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Comparisons of the activities and diversities of ammonia-oxidizing bacteria (AOB) in the root environment
of different cultivars of rice (Oryza sativa L.) indicated marked differences despite identical environmental
conditions during growth. Gross nitrification rates obtained by the '*N dilution technique were significantly
higher in a modern variety, IR63087-1-17, than in two traditional varieties. Phylogenetic analysis based on the
ammonium monooxygenase gene (amoA) identified strains related to Nitrosospira multiformis and Nitrosomonas
europaea as the predominant AOB in our experimental rice system. A method was developed to determine the
abundance of AOB on root biofilm samples using fluorescently tagged oligonucleotide probes targeting 16S
rRNA. The levels of abundance detected suggested an enrichment of AOB on rice roots. We identified 40 to 69%
of AOB on roots of IR63087-1-17 as Nitrosomonas spp., while this subpopulation constituted 7 to 23% of AOB
on roots of the other cultivars. These results were generally supported by denaturing gradient gel electro-
phoresis of the amoA gene and analysis of libraries of cloned amoA. In hydroponic culture, oxygen concentra-
tion profiles around secondary roots differed significantly among the tested rice varieties, of which IR63087-
1-17 showed maximum leakage of oxygen. The results suggest that varietal differences in the composition and

activity of root-associated AOB populations may result from microscale differences in O, availability.

The supply of nitrogen in paddy fields is recognized as a
major limitation toward increased productivity of rice (Oryza
sativa L.) (17, 18). Since rice paddies are typically maintained
under flooded conditions, ammonium constitutes the major
form of mineral N in the bulk soil (14), which is a form to
which rice is especially adapted (47, 56). However, consider-
able amounts of nitrate formed through nitrification do accu-
mulate in the oxygen-rich surface layer of irrigated paddy soils
as well as in well-drained upland rice fields and in rain-fed
environments during the dry season (14). Compared to ammo-
nium, which is usually bound to the soil matrix, nitrate is
mobile within soils, making it susceptible to loss due to leach-
ing and denitrification (21, 53). Nitrification is therefore criti-
cal to the supply of N in rice fields as well as to the balance of
ammonium and nitrate.

The initial, rate-limiting step of nitrification is carried out by
the chemolithoautotrophic ammonia-oxidizing bacteria (AOB)
of the B subdivision of the class Proteobacteria (B-Proteobacte-
ria) (38). All AOB are obligately aerobic and generally recal-
citrant to cultivation in artificial culture (38). Therefore, mo-
lecular methods have been instrumental to our current
understanding of their ecology. Based on 16S rRNA sequence
analysis, all known AOB of the B-Proteobacteria occurring in
terrestrial environments belong to a monophyletic assemblage
represented by members of only two genera: Nitrosomonas
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spp. and Nitrosospira spp. (24, 52). Analysis of the functional
ammonium monooxygenase gene (amoA) yields similar, al-
though not identical, evolutionary relationships (39). Studies
conducted in various systems suggest that in a variety of soils,
Nitrosospira spp. are predominant (23, 27, 31, 43, 49), while
environments with high ammonium loads, such as sewage
sludge and wastewater, favor Nitrosomonas spp. (32, 35, 43). At
present, very little is known about how the population struc-
ture of these bacteria affects nitrification in rice soils or how
AOB populations are influenced by rice plants.

Under flooded conditions, rice soils become anoxic almost
immediately beneath the soil-water interface (42). However,
the immediate surface of rice roots offers a supply of oxygen
through leakage from aerenchymatous tissue (7, 42). It is rec-
ognized that rice roots release oxygen at rates sufficient to
support nonspecific aerobic microbial processes (9, 13). The
possibility that rice roots may support significant rates of ni-
trification has also been suggested (10, 33). However, very little
information is available regarding the microbiology of AOB on
or near the root surface of rice plants. The purpose of this
study was to study the abundance, composition, and activity of
populations of AOB occurring in the rice root environment.

To detect and characterize the AOB from the roots and
rhizosphere, we used PCR coupled with denaturing gradient
gel electrophoresis (DGGE) targeting the amoA gene. This
approach, combined with clone screening and sequencing
(generally but not exclusively targeting the 16S rRNA gene),
has been used successfully in various systems, including agro-
nomic soils (16, 29, 31, 36, 43, 50). For quantification of AOB,
we employed fluorescence in situ hybridization (FISH) using
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rRNA-targeted oligonucleotide probes. The method has been
reliably used for identification and quantification of AOB (22,
32, 35, 55). Aside from allowing direct visualization of bacteria
in the environment, the method also has the added advantage
of detecting active cells, since the target molecule is the rRNA.
However, the above studies have focused mainly on nutrient-
rich environments where the abundance and ribosome content
of cells are relatively high. The application of FISH in nutrient-
poor environments such as soil and roots is more problematic
due to lower cell numbers and the presence of interfering
autofluorescence from roots and soil particles. In this study,
however, we found that the biofilm coating the root surface can
be detached by moderate sonication, concentrated, and then
probed using FISH. Since the abundances detected were
within the detection limits of FISH, we are able to present, for
the first time, population estimates of AOB on the rice root
surface.

In this study, all experiments were conducted under artificial
conditions set to simulate rain-fed paddy fields that favor ni-
trification (alternating flood and dry periods). In order to ac-
count for the possible effect of genotypic variation, all experi-
ments were performed using different rice cultivars. The
varieties were chosen based on their drought tolerance and
represent a modern hybrid rice variety (IR63087-1-17) and two
improved traditional rice varieties (Kao Dawk Mali 105
[KDML 105] and Mahsuri). To complement results of molec-
ular analysis, gross nitrification rates associated with the three
varieties and unplanted soil were estimated by the >N isotopic
dilution technique. Finally, oxygen concentration profiles from
the roots of two contrast varieties grown in hydroponic culture
were measured to determine the possible relationship between
the composition and activity of AOB populations in the root
environment and oxygen release from rice roots.

MATERIALS AND METHODS

Plant growth conditions. Three drought-tolerant rain-fed lowland rice culti-
vars (Oryza sativa L. cv. KDML 105, Mahsuri, and IR63087-1-17) were preger-
minated prior to transplanting into pots. Soil was collected from a rain-fed
lowland area in Tarlac Province, the Philippines. The soil is a Luisita series,
coarse-loamy, mixed, nonacid, isohyperthermic typic tropaquept with the follow-
ing characteristics: pH, 6.2; C, 0.94%; N, 0.093%; C/N ratio, 11.9; sand, 39.2%;
silt, 43.2%; clay, 17.6%. Fourteen days after transplanting, the pots were main-
tained flooded (water depth 1 to 2 cm above the soil plane) for 4 weeks.
Thereafter, water was withdrawn to simulate drought conditions by monitoring
the plants daily and applying water when approximately 5% of the plant leaves
had begun to roll. Nitrogen in the form of urea was applied to all plants after the
flooded phase at amounts equivalent to a field application rate of 50 kg of N
ha™'. The plants were grown in a phytotron maintaining a 12-h-12-h photope-
riod. Day and night cycles reached maximum and minimum temperatures of 30
and 25°C, respectively. During the day cycle, plants received 1,450 microeinsteins
of light m™2 s~'. Humidity was maintained at 70% relative humidity. Pots
containing no plants were included as nonrhizosphere controls.

A total of three pot experiments were conducted using the same conditions as
described above. Two experiments were conducted in plastic pots (inside diam-
eter, 16 cm; soil height, 13 cm) and sampled for PCR and FISH analysis,
respectively. The '°N dilution experiment was conducted in polyvinyl chloride
cylinders (8.3 cm [inner diameter] by 16 cm [height]; stoppered at the bottom)
with holes drilled at the sides for application of labeled N. A second set of
samples for PCR analysis was also collected from this experiment. All experi-
ments were set up in a completely randomized design with three replicates.

Sampling for PCR and FISH. Soil samples for DNA extraction were obtained
after the 3rd week of induced drought. Rhizosphere samples were obtained by
scraping off the soil adhering to the root surface. Roots that had been scraped
free of clumps of adhering soil comprised our source for root bacterial DNA. All
samples were immediately stored at —20°C until DNA extraction.
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Root samples for FISH (also collected after the 3rd week of induced drought)
were first gently washed in phosphate-buffered saline (PBS) (130 mM sodium
chloride, 10 mM sodium phosphate buffer; pH 7.2) and then fixed in 4% para-
formaldehyde in PBS. The roots were immersed in this solution for 3 to 4 days
to allow the soil loosely adhering to the root surface to settle. Thereafter, roots
were transferred to a 1:1 mixture of ethanol and PBS and then stored at —20°C
for long-term storage.

DNA extraction, PCR, and DGGE. DNA from rhizosphere and roots was
extracted using a FastDNA SPIN Kit for Soil (Bio 101, Inc. Vista, Calif.) fol-
lowing the manufacturer’s instructions. Prior to extraction, root samples were
snap frozen in liquid nitrogen and then ground by mortar and pestle. Extracts
from 400 mg of fresh soil and 100 mg of crushed root materials comprising
rhizosphere and root DNA extractions, respectively, were finally resuspended in
50 pl of sterile DNase- and RNase-free water (Sigma, St. Louis, Mo.). Two
microliters of a 1:10 dilution of the DNA extracts was used as the template for
subsequent PCRs using amoA-1F and amoA-2R primers (43) with modifications
suggested by Stephen et al. (50). PCRs were performed in a total volume of 50
wl using Ex Tag DNA polymerase (Takara Shuzo, Shiga, Japan) in the supplied
buffer and a Robocycler 96 thermocycler (Stratagene, La Jolla, Calif.). Amplifi-
cation proceeded for 35 cycles using previously published cycling parameters
(43). PCR products were resolved by electrophoresis on 1.5 to 2% agarose gels
and visualized by UV transillumination after staining with SYBR Green I (FMC
Bioproducts, Rockland, Maine). The amount of PCR product was estimated
from the gel by using image analysis software (ImageJ 1.26 [freely available at
http://rsb.info.nih.gov/ij]) with appropriate DNA size and concentration standard
(stable DNA ladder; Sigma-Genosys, Ishikari, Japan). For DGGE, a GC clamp
(5'-CCGCCGCGCGGCGGGCGGGGCGGGGGCACGGGG-3") (34) was at-
tached to the forward primer. PCR amplification for DGGE analysis of envi-
ronmental samples used 1.5 to 2 ng of initial amoA PCR product as the template
followed by 12 cycles using the primers with the GC clamp and employing the
cycling parameters described above (43).

DGGE of amoA PCR products was performed as described by Muyzer et al.
(34) using a D-Code system (Bio-Rad, Hercules, Calif.). Polyacrylamide gradient
gels (6% acrylamide, 2% glycerol, and 37.5:1 acrylamide-bisacrylamide in 1X
Tris-acetate-EDTA; 60 to 100% denaturant; 1 mm thick by 16 cm by 16 cm) were
poured to achieve a parallel gradient with the aid of a model 475 gradient
delivery system (Bio-Rad) according to the manufacturer’s instructions. A 100%
denaturant was defined as 6% acrylamide containing 7 M urea and 40% deion-
ized formamide. An estimated 50 ng of PCR product was loaded into each lane.
Environmental samples were run at 120 V for 7.5 h at 50°C and were visualized
by UV transillumination after staining with SYBR Green I.

Construction and analysis of amoA gene fragment libraries. Purified amoA
PCR products retrieved from Mahsuri roots and IR63087-1-17 roots and rhizo-
sphere were cloned using the pPCR-Script Amp cloning kit (Stratagene). Liga-
tion and transformation steps were performed according to the manufacturer’s
instructions. All plasmids bearing inserts of the correct size (491 bp) were used
as template (approximately 0.1 ng of plasmid DNA) for PCR employing the
same thermocycling conditions as described for environmental samples, except
that cycling was allowed to proceed for only 20 cycles. From each library, a total
of 22 to 38 clones bearing an amoA insert were screened by DGGE under the
same conditions as described for environmental samples, except that run times
were extended to 12 h in order to better resolve the more stable DNA duplexes
that tend to migrate to the bottom half of the gel. Under these conditions, certain
less-stable DNA duplexes that migrate within the top half of the gel may become
fully denatured. Therefore, clones representing these sequences were screened
using a 7.5-h run time. Fifteen unique amoA sequences were resolved based on
differences in mobility in DGGE gels. Representative clones from each DGGE
type were selected for sequencing and phylogenetic analysis.

Sequencing and phylogenetic analysis. Representative clones from each
DGGE type were sequenced using the ABI-PRISM Dye Terminator Cycle
Sequencing Core Kit (Applied Biosystems, Perkin-Elmer, Foster City, Calif.).
Sequencing products were analyzed on an Applied Biosystems model 310 DNA
sequencer following the manufacturer’s recommendations. Phylogenetic analyses
based on either 450-nucleotide (excluding primers) or deduced 150-amino-acid
sequences were performed using algorithms in PHYLIP version 3.57c (J. Felsen-
stein, University of Washington, Seattle). Evolutionary distances between amino
acid sequences were generated using the point-accepted mutation-Dayhoff sub-
stitution model implemented in PROTDIST, while distances between nucleotide
sequences were generated by a maximum-likelihood method using DNADIST.
Distance dendrograms based on the Fitch-Margoliash method were generated
using the FITCH algorithm. The topologies of the resulting trees were consistent
with those presented below. Robustness of derived groupings was tested by
bootstrap using 100 replications.



VoL. 68, 2002

5N dilution assays. Gross nitrification assays were based on methods de-
scribed by Barraclough (11). Each treatment (rice cultivar, including unplanted
control) received either K"NO; or "NH,CI (10 atom%) at a rate of 30 pg of N
(cm? of soil) ™!, The "NH,* treatment was included in order to estimate gross
mineralization rates as well. N solutions were injected into each polyvinyl chlo-
ride cylinder (described above) at the end of the 3-week drought phase to achieve
a homogeneous distribution of the label throughout the rhizosphere. Unlabeled
controls were included to account for background '>N. Samples of 10 g for
inorganic N extraction were obtained immediately after injection and at 3 and 7
days after "N application. Samples were shaken in 100-ml aliquots of 2 M KClI,
after which the extracted ammonium and nitrate were captured onto acidified
Whatman GF/D filter paper disks using a diffusion technique developed by
Brooks et al. (15). After each diffusion step, filter paper disks were dried at 40°C
for 1 h and then placed into Sn capsules (Europa Scientific, Cheshire, United
Kingdom) and analyzed for total N and >N by automated nitrogen carbon
analysis-mass spectrometry (Europa Scientific ANCA-SL Stable Isotope Analy-
sis System). No significant dilution of the labeled NO;~ was observed during the
first 3 days of incubation. Therefore, nitrification rates were determined between
3 and 7 days of incubation as described by Barraclough (11).

FISH. Root samples that had been fixed and washed as described above were
embedded in Tissue-Tek OCT compound (Miles, Elkhart, Ind.), cryosectioned,
mounted, and processed in the same manner as described for wastewater bio-
films (35). Subsequent microscopy found that the detection and quantification of
AOB on the root surface was difficult due to the patchy distribution of bacteria
and intense autofluorescence from roots. Therefore, a method was devised to
separate the root surface biofilm from the roots. The method presented below
was optimized during preliminary experiments that compared sonication and
bead beating as possible methods for stripping surface biofilms from roots.

Root samples totaling 10 cm were resuspended in 2 ml of fresh ethanol-PBS
(1:1) solution. The surface biofilm was stripped by sonication (Branson Sonifier;
Branson Ultrasonics, Danbury, Conn.) using an output control setting of 2 for 4
min with brief pauses every minute to prevent sample overheating. Under these
conditions, most of the surface biofilm was stripped off but not totally disinte-
grated. The efficiency of stripping was monitored by checking the sonicated roots
under the epifluorescent microscope after staining with 4’,6-diamidino-2-phe-
nylindole.

After sonication, the stripped biofilm was concentrated by centrifugation at
low speed (ca. 2,000 X g) and resuspended in 500 wl of ethanol-PBS. Fifteen
microliters of biofilm suspension was spotted on gelatin (0.1% gelatin, 0.01%
chromium potassium sulfate)-coated hybridization slides (Cel-line/Erie Scien-
tific, Portsmouth, N.H.), air-dried overnight, and subsequently dehydrated
through a series of ethanol washes (50, 80, and 98%j; 3 min each). All hybrid-
ization procedures were performed as described by Amann (5) using previously
published hybridization and washing stringencies (4, 32). The following oligonu-
cleotide probes were used: Eub338, specific for the domain Bacteria (4); Nso190,
specific for AOB of the B-Proteobacteria (32); and Nsm156, specific for the
Nitrosomonas lineage (32). Probe Eub338 was labeled with 5-carboxyfluorescein
(FAM; Sigma-Genosys), while probes Nso190 and Nsm156 were labeled with
6-carboxy-x-rhodamine (6-ROX; Sigma-Genosys). Eub338 was used as a positive
control for confirming that cells stained with either Nso190 or Nsm156 were true
bacteria. Since this required double hybridizations, the first hybridization was
carried out on the probe with higher thermal stability (Nso190 or Nsm156)
followed by the second probe (Eub338). Negative control probes, consisting of
the complementary sequences of each probe conjugated to the same dyes, were
used to determine background counts due to nonspecific binding of DNA or the
dye. The same hybridization and washing stringencies were used for the corre-
sponding negative control probes.

Confocal microscopy and image analysis. Hybridized samples were analyzed
by confocal laser scanning microscopy (CLSM) using an LSM 510 microscope
(Carl Zeiss, Jena, Germany) equipped with Ar and HeNe lasers (488 and 543
nm, respectively). For quantification of cells hybridizing to each probe, images
having an optical section thickness of 1.2 pm were acquired by random move-
ment of the microscope’s stage controls. Cell numbers per unit area were derived
using the image analysis software, ImagelJ. Firstly, the highest background value
of fluorescence intensity in each image was determined manually. This was set as
the minimum threshold value to eliminate blank spaces and background fluo-
rescence. Then, the image analysis program was used to count the number of
cells corresponding to a specified range of particle sizes and intensity threshold
values. The area of the biofilm was similarly measured by setting the appropriate
threshold and size range values. Since the images have a known section thickness
(1.2 wm), all cell counts could be expressed per unit volume, assuming that each
section contains a single layer of cells. For each set of root biofilm samples, at
least 15 randomly acquired projection images from three replicate samples were
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analyzed. Only cells displaying fluorescence from both specific (Nso190 and
Nsm156) and general (Eub338) probes were counted as either authentic AOB or
Nitrosomonas. All counts were corrected by subtracting counts obtained from the
negative control probes.

Oxygen measurements from roots of Mahsuri and IR63087-1-17. Plants were
grown for 3 weeks in liquid culture solution having the following composition:
(NH,4),SO,, 50 uM; K,SO, 1 mM; MgSO,, 2 mM; CaCl,, 1 mM; NaH,PO,, 300
wM; Fe-EDTA, 100 pM; MnCl,, 9 pM; (Na)sMo,0,,, 25 uM; H3BO;, 20 pM;
ZnSO,, 1.5 uM; CuSOy, 1.5 pM. The pH of the medium was adjusted to 6.5 with
NaOH and replenished every 2 days. In order to immobilize the roots during
microelectrode measurements, the plants were transplanted to 1% agar blocks
containing the same components as the growth medium prior to microelectrode
measurements. Clark-type oxygen microelectrodes with tip diameters of about 10
wm were prepared and calibrated as described by Revsbech and Jorgensen (41).
Oxygen profiles were obtained using methods described by de Beer and van den
Heuvel (20). Concentration profiles were obtained by using a motor-driven
micromanipulator (model ACV-104-HP; Chuo Precision Industrial, Tokyo, Ja-
pan) at intervals of 100 to 200 pm from the surface of selected plant roots.
Microprofiles were determined three times on different roots at points 2 to 3 cm
from the base of three plants.

Data analysis. Data for '*N analysis (N pools, '°N excess abundance; n = 3)
for each treatment within each N source were compared by analysis of variance
and least significant difference comparison of means using Statistix for Windows
(version 2.0; Analytical Software, Tallahasee, Fla.). The cell densities from FISH
were tested for evenness of distribution by applying Wilk-Shapiro tests and
constructing histograms. Both tests showed nonnormal distribution in all cases.
Therefore, differences between means were verified by Kruskal-Wallis analysis of
variance using Statistix for Windows.

Nucleotide sequence accession numbers. The environmental amoA sequences
generated in this study have been deposited in the GenBank nucleotide sequence
database under accession numbers AY050674 through AY050688.

RESULTS AND DISCUSSION

The PCR-DGGE-cloning approach. The combination of
PCR and DGGE targeting the 16S rRNA gene has been widely
used to detect and characterize AOB populations from various
environments (16, 28-30, 51). More recently, the approach has
also been demonstrated to be feasible when targeting the
amoA gene (36). In this study, DGGE was used to screen
libraries of amoA clones and to profile the AOB populations
based on amoA retrieved from the root and soil environments.

Bands corresponding to Nitrosomonas-like and Nitrosospira-
like sequences migrated to the top and bottom halves, respec-
tively, of DGGE gels (Fig. 1). This agrees with results of Oved
et al. (36), although our environmental profiles were generally
more complex. This might be explained by the two-step am-
plification procedure that was performed to link armoA with the
GC clamp as described above. During preliminary experi-
ments, we found that amplification of environmental samples
using the primer pair with the GC clamp was sometimes less
efficient compared to that with the original primers. Further-
more, the introduction of a second PCR step allowed us to
load more-uniform amounts of DNA in the DGGE gels, since
we could use a measured amount of template (1.5 to 2 ng) for
the second PCR and limit the additional cycles in order to
minimize errors in amplification. This strategy probably in-
creased the yield of nonspecific amplification products, al-
though the detection of less-predominant authentic sequences
was also probably increased. Since amoA library clones could
be used as reference bands, we confined our analysis to bands
with corresponding clones. Based on comparisons between
individual amoA clones and the environmental profiles, we
were able to determine that the two most prominent bands in
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FIG. 1. (A) DGGE of amoA retrieved from the rhizosphere of three rice varieties. Band designations represent cloned amoA sequences
displaying similar migration rates in the DGGE gel. Abbreviations: UP, unplanted; IR, IR63087-1-17; MA, Mahsuri; KD, KDML 105. (B) DGGE
of amoA PCR products retrieved from roots and rhizosphere soil. Band designations represent cloned amoA sequences displaying similar migration
rates in the DGGE gel. Arrow D5, B21, B34, K2, H4 and arrow 11, K4 denote bands that may be composed of different amoA sequences
represented by designated clones. Lanes 1 and 2, unplanted soil; lanes 3 and 4, IR63087-1-17; lanes 5 and 6, Mahsuri; lanes 7 and 8, KDML 105.

Abbreviations: rt, root; rz, rhizosphere.

Fig. 1 may actually correspond to up to two and five different
amoA clones, respectively.

The environmental profiles show that certain AOB strains
are more prominent in the presence of rice roots. In particular,
bands represented by Nitrosospira clones 11, K4, and J4 appear
prominently only in the planted treatments (Fig. 1A). The
levels of detection of amoA by PCR and Nitrosomonas by
DGGE are compared to their respective detection levels by
using FISH in Table 1. In general, amoA was detected in all
(roots, rhizosphere, and unplanted soil) samples. DGGE bands
corresponding to Nitrosomonas, however, were consistently
detected only in the root environment of IR63087-1-17, par-
ticularly in the root samples. This was supported by FISH
estimates, which detected around three times as many Nitro-
somonas cells on the roots of IR63087-1-17 as on the roots of
the traditional varieties.

Phylogenetic analysis of all the sequenced amoA clones re-
lated one major cluster (cluster A) of sequences to Nitrosomo-
nas europaea and two clusters (clusters B and C) with two
different strains of Nitrosospira multiformis (Fig. 2). There was
rough agreement between clusters generated by phylogenetic
analysis and clone mobility in DGGE gels, indicating that a
limited amount of phylogenetic information could be derived
from DGGE analysis. The similarities of the retrieved se-
quences to the DNA and amino acid sequences of the cultured
sequences were greater than 80 and 85%, respectively. Based
on this criterion (39), all the sequences described in this study
are likely to be different strains of either N. europaea or N.
multiformis. Based on clone frequency, Nitrosomonas se-

quences were retrieved at a higher frequency from IR63087-
1-17 roots, while Nitrosospira-like amoA sequences were pre-
dominant in all other cases (Fig. 3). While these frequencies
are based only on single libraries consisting of a small number
of clones (20 to 38) from each DNA source, the contrast in
AOB population structure associated with roots is partially
supported by FISH data (below).

The FISH approach. A thin (usually <100-pum-thick) biofilm
was observed on the surface of all root samples examined. The

TABLE 1. Detection of AOB and Nitrosomonas spp. in root,
rhizosphere, and soil by PCR, DGGE, and FISH*

AOB (Nitrosomonas) detected by:

Sample umod PCR®  DGGE" FISHE (107 cells
[cm? of roots] ")
KDML roots +++ (+) 50x08(1.2=04)
Mabhsuri roots +++ (-) 6.0+ 1.0(1.3+04)
IR63087 roots +++ (+++) 68=x12(4.0=0.3)
KDML rhizosphere +++ (+) ND
Mabhsuri rhizosphere +++ (=) ND
IR63087 rhizosphere +++ (++) ND
Unplanted soil +++ (+) ND

“PCR was used to amplify the ammonium monooxygenase gene (amoA)
which was subsequently resolved by DGGE. Cell densities were detected by
FISH using group-specific oligonucleotide probes.

b Symbols: +, ++, and +++, presence of amoA or (Nitrosomonas) PCR
product in one, two, or three replicates, respectively; —, no product was detected
in all replicates. Qualitative results from three replicates are presented.

¢Means (n = 15) of cell densities = 95% confidence limits (all symbols and
values in parentheses refer to Nitrosomonas).
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FIG. 2. Fitch-Margoliash tree of amoA sequences recovered from rice root environment. The sequences span a common stretch of 450
nucleotide bases corresponding to the fragment amplified by the amoA primer pair (minus primer sequences). Sequences in boldface type were
generated during this study. Clones were selected from three clone libraries by DGGE. Prefixes indicate the cultivar source of amoA as follows:
IR, IR63087-1-17; MA, Mahsuri. Numbers at bifurcations represent percentage bootstrap values (100 repetitions). The scale bar represents 10%

sequence divergence.

roots themselves were strongly autofluorescent, and using epiflu-
orescence microscopy, it was possible to see the biofilm as a dark
coating on the root surface (Fig. 4A). On whole root sections, it
was possible to detect individual cells and cell clusters stained by
Nso190 (Fig. 4C and D). However, the abundance of AOB was
relatively low, their distribution was uneven, and root autofluo-
rescence was strong, making quantification impossible on whole
root sections. These problems were solved by applying moderate
sonication to root samples and probing only the detached biofilm,

QXNitrosomonas-like  ® Nitrosospira-like
1004
801
601
401

pereent

Roots Roots

Mahsuri

| Rhizosphere
IR63087-1-17

FIG. 3. Frequencies of clones containing Nitrosomonas-like and Ni-
trosospira-like amoA sequences. The clone libraries were generated by
PCR of the amoA gene retrieved from IR63087-1-17 roots (22 clones)
and rhizosphere (38 clones) and Mahsuri roots (24 clones).

which could be concentrated on a small surface area (diameter, 8
mm) on glass slides. After sonication, fine root hairs that are
typically embedded within the biofilm were revealed (Fig. 4B).
This suggests that the increase in root surface area attributed to
root hairs may be highly relevant in relation to processes occur-
ring within the biofilm

Differences were detected in the general bacterial constitu-
ents of the root biofilms of different cultivars. The cells on
Mabhsuri biofilms were generally larger, with clearer outlines
and brighter fluorescence compared to indigenous populations
on the other two varieties (Fig. 4E and F). No significant
differences were detected in the total abundance of cells on the
root biofilms of the three varieties. However, because cells on
Mahsuri biofilms were generally larger, the total bacterial bio-
volume was nearly twice that present in the other varieties (Fig.
41). These observations suggest that root exudates from Mah-
suri favor the development of more heterotrophic copiotrophs.

Detection and quantification of AOB and Nitrosomonas spp.
Under conditions favorable to nitrification, AOB generally oc-
cur as large aggregates within thick (>100-pm-thick) biofilms
and are frequently associated with nitrite-oxidizing bacteria
(22, 35, 46). In whole root sections, we were able to detect
clusters of AOB (Fig. 4C and D), although individual cells
dispersed unevenly within the biofilm were also frequently
observed. It was difficult to make a more detailed analysis of
their distribution in situ because of root autofluorescence and
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FIG. 4. CLSM images of rice roots and root surface biofilm samples. (A) Rice root before sonication; (B) rice root after sonication; (C) biofilm
situated on root surface; (D) close-up of boxed region in C. (E to H) Root biofilm samples detached from root surface by sonication: Mahsuri
biofilm (E), IR63087-1-17 biofilm (F), and biofilm showing stained AOB (G). (H) Same image as in panel G, but showing all bacterial cells stained
by probes Eub338 (green) and Nsm156 (red). Colocalization of probes produces a yellow color. (I) Total cell abundance expressed as cell densities
and biovolumes. Error bars indicate 95% confidence intervals. Scale bars in CLSM images are in units of micrometers.

their scant and uneven distribution relative to the total bacte-
rial community. While our in situ observations were limited,
they do suggest that a mixed community of AOB is present on
rice roots, based on cell aggregation characteristics. After son-
ication, the AOB were mostly dispersed; hence, we should
assume that dispersal of aggregates and some cell loss could
have occurred during sonication. This may have led to a certain
degree of underestimation in our counts. The AOB cells had
diameters between 0.5 and 1.0 pm and were usually short or
curved rods and spheres (Fig. 4D and G).

We detected no significant differences in the abundances of
AOB among the three rice cultivars (Table 1). However, sig-
nificantly higher (P < 0.05) levels of Nitrosomonas cells were
detected in the root biofilms of IR63087-1-17 (Table 1). In this

study, we considered the Nitrosomonas density subtracted from
the total AOB cell density to reflect the abundance of Ni-
trosospira spp., since all terrestrial AOB are comprised of ei-
ther Nitrosomonas or Nitrosospira spp. based on 16S rRNA
sequences (24, 52). The percentage of Nitrosomonas associated
with IR63087-1-17 ranged from 40 to 69% of the total AOB
(based on the ratio of ranges between 95% confidence inter-
vals). In the case of KDML 105 and Mahsuri, the Nitrosomonas
cells ranged from 7 to 23% of the total AOB, and therefore,
the predominant AOB present on roots of these varieties are
Nitrosospira spp. The presence of a higher proportion of Ni-
trosomonas cells on roots of IR63087-1-17 corresponded with
the highest gross nitrification rates measured among the three
varieties and unplanted soil (Table 2). Population estimates of
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TABLE 2. Gross nitrification and mineralization rates®

Gross nitrification rate  Gross mineralization rate

Sample (pg of N - g of soil ! (pg of N - g of soil !
day ') day™")
Soil from rice cultivar
KDML 105 025 A 1.24 A
Mahsuri NSD? 1.28 A
IR63087-1-17 122 B 135 A
Unplanted soil NSD 0.93

“Means (n = 3) followed by the same letter are not significantly different
based on least significant difference comparison of means (a = 0.05).
> NSD, no significant dilution of the label was detected.

Nitrosomonas on root biofilms were positively correlated (R? =
0.93) with gross nitrification rate estimates. The latter lacked
enough sensitivity to provide reliable estimates for Mahsuri
and unplanted soil. This may be attributed to low soil ammo-
nium N pools (5 to 8 pg of NH, "-N [em? of soil] ") relative to
the added ""NO;~ (30 pug NO; -N [cm? of soil] " "). The rel-
ative differences between estimates, however, should be valid
and indicate that significantly lower nitrification rates are as-
sociated with Mahsuri and unplanted soil than with the other
treatments.

We did not attempt to estimate the abundance of AOB in
the rhizosphere soil. PCR for amoA, however, did not yield
significantly more product from the rhizosphere soil of
IR63087-1-17 (data not shown). Since the PCR conducted in
this study was not meant to be quantitative, we cannot make
reliable generalizations based on these results. We also failed
to detect significant differences in N mineralization rates ob-
tained by the different treatments (Table 2). Collectively,
therefore, our data indicate that root surface populations of
AOB play a major role in determining the nitrification rates in
the root environment.

It is recognized that AOB tend to be surface attached rather
than free living (1, 3), and the degree of surface attachment is
stronger than that of heterotrophic bacteria (1). In general,
bacteria attached within biofilms are more resistant to a variety
of environmental stresses (19). Such an advantage would be
necessary for slow-growing bacteria such as AOB. Notably, it
has been shown that biofilm populations of N. europaea re-
cover faster from starvation than do their free-living counter-
parts (12). Another response to starvation is the production of
exopolysaccharides (48), which would promote stronger sur-
face attachment. This characteristic would be relevant for
AOB attached to rice roots, since we would expect the bacteria
to be in a starved state between periods of fertilization. Be-
tween the two genera of AOB, enhanced aggregate formation
has been observed for Nitrosomonas in the marine environ-
ment (37) and on membrane filters (26). Since cell aggregates
within biofilms may be more resistant to extraction, the failure
of DGGE to accurately reflect the levels of Nitrosomonas as-
sociated with the rice roots may have arisen from difficulties in
extracting the Nitrosomonas DNA from the root samples.

Oxygen excretion from roots. The existence of intervarietal
differences in the flux of oxygen from rice roots has been
recognized since 1969 (8), although such differences have
never been convincingly linked to the ecology of any group of
soil aerobes. Nitrosomonas strains have been described as r

AOB IN ROOT ENVIRONMENT OF RICE 3073

IR63087-1-17
g 120
3 100
e’
= 3
-
=t
o ® g
S
40
3
° T T T
0 1 2 3 4
Distance from root surface (mm)
Mahsuri
- 120
§ 100
S’
o 80 4
- 2
= 60
[P+
80
>,‘§ 40 3
% o
[=] g 20
8 i 1 4
0 L] T ) 1
o 1 2 3 4
Distance from roct surface (mm)

FIG. 5. Oxygen concentration profiles from the surface of roots of
3-week-old rice plants grown in culture solution.

strategists, with low substrate affinities and high maximum ac-
tivity compared to the K strategist Nitrosospira (6, 45, 46). In
pure culture, N. europaea exhibits K,,, (O,) values between 6.9
and 17.4 uM. Oxygen concentration measurements on the rice
root surface were generally higher than these values (Fig. 5),
but in the case of Mahsuri, oxygen could become more limiting
in the presence of heterotrophic bacteria, which are generally
superior competitors for oxygen compared to AOB (38, 54).
We have observed large, active, and presumably heterotrophic
bacteria on root biofilms derived from Mahsuri (Fig. 4E). At
present, no kinetic data with respect to oxygen are available for
Nitrosospira spp. However, Nitrosospira spp. occurring in a
nitrifying fluidized bed reactor exhibited K, (NH,") values
that were 1 to 2 orders of magnitude lower than values for N.
europaea (45). This might also imply that Nitrosospira spp. have
a higher affinity for oxygen, which would explain their predom-
inance in Mahsuri. On the other hand, aside from the kinetic
data cited for N. europaea, experiments conducted on a mem-
brane-bound biofilm system also demonstrated the ability of V.
europaea to outcompete Nitrosospira spp. at high substrate and
O, concentrations (44). Therefore, the greater abundance of
Nitrosomonas spp. on the roots of IR63087-1-17 can be partly
explained by the higher O, concentration on the root surface.
However, since Nitrosomonas spp. also require relatively high
NH, " concentrations, we also expect the turnover of NH, " in
the root environment of TR63087-1-17 to be different from
those of other rice varieties.

In conclusion, we have demonstrated, using molecular meth-
ods, an enrichment of AOB on rice root surfaces. The levels of
AOB root abundance detected in this study are 2 to 3 orders of
magnitude higher on a volume basis than densities usually
encountered in soils, including estimates in an aerobic soil
obtained by a FISH technique (2, 25, 40). In soils, AOB typi-
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cally comprise <1% of the total bacterial community, while on
rice roots, they constituted >10%. Based on the known phys-
iologies of Nitrosomonas and Nitrosospira, their respective
abundances on the root surfaces of the different rice varieties
could be partially explained by the differences in oxygen re-
lease from rice roots, which ultimately resulted in different
rates of gross nitrification associated with each variety. We
have not yet determined the temporal stability of the associa-
tions described. However, since biofilm populations are gen-
erally resistant to environmental stresses (19), these are likely
to be stable through time. Studies to determine whether the
nature of N uptake by the plant can affect the nature and
activity of AOB on the root surface will be presented in a
separate report. In an intensively cultivated crop such as rice,
the microbial activities associated with roots are not likely to be
trivial. Further characterization of this component of the rhi-
zosphere communities should provide valuable insight into the
nature of N cycling in the rice root environment.
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