activities in between the SRI and the conventional system.
Denitification is also known to be highly variable in time and space. Single point
measurements are not able to capture the dynamic nature of this process. Hence,
future studies will need to focus on measures that can be integrated across the
cropping cycle. We expected that differences in denitrification would be present and
would be sufficiently dramatic for the acetylene block technique to capture, but this
was not the case.
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3.6 Conclusions
In an attempt to understand SRI yield phenomenon, rice was grown under two
cultivation systems; conventional and SRI practice with the compost and non-compost
application. The alternating wetting and drying cycles of water management in the
SRI stimulated nitrification activity. This suggests that SRI may alter nitrogen cycling
and nutrient supply, which under otherwise optimal conditions may result in higher
yields. However, in this study, yield was not improved by the SRI practices. This
was likely due to root infection by plant parasitic nematodes and weeds that became
established and reduced yields under the drained conditions. It may take several years
of soil organic matter additions to overcome these limitations under SRI.
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CHAPTER IV
CHANGES IN MICROBIAL COMMUNITY
COMPOSITION IN A MODIFIED
SRI CROPPING SYSTEM

4.1 Abstract

A culture-independent molecular analysis of bacterial and archaeal
communities in conventional rice cultivation system and SRI practice was performed
by a PCR-mediated terminal restriction fragment length polymorphism (T-RFLP).
The analysis was conducted on soil sampled from 2 soil depths (0-10 and 10-20 cm
from soil surface) of conventional rice cultivation system and SRI practice with and
without the compost application. 16S rDNA T-RFLP analysis revealed a significant
and consistent shift in both the bacteria and archaea communities. The bacterial
community shifted from February to April, then groups formed stayed together until
the end of the cropping season. The separations between bacterial communities from
the different rice cultivation system were also observed in each sampling time. The
similar trends to the bacterial communities also exhibited in archaeal communities.
These results suggest that the different in cultivation practice can cause the changes in
microbial communities.
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4.2 Introduction

The system of rice intensification (SRI) is a method of rice cultivation that has
been reported about the ability to raise the rice yield (Uphoff, 2001). There are a set
of 5 different practices in paddy management compared to conventional rice
cultivation system (Stoop, Uphoff and Kassam, 2002): (i) young seedling (ii) single
seedling, (iii) water management, (iv) weeding and (v) applying compost (for more
details see Chapter I-III). While several studies based on agronomic and scientific
approaches have been conducted (Barison, 2002; Randriamiharisoa and Uphoff, 2002)
to explain why these changes in agronomic practice cause the increasing of rice
productivity but the answer still unclear. Since the SRI practice is based on careful
water management and compost application, it can cause the shifts between oxidation
states and form of the nutrients in soil which are commonly mediated by soil
organisms (Bothe, Ferguson and Newton, 2007).

The molecular biology techniques have been introduced and widely used to
study the soil microbial populations in environmental samples to avoid the limitations
of culturability (Amann, Ludwig and Schleifer, 1995). Generally, 16S rRNA gene has
been used as a molecular marker, enabling the identification or at least a phylogenetic
assignment of the organism (Delbes, Moletta and Godon, 2001; Tanahashi et al.,
2005). The introduction of terminal restriction fragment length polymorphism (TRFLP) to microbial ecology provided a valuable molecular fingerprinting technique
for studying microbial community structure (Culman, Duxbury, Lauren and Thies,
2006; Marsh, 1999). T-RFLP facilitates separation of mixtures of PCR-amplified

55
gene fragments based on terminal restriction fragments (T-RFs) and allows large
numbers of samples to be analyzed simultaneously (Thies, 2007).

Thus, this

technique is ideally suited for monitoring the dynamics of microbial communities
influenced by environmental changes.

Communities of Bacteria and Archaea have been successfully explored using
T-RFLP analysis of amplified total community 16S rDNA in various environmental
samples including agricultural systems (Chin et al., 2004; Culman et al., 2006;
Derakshani, Lukow and Liesack, 2001; Pesaro, Nicollier, Zeyer and Widmer, 2004;
Ramakrishnan et al., 2001). In these studies the changes in microbial community
structure throughout cropping periods were investigated by performing the T-RFLP
analysis of 16S rRNA gene. The 16S rDNA primer sets were used to detect a wide
range of species belonging to the domain Bacteria and Archaea in conventional rice
cultivation system and SRI practice.

4.3 Materials and methods

4.3.1 Field operations
Rice plots were conducted at the Multiple Cropping Center (MCC), Chiang
Mai University, Thailand. The rice variety Sun Patong-1 was grown in FebruaryJune, 2003 under two types of water management, the conventional system (CS) and
system of rice cultivation (SRI) with and without compost application (see Chapter III
for more details).
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4.3.2 Sampling and sample handling
Soils were sampled 5 times at monthly intervals during the cropping season
(February-June) (see Chapter III for more details). Eight sub-samples per plot were
collected and separated into 2 depths (0-10 cm and 10-20 cm from the soil surface)
then pooled to make a single composite sample for each soil depth. Well-mixed
composite sample were immediately frozen until DNA extraction.

4.3.3 Extracting and qualifying DNA
Soil microbial DNA was extracted from 1 g of soil by using the BIO 101
FastDNA® Spin Kit for Soil (Qbiogene Inc., Irvine, CA) according to the
manufacture’s recommended protocol. The extracted DNA was lyophilized then
stored in the freezer until molecular analyses were performed. Lyophilized DNA was
resuspened in nuclease-free water (Promega, Madison, WI) and quantified by
measuring the fluorescene intensity of the DNA in ethidium bromide solution (20 µg
ethidium bromide in 100 ml of 1X TBE) against a calf thymus DNA (Sigma) standard
curve using a Fluor-S™ MultiImager (Bio-RAD, Hercules, CA) and the
accompanying Quantity One™ software (Bio-RAD). DNA was diluted to
approximately 1-3 ng µl-1 prior to use as the template for Bacterial and Archaeal PCR
amplifications.
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4.3.4 T-RFLP of Bacteria and Archaea
4.3.4.1 PCR amplification of 16S rRNA genes from Bacteria and
Archaea

The 16S rRNA genes of members of the Bacteria domain were PCR amplified
by using the fluorescently labeled forward primer 27f (5′-[6FAM] AGA GTT TGA
TCC TGG CTC AG-3′) and an unlabeled reverse primer 1492r (5′-GGT TAC CTT
GTT ACG ACT T-3′) (Integrated DNA Technologies, Coralville, IA), which yielded
products of approximately 1,500 base pairs (Moeseneder et al., 1999). Two replicate
50 µl PCR reactions per sample were performed. The reaction mixtures contained 15
ng of soil DNA template, 0.05 U µl-1 Taq polymerase (Applied Biosystems, Foster
City, CA), 1X PCR buffer, 2.0 mM MgCl2 (PCR buffer and MgCl2 were supplied
with the Taq enzyme), 0.2 mM deoxy-nucleotide triphosphates (dNTPs) (Promega),
0.1 µg µl-1 bovine serum albumin (BSA) (Promega), 0.1 µM of each primer, and
nuclease free water. The PCR amplifications were performed by using an MJ
Research thermal cycler PTC 200 (MJ Research, Waltham, MA) and the following
program: 5 min at 94°C, followed by 27 cycles of 94°C for 45 s, 56°C for 45 s, and
72°C for 1 min, and a final extension step at 72°C for 10 min.

Archaeal 16S rRNA genes were amplified by using the fluorescently labeled
forward primer Ar109f (5′-[6FAM] ACG/T GCT CAG TAA CAC GT-3′) and the
unlabeled reverse primer Ar912r (5′-CTC CCC CGC CAA TTC CTT TA-3′)
(Integrated DNA Technologies) (Lueders and Friedrich, 2000). Two 50 µl reactions
for each sample were amplified with the same reaction mixtures as described above
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but without the use of BSA. The cycling conditions were as follows: initial
denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 1 min, annealing
at 51°C for 1 min, and extension at 72°C for 1:30 min; and a final extension step at
72°C for 6 min.

Amplified products were analyzed by electrophoresis in a 1.5% agarose gel
run at 100 V for 45 min and visualized after staining with ethidium bromide using a
Fluor-S™ MultiImager (Bio-RAD) and the accompanying Quantity One™ software
(BIO-RAD).

4.3.4.2 Restriction enzyme digestions and fragment analysis
Replicate 50 µl PCR reactions per sample were pooled, then quantified as
described above.

Products obtained from each Bacterial and Archaeal PCR

amplification were subjected to the restriction endonuclease enzyme digestion. HhaI
(GC’GC) and Sau96I (G’GNCC) (Promega) were used in two, 30 µl, separate enzyme
digestion reactions. Each reaction included: 300 ng amplified PCR products, 0.1 µg
µl-1 BSA, 5 U of restriction enzyme, and 1X appropriate buffer. Restriction enzyme
digestions were incubated in an MJ Research thermal cycler PTC 200 at 37°C for 4.5
h followed by 70°C for 15 min to stop the enzyme activity. Complete digestion of the
PCR products was verified by electrophoresis as described above. Digested products
were purified using a PERFORMA® DTR Edge Plate (Edge BioSystems,
Gaithersburg, MD). For fluorescently labeled terminal restriction fragment (T-RF)
analysis, the lyophilized digested products were resuspended with 9.85 µl of
formamide and 0.15 µl of Liz 500 size standard (Applied Biosystems, Foster City,
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CA) then denatured at 94°C for 4 min and chilled on ice before running through a ABI
3730 electrophoretic capillary sequencer (Applied Biosystems).

4.3.5 Statistical analysis

T-RFLP electropherograms were analyzed by GeneMapper 3.0 software
(Applied Biosystems). The presence or absence of each T-RF between 50-500 bp was
converted into binary data, then analyzed by the Additive Main Effects Multiplicative
Interaction (AMMI) model using MATMODELTM software (Microcomputer Power,
Ithaca, NY) (Gauch et al., 1991). The AMMI model (also known as a doublycentered PCA) combines the additive elements of ANOVA with the multiplicative
elements of principal components analysis (PCA) (Culman et al., 2006; Gauch, 1992).

4.4 Results

4.4.1 T-RFLP of Bacterial Communities
Terminal-restriction fragment polymorphism data of the soil bacterial
communities were analyzed by the additive main effects and multiplicative interaction
(AMMI) model. The data were analyzed in 4 data sets: 1) upper horizon (0-10 cm)
PCR amplicons digested with the HhaI restriction enzyme, 2) upper horizon PCR
amplicons digested with the Sau96I restriction enzyme, 3) lower horizon (10-20 cm)
PCR amplicons digested with the HhaI restriction enzyme, and 4) lower horizon PCR
amplicons digested with the Sau96I restriction enzyme. Within each of these data sets
there were 4 treatments: 1) conventional rice cultivation system with compost
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application, 2) SRI practice with compost application, 3) conventional rice cultivation
system without compost application, and 4) SRI practice without compost application.
They were first analyzed across the 5 sampling periods from February - June (as
described in Chapter III). Each of the four data sets outlined above was then analyzed
individually using the AMMI model.

Figures 4-1 and 4-2 show the interaction

principal components (IPC) of the variations in main effects (T-RFs and treatment)
and interactions between each other. The differential responses are shown in two
dimensions, IPC1 and IPC2 on the x-axis and y-axis, respectively (legend shown in
Table 4-1).

There was a discernable pattern of time revealed.

The bacterial

communities grouped together by sampling period. The communities began to shift
from the beginning of the cropping season until April, then they were practically
grouping together. The same scenario was observed for the T-RFs derived from both
the HhaI and Sau96I digests from both soil depths (Figures 4-1 and 4-2). Moreover,
the trends in bacterial community composition in the sampling periods from February
to April increased along the first interaction principal component (IPC1), were
observed from T-RFs derived from Sau96I digestion of upper and lower soil depths
(Figures 4-1b and 4-2b).

In addition, relationships between treatments throughout the cropping season
were also revealed. These are represented by the circled groups. In regard to the rice
cultivation systems, values observed decreased along from conventional rice
cultivation system to SRI practice from T-RFs of both soil depths derived from both
HhaI and Sau96I restriction endonucleases (Figures 4-1 and 4-2).
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Table 4-1 Legend for T-RFLP analyses (Figures 4-1 to 4-12)

Indicators

Represent

Sampling

1

February

period

2

March

3

April

4

May

5

June

Treatment

Conventional rice cultivation system with compost
Conventional rice cultivation system without compost
SRI practice with compost
SRI practice without compost

Block

A

Block A

B

Block B

C

Block C

D

Block D
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Bacteria - Upper (0-10 cm) - HhaI
5
5
5

0.5

22
3

24.4 %

(a)

4

53

4

4

0.0
2

3

4

2

-0.5

1

1
1

1

3

-1.0
-1.0

-0.5

0.0

0.5

1.0

1.5

45.7 %

Bacteria - Upper (0-10 cm) - Sau96 I
4

2

0.5

2

30.8 %

1
1

4

5

(b)

33
5

1

1

0.0
22

5

4

-0.5
5 3

3

-1.0
-1.25

Figure 4-1

-1.00

-0.75

-0.50

-0.25
46.3 %

0.00

4

0.25

0.50

AMMI analysis of bacterial T-RFLP data from the upper soil depth (010 cm) in the conventional and SRI plots across the five sampling
periods; (a) T-RFs derived from digestion with the HhaI restriction
endonuclease; (b) T-RFs derived from digestion with the Sau96I
restriction endonuclease. Legend is given in Table 4-1.
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Bacteria - Lower (10-20 cm) - HhaI
2

2

4
3

0.5

3

4

2

4

55

2

46.9 %

(a)

3

0.0

3

4
5
5

-0.5
1

1

1

-1.0

1

-1.0

-0.5

0.0

0.5

1.0

1.5

80.0 %

Bacteria - Lower (10-20 cm) - Sau96 I
1.0

2

(b)

2
3

0.5

30.0 %

22

5

3 4

5

4

0.0
1

-0.5

1
1

1

5

3 3
4
5
4

-1.0
-1.0

Figure 4-2

-0.5

0.0
42.6 %

0.5

1.0

AMMI analysis of bacterial T-RFLP data from the lower soil depth
(10-20 cm) in the conventional and SRI plots across the five sampling
periods; (a) T-RFs derived from digestion with the HhaI restriction
endonuclease; (b) T-RFs derived from digestion with the Sau96I
restriction endonuclease. Legend is given in Table 4-1.
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The four datasets were also analyzed by individual sampling periods. The
bacterial T-RFLP data were generated by digestion with HhaI and Sau96I restriction
endonucleases from both soil depths, which showed separated by conventional rice
cultivation system and SRI practice (Figures 4-3 to 4-6). There were no consistent
trends observed for the first sampling time (rice pre-plant) from either enzyme or
depth (data not shown).

However, separation due to compost application was

observed in April from T-RFs digested with the HhaI restriction enzyme from both
soil depths (Figures 4-3b and 4-5b).

Separation by cultivation systems was even more pronounced for T-RFs
derived from Sau96I restriction enzyme digestion from the upper and lower soil
depths. Figures 4-4 and 4-6 depict the consistent orientations along the IPC1 axis
from positive toward negative IPC1 values between the conventional rice cultivation
system and SRI practice.
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March - Upper (0-10 cm) - HhaI
1.5

B

(a)

B

1.0

D

29.4 %

C

D

0.5
C

0.0
B

D

A

C

D

B

C

-0.5

A
A

A

-1.0
-1.0

-0.5

0.0

0.5

1.0

1.5

42.4 %

April - Upper (0-10 cm) - HhaI
D

(b)

1.0
A
A

B

C

B

38.9 %

0.5

C

D

0.0

D
B
A

-0.5

C
A

B

C D

-1.0
-1.5

-1.0

-0.5

0.0
72.3 %

0.5

1.0

May - Upper (0-10 cm) - HhaI
1.0
C

C

(c)

D
D
A A

0.5

40.6 %

D

0.0

B

B

D

A

-0.5
C

C
B
B

A

-1.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

84.6 %

June - Upper (0-10 cm) - HhaI
1.0

(d)

C

A

B

0.5

B
B

C

A

59.0 %

C
A

0.0

D
A

B

C
D

-0.5

-1.0

D
D

-1.5
-1.0

-0.5

0.0

0.5

1.0

1.5

68.2 %

Figure 4-3

AMMI analysis of bacterial T-RFLP data from the upper soil depth (010 cm) in the conventional and SRI plots. T-RFs derived from
digestion with the HhaI restriction endonuclease. (a) March, (b) April,
(c) May and (d) June. Legend is given in Table 4-1.
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March - Upper - Sau96I
0

(a)

D

D

1.0

D

D

A

0.5
33.2 %

A

0.0

A
A

C

0

B

-0.5

C

B

C

BB

C

-1.0
-1.0

-0.5

0.0
53.9 %

0.5

1.0

April - Upper - Sau96I
0

A

(b)

A

1.0

A
A

17.1 %

0.5
B

B

B

C

0.0

C
D

0

B

C

-0.5

C
D
D

D

-1.0
-1.0

-0.5

0.0
30.2 %

0.5

1.0

May - Upper - Sau96I
0
1.0

(c)

C

D
B
C

33.2 %

0.5

B

C

D

C

A

0.0

0

B
B
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Figure 4-4

AMMI analysis of bacterial T-RFLP data from the upper soil depth (0 10 cm) in the conventional and SRI plots. T-RFs derived from
digestion with the Sau96I restriction endonuclease. (a) March, (b)
April, (c) May and (d) June. Legend is given in Table 4-1.
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(c) May and (d) June. Legend is given in Table 4-1.
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AMMI analysis of bacterial T-RFLP data from the lower soil depth
(10-20 cm) in the conventional and SRI plots. T-RFs derived from
digestion with the Sau96I restriction endonuclease. (a) March, (b)
April, (c) May and (d) June. Legend is given in Table 4-1.
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4.4.2 T-RFLP of Archaeal Communities
Similar to the bacterial analyses, T-RFs from the archaeal communities were
analyzed with the AMMI model. When the four datasets were analyzed, the archaeal
communities displayed the same trend as the bacterial communities. Figures 4-7 and
4-8 show archaeal T-RFLP analysis from T-RFs derived from HhaI and Sau96I
restriction endonuclease from upper and lower soil depths, respectively. The archaeal
communities grouped together in each sampling period and the communities started
shifting from the rice pre-plant until April, then they grouped together again. The
separation between the conventional rice cultivation system and SRI practice were
also observed.

As with the bacterial analyses, the four archeal datasets were also analyzed by
sampling period. The archaeal T-RFLP data that were generated after HhaI and
Sau96I restriction endonuclease digestions from both soil depths showed clear
separation between the conventional rice cultivation system and the SRI practice
(Figures 4-9 to 4-12). There were no consistent trends observed in the first sampling
time (rice pre-plant) from either enzyme or soil depth (data not shown). No separation
related to compost applications was observed.
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AMMI analysis of archaeal T-RFLP data from the upper soil depth (010 cm) in the conventional and SRI plots across the five sampling
periods; (a) T-RFs derived from digestion with the HhaI restriction
endonuclease; (b) T-RFs derived from digestion with the Sau96I
restriction endonuclease. Legend is given in Table 4-1.
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endonuclease; (b) T-RFs derived from digestion with the Sau96I
restriction endonuclease. Legend is given in Table 4-1.
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Figure 4-9

AMMI analysis of archaeal T-RFLP data from the upper soil depth (010 cm) in the conventional and SRI plots. T-RFs derived from
digestion with the HhaI restriction endonuclease. (a) March, (b) April,
(c) May and (d) June. Legend is given in Table 4-1.
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AMMI analysis of archaeal T-RFLP data from the upper soil depth (010 cm) in the conventional and SRI plots. T-RFs derived from
digestion with the Sau96I restriction endonuclease. (a) March, (b)
April, (c) May and (d) June. Legend is given in Table 4-1.
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AMMI analysis of archaeal T-RFLP data from the lower horizon (10 20 cm) in the conventional and SRI field. T-RFs derived from
digestion with the HhaI restriction endonuclease. (a) March, (b) April,
(c) May and (d) June. Legend found in Table 4-1.
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AMMI analysis of archaeal T-RFLP data from the lower horizon (10 20 cm) in the conventional and SRI field. T-RFs derived from
digestion with the Sau96I restriction endonuclease. (a) March, (b)
April, (c) May and (d) June. Legend found in Table 4-1.
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4.5 Discussion

The AMMI analysis of bacterial T-RFLP data across the cropping season
showed discernable patterns of time (Figures 4-1 and 4-2). The bacterial communities
grouped clearly by sampling period and this is in agreement with other studies that
show clear changes in bacterial consortia as crop plants grow and mature (Culman et
al., 2006). At rice pre-plant (February), the bacterial communities from all treatments
grouped together since apart from the very recent addition of compost, the field plots
had been managed in the same way. The bacterial community composition started to
change during the vegetative phase (March), just after the practice of alternating
wetting and drying had begun and the communities continued to diverge between the
two management strategies until April, when water management in both systems was
maintained similarly. This indicates that the bacterial communities responded strongly
to water management and although in the end both fields were flooded after flowering
and dried down toward harvest, the early water management had a lasting effect on
soil bacterial communities. This can be inferred because of the consistent, linear
trends of sampling periods along the first interaction principal component axes and the
consistent divergence of the conventional and SRI managed plots along the second
interaction principal component axes. In the AMMI analysis, the first IPC accounts
for as much of the variation in the interactions of main effects as possible - that is, it
captures the largest ‘story-teller’ (Gauch, 1992) and in this experiment crop
development over time was the stronger driver of community change. There is also
strong evidence that the differences in water management had a detectable effect on
the bacterial communities in both soil depths. This is reflected in the higher IPC2
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values associated with conventionally managed plots and lower IPC2 values
associated with the SRI practice – regardless of compost additions. The main effect of
treatments, where differences were detected, was between rice cultivation systems, not
between compost and unamended soils.

After the AMMI analyses were performed on the separate time periods
(Figures 4-3 to 4-6).

The clear separations of bacterial communities from each

cultivation system were observed in all sampling periods, especially on the T-RFs that
were derived from the Sau96I digestion (Figures 4-4 and 4-6). The only discernable
differences found in relation to compost application in the bacterial data occurred in
T-RFLP samples in the April samples that were digested with the HhaI enzyme
(Figure 4-3b and 4-5b). Even though environmental factors associated with the
different cultivation systems still remained. In the individual analysis a strong block
effect was also revealed. This is likely due to how the plots were irrigated and the
relative extent of drying each plot experienced. Block A was located next to the
reservoir, block B and C were located further away but at a similar distance from the
reservoir, whereas block D was the furthest away, but also downslope (see the plot
layout in Chapter III). It may be that block D remained moister for longer periods than
the other blocks and thus changes in the community composition may shift more
slowly.

Archaeal communities behaved similarly to the bacterial communities, when
examined across the five sampling periods. That is, the communities were not
different at rice pre-plant, but began diverging during the vegetative phase. The
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environmental factors associated with cultivation systems were more pronounced than
those of sampling periods because the archaeal communities from different cultivation
systems separated along IPC1 (the largest story-teller) and sampling periods separated
along IPC2 (Figures 4-7 and 4-8). The differences in archaeal communities between
the two cultivation systems were observed for each individual sampling time and
block effects were also observed as with the bacterial communities. Clearly both time
in the cropping cycle and water management were strong drivers of changes in both
the bacterial and archaeal communities, but these changes were not necessarily
reflected as differences in components of yield as they were likely not responsible for
limiting yield in this experiment. The changes in community composition are highly
intriguing nonetheless and could drive other important changes

in

soil

biogeochemistry that were not measured in this study, such as methanogenesis,
methylotrophy or differences in nitrous oxide emissions. These are worthy of further
study in order to understand if the SRI is a more or less environmentally benign
system as regards production and consumption of important greenhouse gases.

4.6 Conclusions

The community structures on the basis of amplified 16S rRNA genes analyzed
by T-RFLP analysis of Bacteria and Archaea were mostly consistent. The results
clearly showed that the differences in rice cultivation systems did affect the structures
of bacterial and archaeal communities in both soil depths. A discernable pattern of
time was also revealed. The bacterial and archaeal communities grouped by sampling
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period. The communities started separating at the beginning of the cropping season
until April then they were practically grouping to each other.
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CHAPTER V
CHANGES IN AMMONIA OXIDIZING BACTERIA
DURING FLOODING AND DRAINING
IN A MODIFIED SRI CROPPING SYSTEM

5.1 Abstract

Ammonia oxidation is the primary step in the oxidation of ammonia to nitrite and
nitrate, sequentially. It is also known to be the rate-limiting step of nitrification in
most system as well as rice fields. The significantly higher nitrification rates in the
SRI practice than conventional rice cultivation system have previously demonstrated
in Chapter III. Thus microbial communities, especially ones that are involved in
nitrification in the soil from rice fields could be greatly influenced by the different
cultivation systems.

The effect of different water managements and compost

applications on community ammonia-oxidizing bacteria (AOB) in soil was evaluated,
using molecular biology techniques; denaturing gradient gel electrophoresis (DGGE)
and sequencing of PCR-amplified fragments of the gene encoding the α-subunit of the
ammonia monooxygenase gene (amoA). PCR-DGGE of the amoA amplicons from
both soil depths showed the relationships in the range of 15-100% and 20-10%
similarity in conventional rice cultivation system and SRI practice.

The amoA

amplicons recovered from soil samples were cloned and sequenced. A phylogenetic
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tree showed the sequences affiliated with Nitrosospira-like and Nitrosomonas-like
were found in the SRI practice with compost application and the conventional rice
cultivation system, respectively. The majority of sequences retrieved from all four
treatments were closely related to uncultured AOB.

5.2 Introduction

The system of rice intensification (SRI) is a method of rice cultivation that has
five main differences in paddy management compared to conventional practices (as
described in Chapter I-III). Some of those practices are based on careful water
management and use of organic amendments.

Cycling of nutrients, particularly

nitrogen (N), is strongly affected by oxygen concentrations, hence, alternating wetting
and drying of the soil is likely to influence nutrient availability.

Nitrification is one of the essential parts of the N cycle. Nitrification is a twostep process of enzymatic oxidation that is driven by two different groups of nitrifying
bacteria (Bothe et al., 2000).

A major nitrifying organism for the first step is

ammonia-oxidizing bacteria (AOB) i.e. Nitrosomonas, and Nitrosospira etc. (Chu et
al., 2007), which converts ammonium to nitrite. The second step in nitrification
concerns the oxidation of the nitrite to nitrate, a reaction commonly carried out by
nitrite-oxidizing bacteria (NOB) i.e. Nitrobacter spp. (Regan, Harrington and
Noguera, 2002). AOB play an important role in the various environmental samples
such as marine sediments (Freitag and Prosser, 2003), wastewater treatment (Ebie et
al., 2004; LaPara and Ghosh, 2006) and in many agricultural systems (Briones et al.,
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2003; Nicolaisen et al., 2004; Reichardt, Briones, de Jesus and Padre, 2001), as they
are responsible for the first and frequently rate-limiting step in the process of
nitrification.

Chemolithoautotrophic AOB obtains energy from the oxidation of ammonia to
nitrite (Purkhod et al., 2000). There are two key enzymes are necessary for energy
conversion during the oxidation process. Firstly, ammonia monooxygenase (AMO)
catalyzes the oxygenation of ammonia to hydroxylamine (Hooper, Vannelli,
Bergmann and Arciero, 1997):
NH3 + O2 + 2H+ + 2e-

NH2OH + H2O

Follows by the oxidation of hydroxylamine oxidoreductase (HAO), which transforms
the hydroxylamine into nitrite (Bothe et al., 2000):
NH2OH + H2O

NO2- + 5H+ + 4e-

AMO is a membrane-bound enzyme comprising multiple subunits: amoA, amoB and
amoC (Kolotz and Norton, 1998; Norton, Alzerreca, Y. and Klotz, 2002). amoA
encodes the subunit containing the putative enzyme active site (Norton et al., 2002).

Traditional biological methods to study the microbial community are
extremely time-consuming and generally unrepresentative, as a limited ability to
distinguish by their phenotypes, some are exhibit as a very slow growing bacteria or
unculturable (Amann, Ludwig and Schleifer, 1995). The culture-independent nucleic
acid techniques have been used for the detection and identification of microorganisms
in natural environments (Amann et al., 1995), including AOB (Kowalchuk et al.,
1997). Denaturing gradient gel electrophoresis (DGGE) is one of the powerful tools
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for analyzing the complex microbial community (Muyzer and Smalla, 1998). In this
method, the PCR is used to amplify a region of the 16S rRNA gene (Reiter et al.,
2003; Tanahashi et al., 2005) or a functional gene, such as amoA (Ebie et al., 2004;
LaPara and Ghosh, 2006) from soil DNA. One of the PCR primers includes a GCrich sequence (GC-clamp) on its 5’ end that imparts melting stability to the PCR
products in a denaturing gradient gel. The resulting products, essentially all the same
size, are separated into discrete bands during electrophoresis through an acrylamide
gel that contains an increasing linear gradient of denaturants. Individual doublestranded DNA molecules denature along their length adjacent to the GC-clamp
according to their melting characteristics (i.e., sequences) (Murray, Hollibaugh and
Orrego, 1996; Nakatsu, 2007). This partial denaturation causes migration of the same
DNA composition at a unique position. Individual bands can be excised and furthered
analyzed by cloning and sequencing (Avrahami and Conrad, 2003; Avrahami, Liesack
and Conrad, 2003; Nakatsu, 2007; Watanabe, Kimura and Asakawa, 2006).

Rice paddy soils are considered to be one of the major habitats for AOB
communities (Nicolaisen et al., 2004).

In this study, the AOB community in

conventional rice cultivation system and SRI practice were compared by DGGE of
partial amoA amplicons. In addition, the amoA amplicons from the soil DNA were
also investigated by cloning and sequencing.
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5.3 Materials and Methods

5.3.1 Field Operations
Rice plots were conducted at the Multiple Cropping Center (MCC), Chiang
Mai University, Thailand. The rice variety Sun Patong-1 was grown in FebruaryJune, 2003 under two types of water management, the conventional system (CS) and
system of rice cultivation (SRI) with and without compost application (see Chapter III
for more details).

5.3.2 Sampling
Soils were sampled 5 times at monthly intervals during the cropping season
(February-June) (see Chapter III for more details). Eight sub-samples per plot were
collected and separated into 2 depths (0-10 cm and 10-20 cm from the soil surface)
then pooled to make a single composite sample for each soil depth. Well-mixed
composite samples were immediately frozen until DNA extraction.

5.3.3 DNA extraction from soil
Soil total DNA was extracted from 1 g of soil by using the BIO 101 FastDNA
Spin Kit for Soil (Qbiogene Inc., Irvine, CA) according to the manufacture’s
recommended protocol. The extracted DNA was lyophilized then stored in the freezer
until the further uses.
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5.3.3 DGGE of community amoA genes
5.3.3.1 amoA amplification
The DNA sequence corresponding to positions 332 - 349 and 802 - 822 of the
open reading frame of the ammonium monoxygenase gene (amoA) of Nitrosomonas
europaea was amplified using the primers AmoA-1F (5'-GGG GTT TCT ACT GGT
GGT-3') (Rotthauwe, Witzel and Liesack, 1997) and AmoA-2R-TC (5'-CCC CTC
TGC AAA GCC TTC TTC-3') (Nicolaisen and Ramsing, 2002) (Integrated DNA
Technologies). The amplification was carried out using a semi-nested PCR technique.
The first amplification was done as a hotstart PCR by using the primers as described.
The reaction mixtures contained 3 ng of soil DNA template, 0.1 U µl-1 AmpliTaq
Gold (Applied Biosystems), 1X buffer, 1.5 mM MgCl2, 0.2 mM dNTPs (Promega), 1
µM of each primer. The amplification was performed using a MJ Research thermal
cycler PTC 200 (MJ Research) as follows: 15 min at 95°C, followed by 35 cycles of
92°C for 30 s, 57°C for 30 s, and 72°C for 45 s + 1s per cycle, and a final extension
step at 72°C for 5 min. The amplified products were evaluated by agarose gel
electrophoresis (as described above). The PCR products were then used as templates
for a second amplification. GC-clamp (5'-CGC CGC GCG GCG GGC GGG GCG
GGG GC-3') (Integrated DNA Technologies) (Nicolaisen and Ramsing, 2002) was
added to the 5’ end of the AmoA-1F primer and used as the forward primer in a
second amplification in order to stabilize the melting behavior of the amplified PCR
fragments in the follow-on DGGE analyses (Sheffield, Cox, Lerman and Myers,
1989). Fifty-µl PCR reactions containing: approximately 5 ng of PCR products from
the first amplification, 0.1 U µl-1 Taq polymerase (Applied Biosystems), 1X PCR
buffer, 1.5 mM MgCl2, 0.2 mM dNTPs (Promega), 1 µM of each primer were
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amplified using a MJ Research thermal cycler PTC 200 (MJ Research) under the
following conditions: 92°C for 1 min, followed by 18 cycles of 92°C for 30 s, 57°C
for 30 s, and 72°C for 45 s + 1s per cycle, and a final extension step at 72°C for 5 min.

5.3.3.2 DGGE
The PCR products were quantified as described above. An estimated 3-4 µg
of PCR products were placed in pre-formed wells of a 1 mm x 16 cm x 16 cm 8%
polyacrylamide gel with a gradient of 30-55% denaturants (with 100% denaturant
corresponding to 7M urea and 40% (vol/vol) formamide) in 1X TAE buffer at 60oC at
constant voltage of 75 V for 12 h (Bio-RAD DcodeTM System, Carlsbad, CA, USA).
DGGE bands visualized by staining with a 1:10000 dilution of SYBR Green I nucleic
acid stain (Sigma, St. Louis, MO, USA) (Nakatsu, Torsvik and Ovreas, 2000) in 1X
TAE then exposing the gel to UV light and capturing the image using a Fluor-STM
Multi-imager (Bio-Rad). Gel images were analyzed with Quantity One 4.2 software
(Bio-RAD). Quantity One 4.2 software and BionumericsTM software (Applied Maths,
Belgium) were used to compare the profiles of each sample based on the presence or
absence of each band resolved in the DGGE gel.

5.3.4 Cloning and sequencing of amoA gene
amoA genes were amplified from soil DNA by using the primer pair AmoA-1F
without GC-clamp/AmoA-2R-TC as previously described above then purified using
the QIAquick PCR purification kit (Qiagen, Hilden, Germany) prior to cloning. The
amplicons were ligated into the pGEM®-T Easy Vector System (Promega) and then
further transformed into Escherchia coli JM109 competent cells (Promega), following
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the manufacturer’s protocol.

Cells were grown overnight at 37°C on petriplates

containing S-gal®/LB agar blend (Sigma-Aldrich) supplemented with 100 µg ml-1
ampicillin. White colonies (transformants) were picked randomly for colony PCR
using the SP6 and T7 primers. Twenty-five µl PCR reactions containing: 0.1 U µl-1
GoTaq® DNA Polymerase (Promega), 1X PCR buffer, 1.5 mM MgCl2 (PCR buffer
and MgCl2 were supplied with the enzyme), 0.2 mM dNTPs (Promega), 0.2 µM of
each primer (Integrated DNA Technologies) were performed using an MJ Research
thermal cycler PTC 200 (MJ Research) under the following reaction conditions: 95°C
for 5 min, followed by 35 cycles of 94°C for 30 s, 48°C for 45 s, and 72°C for 45 s,
and a final extension step at 72°C for 7 min. PCR products were evaluated by running
a small volume of product in an agarose gel as described above. Positive reactions
were selected for restriction endonuclease digestions. Approximately 30-40 µg of each
PCR product was digested in a 30 µl reaction mixture containing: 0.5 U of each of
HhaI and Sau96I (Promega) in 1X buffer and 0.1 µg µl-1 BSA. The digestions were
conducted in a MJ Research PTC 200 thermal cycler (MJ Research) at 37°C for 4.5 h
with a final step of 70°C for 15 min to stop the reaction. Digested products were then
run into a 3% agarose gel to visualize the RFLP patterns. Selected PCR products
were then enzymatically purified by ExoSAP-IT® (USB Corp, Cleveland, OH) to
eliminate any residual oligonucleotide primers, and degrade residual dNTPs into
deoxy-nucleosides. Two-µl ExoSAP-IT was added directly to 6 µl PCR product and
incubated at 37°C for 15 min. After the treatment, ExoSAP-IT was inactivated by
heating to 80°C for 15 min. The DNA sequencing mixture contained 100 ng of
purified PCR products, 8 pmole of AmoA-1F at 18 µl final volume. DNA sequencing
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was performed by the Applied Biosystems Automated 3730 DNA Analyzer (Applied
Biosystems).

5.4 Results

5.4.1 Soil ammonia oxidizing bacteria community structure
5.4.1.1 DGGE analysis
To investigate the AOB community structure, PCR amplified amoA gene
fragments coding for the open reading frame of the ammonium monoxygenase gene
were first analyzed by use of DGGE. Due to the high number of samples, the samples
that were collected in March and April were chosen for this analysis because the rice
plots between conventional rice cultivation system and the SRI practice in these
sampling periods were being actively managed differently. The amoA-PCR of the
samples from the four replicate blocks were individually generated then they were run
into DGGE gels (30-55% denaturants).

Figures 5-1 to 5-4 show the DGGE patterns generated from samples that were
collected from upper soil depth (0-10 cm) in March and April and lower soil depth
(10-20 cm) in March and April, respectively.

Eleven bands that had the same

mobilities in the 4 DGGE gels were marked with the same letters. Bands A, F and G
were observed only in the samples from the conventional rice cultivation system with
compost added. Bands B and C were observed in the samples from the conventional
rice cultivation system with and without compost applied. Bands D, E, H, I, J and K
were observed as the dominant bands in plots under the SRI practice.
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Figure 5-1

DGGE analysis of amoA PCR products amplified from the upper soil
depth (0-10 cm) in the conventional rice cultivation system and the SRI
plots in March.

CC = conventional rice cultivation system with

compost. SC = SRI with compost. CN = conventional rice cultivation
system without compost. SN = SRI without compost.
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Figure 5-2

DGGE analysis of amoA PCR products amplified from the upper soil
depth (0-10 cm) in the conventional rice cultivation system and the SRI
plots in April.

CC = conventional rice cultivation system with

compost. SC = SRI with compost. CN = conventional rice cultivation
system without compost. SN = SRI without compost.

93

Figure 5-3

DGGE analysis of amoA PCR products amplified from the lower soil
depth (10-20 cm) in the conventional rice cultivation system and the
SRI plots in March. CC = conventional rice cultivation system with
compost. SC = SRI with compost. CN = conventional rice cultivation
system without compost. SN = SRI without compost.
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Figure 5-4

DGGE analysis of amoA PCR products amplified from the lower soil
depth (10-20 cm) in the conventional rice cultivation system and the
SRI plots in April. CC = conventional rice cultivation system with
compost. SC = SRI with compost. CN = conventional rice cultivation
system without compost. SN = SRI without compost.
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The DGGE profiles from both sampling times for each soil depth were
compared. Dendrograms were generated by use of Bionumerics™ software based on
presence or absence of each band. From the upper soil depth, samples taken at both
sampling times from the conventional rice cultivation system and SRI practice
grouped together in the range of 25-100% and 20-100% similarity, respectively
(Figure 5-5). The samples taken from the lower soil depth from both sampling times
groped in the range of 15-50% and 30-65% similarity from the conventional system
and the SRI practice, respectively (Figure 5-6).

5.4.1.2 Sequence analysis

The AOB community structure in soil was analyzed by cloning and
sequencing. The amoA-PCR products from the samples taken from four different
blocks were individually generated then the samples within the same treatment were
pooled together. The pooled PCR products were cloned and sequenced (following the
protocol described in Chapter III). A neighbor-joining tree was constructed using the
DNA sequences generated and the related sequences obtained from the NCBI
database (Figure 5-7). Most of the sequences from all treatments at both sampling
times were closely related to uncultured AOB clones. Two DNA sequences from the
SRI practice with compost added grouped with the Nitrosospira sp. and one sequence
from the conventional rice cultivation system with compost applied grouped with
Nitrosomonas nitrosa.
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Phylogenetic tree based on partial amoA sequences obtained from soils
in the conventional rice cultivation system and SRI plots in March and
April and the NCBI database. Sample nomenclature: the first number
indicates sampling time; 2 = March and 3 = April, the first letter
indicates cultivation system; C = conventional and S = SRI, the second
letter indicate compost addition; C = with compost and N = without
compost and the last number indicates clone number

5.5 Discussion

The SRI practice resulted in higher nitrification rates than conventional rice
cultivation system were previously observed (Chapter III), indicating that the
differences in SRI practice could greatly promote the soil nitrification functions. The
ammonium oxidation is a rate-limiting step of nitrification that is generally carried out
by AOB (Chu et al., 2007). The amoA primer set is highly specific for AOB (Bothe et
al., 2000; Rotthauwe et al., 1997). This primer set has been widely used coupled with
the DNA fingerprinting techniques to study the community shifts in various
environmental samples (Gieseke et al., 2001; Horz, Rotthauwe, Lukow and Liesack,
2000; Mintie et al., 2003).

In this study, the AOB community was investigated by use of DGGE and
cloning and sequencing analysis. In the DGGE gels, each band labeled with the same
letters in Figures 5-1 to 5-4 shared the same mobility. Bands unique to particular
treatments as well as common bands were excised for cloning and sequencing, but re-

100
amplification of DNA from the bands could not be accomplished. This might be due
to the low amount of DNA recovered from each band or the presence of PCR
inhibitors resulting from the gel analysis process. The reproducibility of the initial
PCR is critical for the reliability of the subsequent DGGE analysis (Nicolaisen and
Ramsing, 2002).

The PCR primers have been developed to specially amplify a

fragment of amoA, a functional molecular marker for the β-Proteobacteria AOB (Chu
et al., 2007; Nicolaisen and Ramsing, 2002; Rotthauwe et al., 1997).

In 1997,

Rotthauwe and colleagues have proposed a primer pare (AmoA-1F and AmoA-2R),
which amplify a 491 bp fragment of amoA. Even though, the primers were shown to
be very specific for detecting AOB in environmental samples (Oved et al., 2001), the
potential problems such as multiple copies of the amoA gene and primer degeneracy
are necessary to be evaluated. The reverse primer, AmoA-2R, contains two base
degeneracies: K (G or T) and S (G or C) at seven and nine nucleotides from the 5’
end, respectively (Rotthauwe et al., 1997). Nicolaisen and Ramsing (2002) showed
the comparison of DGGE patterns obtained from original AmoA-2R with degenerate
bases with the nondegenerate primers (AmoA-2R-GG, -GC, -TG and -TC). The
nondegenerate primers apparent a much clearer DGGE pattern but did not reflect the
original diversity. The modified nondegenerate reverse primers have also been used
for PCR-DGGE analysis of AOB in several studies (Avrahami and Conrad, 2003;
Avrahami et al., 2003; Ebie et al., 2004; Nicolaisen and Ramsing, 2002; Nicolaisen et
al., 2004). While AmoA-2R-TC was the choice of reverse primer in Nicolaisen and
Ramsing (2002)’s study, the AmoA-2R-GG exhibited the higher AOB diversity for
Chu and colleagues (Briones et al., 2003; 2007; Nicolaisen and Ramsing, 2002).
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Therefore, the selection of nondegenerate primer is based on both experimental and
theoretical considerations in each study.

Due to the failure to reamplify amoA genes from the excised bands, amoA
cloning and sequencing was performed directly from the soil DNA. The subsequent
sequence analysis indicated that uncultured AOB predominated in all treatments.
Nitrosospira-like and Nitrosomonas-like sequences were detected in soil from the SRI
plots and the conventionally managed plots with compost applied, respectively. These
results need to be further examined to see if water management favors particular
genera of AOB over others and whether this affects rates or extent of nitrification
significantly.

amoA clones derived from bands in DGGE gels have been sequenced
successfully in other studies (Briones et al., 2003; Nicolaisen and Ramsing, 2002).
Under the denaturing conditions they used, all of the amoA DNA duplexes that
migrated to the bottom half of the gel (higher G+C content) were shown to be
affiliated with the genus Nitrosospira, while those migrating to the upper half of the
gel (lower G+C content) were related to Nitrosomonas.

From this, we might

anticipate that the presence of outstanding bands in the DGGE gels, such as bands
marked H, that were mostly only detected in SRI practice might correspond to the
genus Nitrosospira. Similarly, bands G and F that migrated to positions above bands
marked H and were only detected from the conventional rice cultivation system might
correspond to the genus Nitrosomonas (Figure 5-2). Sets of generally faint bands
located throughout the gradient gel that were consistently detected from all samples
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might belong to the very large number of clones related to as yet uncultured AOB.
Further analysis of the clones obtained will be required to confirm this supposition.

5.6 Conclusion

There was strong evidence of differences among N-cycle activity analyses.
Nitrification rates in plots under SRI practices were significantly higher than the
conventional rice cultivation system (Chapter III). Therefore, the AOB were further
analyzed. DGGE analysis of AOB showed the relationships in the range of 15-100%
and 20-100% similarity to each other in conventional rice cultivation system and SRI
practice, respectively.

The phylogenetic tree based on partial amoA sequences

exhibited the dominance of uncultured AOB in all treatments. Nitrosospira-like and
Nitrosomonas-like sequences were detected in the conventional rice cultivation
system and SRI, respectively.
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