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Abstract: In rice, symbiotic N fixation via nodule bacteroids does not take place naturally. Although N fixation
by endophytic and associative diazotrophs has been reported in rice, main organs and seasonal regulation for
the N fixation have not been elucidated. In this study, therefore, seasonal changes of nitrogenase (acetylene
reduction) activity and carbohydrate contents in culm internode (IN), basal nodes (BN), and crown root (CR)
were investigated in manure compost (MC)- and chemical fertilizer-applied rice. Nitrogenase activity increased
after rooting, and reached the highest activity in BN of MC-applied rice at panicle initiation. In BN of MC-
applied rice, the sucrose content was low whereas the higher glucose content was detected at panicle initiation.
Although bacterial and diazotrophic bacterial populations were most abundant in CR, the nitrogenase activity
seemed to be restricted by its trace sucrose and glucose contents. In addition, alpha-Proteobacteria and
Clostridia phyla were abundant in BN-specific bacterial microbiota at panicle initiation. These results suggest
that the increased N fixation in BN at panicle initiation might be sustained both by the non-structural
carbohydrate supply from photosynthetic apparatus and BN-specific bacterial microbiota including
diazotrophs.

Keywords: nitrogen fixation; rice; basal nodes; unelongated stem; manure compost; carbohydrate;
nitrogenase; nifH

1. Introduction

Symbiotic diazotrophic bacteria play a crucial role in biological N fixation (BNF) under catalysis
of nitrogenases, which can partly supply N compounds to host plants. N fixation in the symbiotic
associations between legume plants and diazotrophs inside root nodules are well known in
agricultural systems. Dicarboxylates (fumarate, succinate, or L-malate) are supplied from legume
plants to nodule bacteroids via the dicarboxylic-acid transport system, and these organic acids fuel
the energy for nitrogenase activity [1].

In the non-symbiotic systems, rhizosphere-associative diazotrophic bacteria fix N by using
carbon and energy sources supplied from the environment, and release the fixed N probably after
lysis of the bacterial cells [2]. In addition, endophytic diazotrophs are often observed and fix N with
a wide variety of plant roots including cereals. Dinitrogenase reductase-encoding gene, nifH, and its
expression have been detected in agronomically significant non-legume plants and their rhizosphere
such as the maize stems and roots, the maize rhizosphere soil, the sorghum roots and rhizosphere,
the switch grass shoots and roots, the sugarcane stems and roots, the sugarcane leaf sheath, and the
sweet potato stems and storage tubers [3]. It has been reported that the carbohydrate-rich mucilage
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secreted from the aerial roots of the maize landrace are enriched in many known diazotrophic species
and the homologs of genes encoding nitrogenase subunits, and harbor nitrogenase activity [4].

In terms of N fixation in paddy rice fields, the interface of the root-soil system has been reported
as the important site of N fixation, and the rhizosphere-associated bacteria responsible for the N
fixation were thought to be heterotrophic diazotrophs such as Azotobacter and Clostridia bacteria [5].
BNF by the methane-oxidizing methanotrophs takes place in the root tissues and also in the surface
soil. The functional genes for methane oxidation and plant association were abundant in rice roots
under low levels of N fertilizer application [6]. It has been shown that methane oxidation and N
fixation are simultaneously activated in the root zone of rice in low-N paddy fields, and both
processes are likely controlled by OsCCaMK gene encoding Ca?/calmodulin-dependent protein
kinase, which is the central component of common symbiosis pathway [7]. The short filaments and
coiled masses of N-fixing cyanobacteria were observed near the epidermis and cortex of roots and
shoot tissues [8]. It has been suggested that rice rhizosphere-associative bacteria compete carbon and
energy sources supplied from the environment between N fixation by diazotrophs and methane
emission by methanogens or sulfate reduction by sulfate-reducing bacteria [9]. However, there is
limited information about main organs and seasonal regulation for N fixation of rice cultured in
paddy fields.

A rice culm has 13-16 nodes, which are composed of the upper 4 to 5 nodes and the residual
basal nodes (BN) [10]. The node is a junction of vasculatures connecting to leaves, stems, panicles,
and roots. The long internodes (IN) are separated by the upper nodes and they participate in the culm
elongation [11]. On the other hand, BNs form an unelongated stem and they are connected to crown
roots (CR). It has been reported that the endophytic bacteria seem to enter the root of rice from the
rhizosphere, and colonize the root’s intracellular spaces, aerenchyma, and cortical cells, the vascular
tissue, the xylem vessels, the epidermal cells, the intracellular spaces, and the substomatal cavities of
leaves and stem [12-14]. Therefore, rice roots are exposed to and associated with various kinds of
rhizospheric bacteria including diazotrophs, whereas the rice vasculatures may contain abundant
carbohydrates produced by photosynthetic apparatus, which could be metabolized by diazotrophs
to fuel BNF.

In the previous study, long-term manure compost (MC) application to the paddy soil resulted
in the increases of potential nitrogenase activity and bacterial alpha diversity in the soil at the rice
panicle initiation stage, compared to those in the long-term chemical fertilizer (CF) application [15].
Therefore, bacterial microbiota in rice cultured in these plots may be affected by the differences in
soil bacterial microbiota and chemical compositions in these soils. In this study, seasonal changes of
nitrogenase activity, carbohydrate contents, and bacterial microbiota in IN, BN, and CR of rice
cultured in MC- and CF-applied plots were investigated from transplantation to ripening.

2. Materials and Methods

2.1. Rice cultivation and sampling

A rice plant (Oryza sativa ssp. japonica) cultivar Udai 21 was cultured in the research farm at
Utsunomiya University (Moka, Tochigi, Japan). CF (Japan agricultural cooperatives) and cow MC
prepared in the research farm have been separately applied to allophanic andosol fields since 1991.
In May and July, CF each equivalent to 3 kg N/1,000 m? was applied, while in March, MC equivalent
to 9.2 kg N/1,000 m? was applied. Three stocks each of rice plant were collected from 180 m? (MC)
and 270 m? (CF) plots on 7 June (rooting), 5 July (tillering), 2 August (panicle initiation), and 27
September (ripening). Soil of the rice stocks was shaken off from the root, the aerial part was removed
by scissors, and the residual part was washed with a gentle stream of tap water. The residual part
was cut and divided into 1-2 cm-length unelongated culm composed of BN, IN that was the 5 cm
upper section of the unelongated culm, and CR that had the 5 cm outer section of the unelongated
culm by scissors sterilized with 70% ethanol (Figure 1). The rice specimens were stored in plastic bags
both at 4°C and -30°C.
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Figure 1. The rice parts collected at panicle initiation. Pictures of IN (A), BN (B), and CR (C) were
shown.

2.2. Measurement of nitrogenase activity

Bacterial nitrogenase activity was measured by the acetylene reduction assay. The rice
specimens stored at 4°C were used in a day of sampling. Approximately 10 g fresh weight specimen
was poured into 100-mL Erlenmeyer flask without addition of external energy and electron sources
such as glucose. After covering the flask with a double cap (Kokugo, Tokyo, Japan), the flasks were
sealed with plastic tape. After injection of 5 mL acetylene through needle and syringe, the flasks were
incubated at 30°C for 24 h.

After incubation, 100 uL of gas phase in the flask was taken by Gastight syringe 81000 (Hamilton,
Reno, NV, USA), and ethylene formed was quantified by a gas chromatograph GC-4000 (GL Sciences)
equipped with a flame ionization detector and a capillary column Rt-Alumina BOND/KCI (30 m, 0.32
mm ID, 5 um df, Restek, Tokyo, Japan). N was used as a carrier gas at a flow rate of 3 mL/min. The
injector and column temperatures were kept at 200°C and 100°C, respectively.

2.3. Measurements of sucrose and glucose concentrations

The rice specimens stored at —30°C were used. Plant extracts containing carbohydrates were
prepared by treating approximately 0.04-1.44 g fresh weight rice specimens with 5 mL boiling
ethanol/water (4/1, v/v) 1-2 times [16]. Glass tubes for extraction were capped with glass marbles and
heated at 80-85°C for 10 min in an aluminum alloy block placed on a hot stirrer. The ethanol/water
extracts were put together, and volumes of the ethanol/water solution were measured. Sucrose and
glucose concentrations in the ethanol/water solution were measured using Enzytex liquid sucrose/D-
glucose (J.K. International, Tokyo, Japan) and Glucose CllI-test Wako (Fujifilm Wako Pure Chemical,
Osaka, Japan), respectively.

2.4. Evaluation of endophytic bacterial microbiota

The rice specimens stored at —30°C were used. DNA in rice IN, BN, and CR was extracted using
DNeasy Plant Mini Kit (Qiagen, Tokyo, Japan). In DNA extraction from rice plant, a 3-mm diameter
stainless steel bead (SUS304, Taitec, Koshigaya, Saitama, Japan) was put in NucleoSpin Bead Tubes
Type A (Macherey-Nagel, Diiren, Germany). Rice plant pieces placed in the beads tubes were
subjected to bead beater treatment using a beads crusher uT-12 (Taitec). Construction of the
metagenomic library targeting the 16S rRNA gene V3 and V4 region and sequencing by a next-
generation sequencer MiSeq (Illumina, San Diego, CA, USA) were performed with an NGS service
(Macrogen, Tokyo, Japan) as described previously. The primer sequences were trimmed, pair
sequence reads were merged, and the merged reads comprising 400-470 nucleotides were extracted
using Geneious Prime ver. 2019.2.3 (Tomy Digital Biology, Tokyo, Japan). Sequence data were
analyzed by mothur (v. 1.47.0) [17]. During the data processing, chloroplast sequences were identified
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and removed. Measurements of alpha diversity, beta diversity, and the relative taxonomic abundance
were performed according to the procedure described previously [15]. The sequences were classified
with the Greengenes reference database.

2.5. Quantification of bacteria read/chloroplast read and nifH/bacterial 16S rRNA gene
A ratio of bacteria read number to rice chloroplast read number was calculated by an equation:
Bacterial read/Chloroplastic read = (a — b)/b (1)

where a is the total read number and b is the chloroplast read number in the 16S rRNA gene-targeted
metagenomic analysis as described above.

Bacterial genes were amplified using quantitative PCR with KOD SYBR qPCR Mix (Toyobo,
Osaka, Japan) and primer sets of PolF (TGCGAYCCSAARGCBGACTC)/PolR
(ATSGCCATCATYTCRCCGGA) for nifH [18] and Univ-341-F (CCTACGGGAGGCAGCAG)/Univ-
907-R (CCCCGTCAATTCCTTTGAGTTT) for 16S rRNA gene [19,20]. The cycle threshold (Ct) of each
DNA sample extracted from the rice specimens was determined with ABI7500 real-time PCR system
(ThermoFisher Scientific, Tokyo, Japan). Relative concentrations for nifH (Cnitt) and 16S rRNA gene
(C1es rrna) were calculated using an equation of 1/2¢t. A ratio of nifH copy number to bacterial 165
rRNA gene copy number was calculated by an equation:

nifH/bacterial 165 rRNA gene = a- Criti/((a — b)- C16s:rNA) (2)

where a is the total read number and b is the chloroplast read number in the 16S rRNA gene-targeted
metagenomic analysis as described above.

3. Results

3.1. Seasonal changes of bacterial nitrogenase activity in the rice parts

In order to investigate the rice parts for endophytic and associative bacterial N fixation, rice
stocks were collected from CF and MC plots from June (21 d after transplantation, rooting) to
September (133 d, ripening). The bacterial nitrogenase activity was measurable without addition of
external energy and electron sources. The nitrogenase activity increased from June to August (77 d,
panicle initiation) in BN and IN whereas it increased from June to July (49 d, tillering) and then
decreased in August and September in CR (Figure 2). In August, it was significantly higher at BN
than IN and CR, and BN collected from MC-applied plot exhibited higher nitrogenase activity than
BN collected from CF-applied plot.
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Figure 2. Changes of nitrogenase activity in the rice parts after seedling transplantation. IN (triangle),
BN (circle), and CR (square) of rice cultured in MC-applied (red) and CF-applied (blue) plots were
sampled. A plot with an error bar indicates of a mean of measurements using 3 different stocks + SD.

3.2. Seasonal changes of sucrose and glucose contents in the rice parts

Seasonal changes of sucrose and glucose contents were observed in IN and BN (Figure 3). These
contents were low or not detected in CR from June to September, suggesting restriction of the
nitrogenase activity in CR by the low or undetectable concentrations of the carbon sources. In August,
regardless of the difference of applied materials, sucrose contents were lower in BN than in IN
whereas glucose contents were higher in BN than in IN. The result suggests that consumption of
sucrose and its metabolism to glucose might be activated in BN at panicle initiation.
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Figure 3. Seasonal changes of non-structural carbohydrate contents in the rice parts after seedling
transplantation. Sucrose (A) and glucose (B) contents in IN (triangle), BN (circle), and CR (square)
were measured in rice cultured in MC-applied (red) and CF-applied (blue) plots and sampled after
the days of seedling transplantation. A plot with an error bar indicates a mean of measurements using
3 different stocks + SD.

3.3. Bacterial and nifH abundances in the rice parts at panicle initiation

Bacterial DNA was extracted from IN, BN, and CR of rice collected from MC- and CF-applied
plots in August. Amplicon sequences of 16S rRNA gene V3 and V4 region revealed that the ratio of
bacterial DNA read numbers to chloroplastic read numbers was 0.5-2.3 in IN, 0.6-2.5 in BN, and 5.5-
9.7 in CR (Figure 4A). The result suggests that bacterial DNA was more abundant in CR than in IN
and BN. Furthermore, the ratio of nifH gene copy number to bacterial 16S rRNA gene copy number
was higher in CR than in IN and BN, and it was higher in CR of rice collected from MC-applied plot
than in CR of rice collected from CF-applied plot (Figure 4B). The result suggests that population of
diazotrophs among the total bacteria might be higher in CR than in IN and BN.
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Figure 4. Abundances of bacteria and nifH{ genes in the rice parts at panicle initiation. Bacterial
read/chloroplastic read (A) was calculated based on the 16S rRNA gene amplicon sequence.
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nifH/bacterial 165 rRNA gene (B) was calculated based on Ct values of the quantitative PCR. A column
with an error bar indicates a mean of measurements using 3 different stocks + SD.

3.4. Evaluation of bacterial microbiota in the rice parts at panicle initiation

The numbers of observed OTUs with given sequence numbers tended to be higher in CR-specific
bacterial microbiota in August (Figure 5). The observed OTU number in MC-applied CR steeply rose
with the sequence number increase compared to that in CF-applied CR. On the other hand, no
significant differences in the rarefaction curves were observed between MC-applied and CF-applied
rice plants in IN- and BN-specific bacterial microbiota.
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Figure 5. Rarefaction curves of OTUs observed in the bacterial microbiota of the rice parts at panicle
initiation. Curves for IN (green), BN (blue), and CR (red) of rice cultured in MC-applied (A) and CF-
applied (B) plots.

Alpha diversity within the bacterial microbiota of rice parts in August was measured with
Shannon and inverse Simpson indices. The higher values for both Shannon and inverse Simpson
indices were observed in CR than in IN and BN (Table 1). However, no differences in alpha diversity
were observed between the MC- and CF-applied rice parts.

Table 1. Shannon and inverse Simpson indices of the bacterial microbiota in the rice parts at panicle
initiation. A mean of measurements using data obtained from 3 different stocks + SD was shown.

Material applied  Rice part Shannon Inverse Simpson
IN 5.39 £ 0.63 145+6.2
MC BN 487 +1.34 15.6 £15.6
CR 6.46 £0.28 33.1+12.1
IN 5.45 +0.42 18.1+10.9
CF BN 5.35+0.33 23.7+14.0
CR 6.07 + 0.55 43.4+23.4

Beta diversity among the bacterial microbiota of rice parts in August were compared with the
principal coordinate analysis (PCoA). The dissimilarity of bacterial microbiota was observed between
CR and IN or BN (Figure 6). The coordinate points for the IN and BN bacterial microbiota were more
closely plotted. The bacterial microbiota in all the plant parts were not distinguished between MC-
and CF-applied rice.
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Figure 6. PCoA of the bacterial microbiota in the rice parts at panicle initiation. Coordinate points for
IN (green), BN (blue), and CR (red) of rice cultured in MC-applied (closed) and CF-applied (open)
plots. The dotted drawings show 95% confidence ellipses for IN and BN (blue) and CR (red).

Differences in the relative taxonomic abundances were compared within the bacterial microbiota
of rice parts in August. The class-level taxonomic profiles in the IN-, BN-, and CR-specific bacterial
microbiota were similar between MC- and CF-applied rice parts (Figure 7). In comparison with CR,
alpha-Proteobacteria class, among which an unclassified species of Rhizobiales order was included,
was abundant, and beta-, gamma-, and delta-Proteobacteria were decreased in IN and BN. Clostridia
class, among which two unclassified species of Clostridiales order were included, was specifically
higher in BN. An unclassified species of Veillonellaceae family, which belongs to Negativicutes class,
was specifically higher in BN. These results indicate higher abundances of total bacterial number and
nifH copy number in CR and the dissimilarity between CR- and IN- or BN-specific bacterial
microbiota.
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Figure 7. Class-level taxonomic profiles in the rice parts at panicle initiation. A column with an error
bar indicates a mean of measurements using data obtained from 3 different stocks + SD.

4. Discussion

Sucrose originated from carbon assimilation in leaves is transported and translocated from
photosynthetic apparatus to non-photosynthetic sinks such as fruits, seeds, and developing tubers
[21]. The synergy between abscisic acid and sucrose increased grain yield and quality by improving
the source-sink relationship. Thus, sucrose is an energy source of plants and a signaling molecule that
regulates plant development. This study showed that the sucrose content increased after rooting in
IN of rice culm. It has been reported that the upper leaf sheath of rice serves as a temporary starch
sink before heading and it subsequently becomes a carbon source tissue to the growing panicle at the
post-heading stage. The time of sink—source transition in upper leaf sheaths is highly correlated to
the panicle exsertion [22]. Although sucrose translocation might be activated at panicle initiation in
rice culm, the sucrose contents in BN were lower than those in IN. Considering the significantly
higher nitrogenase activity in BN compared to those in IN at panicle initiation, the translocated
sucrose may be consumed by the endophytic bacteria in BN to fuel the nitrogenase activity. In
addition, there is another possibility that the translocated sucrose might be hydrolyzed into glucose
and fructose by various isoforms of invertase [23]. Grasses including rice have the ability to buffer
the sink—source interaction by transiently storing carbohydrates in stem tissue when production from
the source is greater than whole-plant demand [24]. Cells surrounding rice stem small vascular
bundles accumulated more non-structural carbohydrates than those surrounding large vascular
bundles before heading via enhancing sucrose hydrolysis and starch accumulation in small vascular
bundles [23]. In this study, the high glucose contents were observed after tillering, suggesting that
the glucose contents detected in BN might originate from the translocated sucrose and the glucose
contents might sustain the nitrogenase activity in BN after tillering. It has been shown through
cultivation of the rice genotypes for 2 years that the stem N-fixing (acetylene reduction) activity was
correlated with the stem levels of soluble sugars [25]. The rice basal nodes as a junction of the vascular
systems are important in distribution of iron and zinc, which are taken up by root, to leaf sheath,
developing tiller bud, and panicle [26,27]. Considering possibility that rhizosphere bacteria enter root
and might be distributed to the rice parts through the vascular systems as shown in the cases of iron
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and zinc, the basal nodes could be the first part for the endophytic bacteria to contact to high
concentrations of non-structural carbohydrates. The results in this study together with the knowledge
from preceded studies suggest that basal nodes of rice unelongated culm might be a main part for N
fixation by endophytic diazotrophs at panicle initiation and thereafter, which was affected by the
contents of translocated non-structural carbohydrates such as sucrose and glucose.

This study revealed that the ratio of bacterial read number to rice chloroplastic read number and
the ratio of nifH gene copy number to bacterial 165 rRNA gene copy number were higher in CR DNA
than in IN and BN DNA. It was also shown that the number of OTUs with given sequence numbers
and the indices of alpha diversity were higher in CR-specific bacterial microbiota than those in IN
and BN. These results suggest that total bacterial and diazotrophic bacterial populations might be
more abundant and diverse in CR than in IN and BN. It has been reported that more diverse
endophytic bacterial OTUs are detected in roots than in stems of rice samples [28]. In addition, nifH
gene copy numbers are not significantly correlated with N-fixing activities in soil even in the presence
of external glucose and malate solution [29-31]. Considering that no or trace amounts of sucrose and
glucose were detected in CR throughout the rice cultivation period, it could be concluded that the
lower nitrogenase activity in CR might be due to the restriction of carbon source supply even in the
presence of abundant and diverse populations of diazotroph.

PCoA and comparison of relative taxonomic abundances in rice bacterial microbiota at panicle
initiation indicated the dissimilarity of bacterial community structures between CR and IN or BN.
The class of alpha-Proteobacteria and an unclassified species of Rhizobiales order were abundant in IN
and BN, whereas beta-, gamma-, and delta-Proteobacteria were abundant in CR. The class of Clostridia
and two unclassified species of Clostridiales order were specifically higher in BN. The phylum
abundances of rice root and stem have been demonstrated in the preceded studies. Endophytic
bacterial diversity in rice root consists of alpha, beta, gamma, delta, and epsilon subclasses of
Proteobacteria, and Cytophaga/Flexibacter/Bacteroides (CFB) phylum [32], and the dominant group was
beta-Proteobacteria [33,34]. In the stems of four rice genotypes, the classification by class levels have
revealed that alpha-Proteobacteria is the most prevalent at the heading stage [25]. The previously
shown dominant phyla, beta-Proteobacteria in root and alpha-Proteobacteria in stem, are consistent
with the dominant phyla shown in this study. BNF by some diazotrophic bacteria like Azotobacter,
Clostridium, Azospirillum, Herbaspirillum, Burkholderia, and Rhizobium can substitute for urea-N in CF
[35]. In addition, several Rhizobium species have been isolated from rice root and rhizosphere [36—40].
In the class of Negativicutes, which was not a dominant class in the rice parts, an unclassified species of
Veillonellaceae family was specifically higher in BN-specific bacterial microbiota. The high abundance
of Veillonellaceae family has been shown first on rice straw and only later in the rice straw-amended
soil [41]. Metagenomic analysis targeting 16S rRNA gene have reported the increase of Veillonellaceae
family in the rice base including 10 cm stem and 1 cm root caused by Azospirillum sp. B510 inoculation
[42]. Uncultivated diazotrophs such as Veillonellaceae and Costridiaceae dominated the communities of
responsive phylotypes in anaerobic soil microcosms amended with glucose and glucose plus urea [43].
Therefore, unclassified species of Rhizobiales and Clostridiales orders and Veillonellaceae family may be
responsible for N fixation in BN with the translocated and metabolized carbohydrates at panicle
initiation.

In this study, factors that enhanced the nitrogenase activities in BN of MC-applied rice at panicle
initiation could not be clarified. It has been suggested that low N application leads to the increased
accumulation and remobilization of stem starch and non-structural carbohydrates in the rice cultivar
SY63 via increases of the activities of adenosine diphosphate-glucose pyrophosphorylase, starch
synthase, starch branching enzyme, a-amylase, 3-amylase, and sucrose phosphate synthase [44]. In
addition, this study showed that the sucrose contents in MC-applied rice BN were maintained at
lower levels than those in CF-applied rice BN. Therefore, soil nutritional conditions such as the lower
ammonia contents caused by MC application [15] may result in changes of non-structural
carbohydrate flux and consumption of carbon sources by endophytic bacteria in BN of rice
unelongated culm.
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5. Conclusions

BN of unelongated culm exhibited the highest nitrogenase activity and the decreased sucrose
content at panicle initiation of rice cultured in MC-applied plot. Although bacterial and diazotrophic
bacterial populations were higher in CR than in BN, the trace nitrogenase activity was detected in
CR, suggesting restriction of the activity by the limited carbohydrate supply from photosynthetic
apparatus to CR. In IN and BN at panicle initiation, alpha-Proteobacteria including an unclassified
species of Rhizobiales order was abundant in BN and IN, and Clostridia phylum and an unclassified
species of Veillonellaceae family were specifically higher in BN. It is likely that the BN-specific bacterial
microbiota together with the higher contents of glucose in BN might participate in the increased
nitrogenase activity at panicle initiation and ripening.
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