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Both inorganic fertilizer inputs and crop yields have increased
globally, with the concurrent increase in the pollution of water
bodies due to nitrogen leaching from soils. Designing agroecosys-
tems that are environmentally friendly is urgently required. Since
agroecosystems are highly complex and consist of entangled webs
of interactions between plants, microbes, and soils, identifying
critical components in crop production remain elusive. To under-
stand the network structure in agroecosystems engineered by
several farming methods, including environmentally friendly soil
solarization, we utilized a multiomics approach on a field planted
with Brassica rapa. We found that the soil solarization increased
plant shoot biomass irrespective of the type of fertilizer applied.
Our multiomics and integrated informatics revealed complex inter-
actions in the agroecosystem showing multiple network modules
represented by plant traits heterogeneously associated with soil
metabolites, minerals, and microbes. Unexpectedly, we identified
soil organic nitrogen induced by soil solarization as one of the key
components to increase crop yield. A germ-free plant in vitro assay
and a pot experiment using arable soils confirmed that specific
organic nitrogen, namely alanine and choline, directly increased
plant biomass by acting as a nitrogen source and a biologically
active compound. Thus, our study provides evidence at the agro-
ecosystem level that organic nitrogen plays a key role in
plant growth.
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Agroecosystems are among the most inextricable self-
organizing systems, with different levels such as plants, mi-

crobes, and soils interacting with each other and responding to
different management practices, but they remain largely un-
explored at the system level (1, 2). Although factors contributing
to crop production have been pursued on an individual biotic
and abiotic basis, the interaction between different levels in an
agroecosystem carries unpredictability regarding agriculturally
relevant crop phenotypes (3). In addition to plant responses
against biotic and abiotic environmental factors, microbial
function depends on their microhabitats, and plants modulate
microbial community profile using phytohormones and metab-
olites (4–6). These complex interactions in agroecosystems give
the capacity to self-organize through a series of continuous
negative biological feedback loops (7). Thus, agroecosystems
show dynamic changes governed by complex interactions via
external signals.

Current agricultural management systems predominantly hold
the simplified view centered on inorganic nitrogen based on the
theory of mineral plant nutrition proposed by Justus von Liebig
in 1840. This theory implies that plants acquire nutrients mostly
in the inorganic form. Since nitrogen availability is a major factor
determining plant growth, von Liebig’s vision transformed agri-
culture with the invention of the Haber–Bosch process, which
chemically converts nitrogen gas into ammonia, and the industrialization
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of chemical fertilizer, eventually feeding the world population (8).
However, current concern about environmental burdens of
chemical fertilizer has forced us to revisit sustainable agriculture
utilizing natural nutrient cycles and biological feedback mecha-
nisms in soils (9, 10). Therefore, the comprehensive under-
standing of the multilevel interactions in view of agroecosystems
is vitally important.
As an environmentally friendly farming method, soil solari-

zation (SS) uses nature’s inexhaustible source of solar energy to
disinfest soil-borne plant pathogens and remove weeds without
using chemicals, and is also reported to improve plant growth, a
phenomenon known as the increased growth response (IGR)
(11). The SS-induced IGR has been reported in numerous field
trials with various types of soils including silty clay and sandy
loam, and with a broad range of crops such as tomato, eggplant,

Chinese cabbage, and okra (11–17); therefore, SS can be a widely
applicable agricultural crop production method (18, 19). Several
hypotheses for the mechanisms explaining the SS-induced IGR
have been proposed to date, such as changes in macro- and
microelements in the soil such as nitrogen-containing com-
pounds and several minerals, the elimination of minor patho-
gens, the release of growth regulator-like substances, and the
stimulation of beneficial microorganisms. However, key com-
ponents contributing to IGR are still unknown.
Recent development of multiple omics tools has enabled the

generation of large datasets that can be used to understand
complex agroecosystems (1). These datasets allow us to de-
termine exactly how soil metabolic, mineral, and microbial
components are organized into a network structure, but such an
approach has not been undertaken to date to the authors’
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Fig. 1. SS-induced IGR is detected in the crop grown on an agricultural field. (A) Split-plot designed field for B. rapa var. perviridis cultivation and exper-
imental design for integrating omics approach. Analysis methods denoted with a dagger were used for integrated network analysis. (B) Number of weeds in
each plot on harvest. Eudicots (gray) and monocots (black) were separately displayed. (C) Shoot dry weight (n = 8 plants) and leaf images at harvest stage
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knowledge. Here, we explored the responsive structure of an
agroecosystem engineered by several farming methods, leverag-
ing several omics technologies such as metabolome, ionome,
microbiome, and phenome as well as integrated informatics. We
revealed the network module structure behind the agro-
ecosystem and identified SS-induced organic nitrogen as a key
component contributing to crop yield.

Results
SS-Induced IGR in a Crop Grown on an Agricultural Field. To dissect
agroecosystems engineered by different farming methods, we
grew Japanese mustard spinach (Brassica rapa var. perviridis) in a
split-plot designed agricultural field in which the main effect was
SS and the subeffect was fertilizer, monitored by several envi-
ronmental sensors (Fig. 1A and SI Appendix, Fig. S1). Day ac-
cumulated soil temperature was over 1,000 °C during SS, and
∼200 mV soil redox potential (Eh) was maintained after SS at
10 cm soil depth (SI Appendix, Fig. S1), where facultative an-
aerobic bacteria prefer to propagate (20). Consistent with
previous observations (16), SS decreased weed coverage, while
we also detected that organic compost decreased weed cover-
age even in the nonsolarization (NS) plot (Fig. 1B and SI Ap-
pendix, Fig. S2). SS increased dry weight of plant shoots
irrespective of the type of fertilizer (Fig. 1C), confirming the
SS-induced IGR effect (11, 14, 15). Given that the crop phe-
notypic quality (i.e., metabolite profile, leaf shape traits, pho-
tosynthesis rate, sugar content, leaf chlorophyll, and taste
index) was not significantly different between SS and NS
treatments (SI Appendix, Table S1), SS likely induced addi-
tional nutrient release in the soil and stimulated physiological
and morphological changes in plants to increase nutrient ac-
quisition, rather than modifying the growth/immunity trade-off
in plant resource allocation. In addition, we observed a robust
IGR effect on crop yield (fresh weight [g]/m2) even after
swapping the locations of SS and NS plots in the following year
(SI Appendix, Fig. S3).

Soil Metabolic, Mineral, and Bacterial Dynamics in the Agroecosystem.
To detect changes in soil metabolic, mineral, and bacterial profiles
in the agroecosystem where the SS-induced IGR was observed, we
performed NMR-based metabolomics, ICP-OES-based ionomics,
and bacterial 16S rRNA gene amplicon sequencing (Fig. 1A).
Principal component analysis (PCA) of all soil metabolome and
ionome data indicated that soil samples were grouped separately
from each other depending on each experimental plot, validating
our experimental treatments (Fig. 2A). Unexpectedly, the con-
centrations of soil inorganic nitrogen (NH4

+-N and NO3
−-N) were

not significantly different between experimental treatments at ei-
ther seeding or harvest stages (Fig. 2B), indicating that the SS-
induced IGR effect observed in this study might be caused by the
increased flux rates of nitrogen (i.e., rate of uptake by plants) in SS
soils while maintaining equilibrium of decomposition of organic
forms into inorganic forms among the treatments, or different
from the prevailing idea that inorganic nitrogen is the major ni-
trogen source for agricultural crops. Consistent with a previous
observation that SS increases soluble organic matter (15), an
abundance test using a false discovery rate (FDR) of <0.05 be-
tween SS and NS treatments showed that organic nitrogen was
transiently depleted at seeding stage but eventually enriched at
harvest stage in the SS plot (SI Appendix, Table S2 and Figs. S4
and S5).
As reported in previous studies with Arabidopsis and rice

microbiome (21, 22), nonmetric multidimensional scaling (NMDS)
with the Bray–Curtis dissimilarity (β diversity) using family-level
operational taxonomic units (OTUs) allows us to detect the
differentiation of soil and rhizosphere bacterial community
structure (permutational multivariate analysis of variance
[PerMANOVA], df = 1, Fmodel = 16.5, P < 0.001). The

detected differentiation might be caused by the heterogeneity
of dispersions between soils and rhizosphere (permutational
analysis of multivariate dispersions [PERMDISP], df = 1, F =
15.9, P < 0.001). Interestingly, the effect of SS was detected
only on the community structure of rhizosphere bacteria but
not of soil bacteria (PerMANOVA, df = 1, Fmodel = 8.25, P <
0.001; and df = 1, Fmodel = 1.45, P > 0.05, respectively; Fig. 2C).
The PERMDISP analysis indicated that the differentiation of
rhizosphere bacterial community structure induced by SS
reflected change in the bacterial profile and not in the hetero-
geneity of dispersions (df = 1, F = 4.38, P > 0.05). Drastic dif-
ferences in the proportions of phyla among SS and NS treatments
were detected: the phyla Firmicutes and Deinococcus-Thermus
were enriched, while Verrucomicrobia, Planctomycetes, Spiro-
chaetes, Acidobacteria, and WS2 were depleted, in the rhizo-
sphere bacterial profile in SS plots compared to NS plots (FDR <
0.05; Fig. 2D and SI Appendix, Fig. S6). In addition, we found that
the genera Paenibacillus (phylum Firmicutes) and Pseudomonas
(Proteobacteria), known as plant growth-promoting rhizobacteria
(23, 24), are highly enriched in the rhizosphere bacterial profile in
the SS plot (SI Appendix, Fig. S6), and indeed these bacteria can
be isolated from plant roots grown in SS-treated soils (25). These
data demonstrate that SS assembles and maintains the specific
community profile of rhizosphere bacteria at the phylum level
although the profile of soil bacteria was disrupted during plant
cultivation.

Integrated Network Identifies Organic Nitrogen as a Key Component
in the Agroecosystem. In the agroecosystem we investigated, the
SS treatment and not the type of fertilizer mainly explained the
variation in the integrated all-omics data including plant phe-
nome, plant metabolome, soil metabolome, soil ionome, and
rhizosphere microbiome (SI Appendix, Fig. S7; principal com-
ponent 1 explains 18.9% of the variance). To gain an insight into
the responsive network structure in the agroecosystem, we con-
structed an unsigned correlation network using the integrated
all-omics data. The resultant network has 9 major modules in-
cluding more than 20 nodes determined by the Fast–Greedy
modularity optimization algorithm (Fig. 3A and SI Appendix,
Table S3). This indicates that the complex interactions seen in
the agroecosystem show multiple network modules represented
by plant traits heterogeneously associated with soil metabolites,
minerals, and bacteria, which share a key structural similarity to
other biological network systems. The module M7, which in-
cludes shoot dry weight, has soil organic nitrogen as highly
interconnected hub metabolites, in addition to minerals and
rhizosphere bacteria such as thermophilic bacteria, reflecting the
pattern of SS treatment (Fig. 3 B and C). The M7 was connected
with other modules (M1, M4, M5, and M8) having traits related
to crop quality such as taste, brix, plant sodium, and plant ni-
trogen, but not the module M6 having inorganic nitrogen NO3

−-
N in soils (Fig. 3A and SI Appendix, Fig. S8). This allows us to
hypothesize that soil organic nitrogen detected in the M7 directly
affects plant growth and is a key component induced by SS
during crop production.

SS-Induced Organic Nitrogen Directly Increases Crop Yield.We tested
this hypothesis by application experiments of the SS-induced
organic nitrogen identified from the integrated network analy-
sis. To exclude the possibility that bacteria and soil enzymatic
activity could mineralize organic nitrogen, we established an
in vitro germ-free B. rapa var. perviridis system. Shoot biomass of
B. rapa was similar when grown with equal amounts (5 mM ni-
trogen) of inorganic nitrogen or alanine, while N-methylglycine,
valine, and leucine inhibited plant growth (Fig. 4 A and C and SI
Appendix, Fig. S9). This suggests that organic nitrogen such as
alanine can increase plant shoot biomass as a nitrogen source. In
addition, supplemental application of organic nitrogen (1% of
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the total nitrogen amount) with inorganic nitrogen revealed that
the application of choline, alanine, or leucine with inorganic
nitrogen increased the shoot biomass of B. rapa compared with
only inorganic nitrogen under the equivalent nitrogen concen-
tration (Fig. 4 B and C and SI Appendix, Fig. S9). Given that
choline stimulates the photosynthetic activity in protoplasts (26,
27) and foliar application of choline was reported to enhance the
growth of grass species (28), choline could function as a bi-
ologically active compound to enhance plant growth. This was
confirmed by the fact that the supplemental application of cho-
line (0.17% of the total nitrogen) with sufficient inorganic ni-
trogen (30 mM nitrogen) still enhanced the growth of B. rapa (SI
Appendix, Fig. S10).
On the contrary, our in vitro assay suggests that alanine could

be utilized not only as a nitrogen source but also as a biologically
active compound. To reveal how a plant can uptake and utilize
alanine without the presence of bacteria and soil enzymatic ac-
tivity, we once again used our germ-free B. rapa system with the
application of dual-labeled (15N, 13C) alanine into roots to detect
the unique spectrum of the dual-labeled alanine in the shoot
using LC-MS. Our data clearly showed that intact, labeled ala-
nine was transported into young shoot tissue within 1 h, and
subsequently into mature shoot tissue for up to 6 h (Fig. 4D). In
addition, the 13C derived from the dual-labeled alanine treated
in the root were detected in the alanine, succinic acid, glutamine,
and proline in the shoot by NMR (Fig. 4E and SI Appendix, Fig.
S11), suggesting that absorbed alanine is metabolized into other
amino acids through the tricarboxylic acid (TCA) cycle within
6 h. The autoradiograph obtained using labeled alanine (14C-alanine)

confirmed that the 14C derived from alanine accumulated in
the proliferative region of young leaves at the shoot apex
(Fig. 4F and SI Appendix, Fig. S12). These data suggest that B.
rapa can absorb and utilize alanine as a nitrogen source,
possibly bypassing the common mineralization pathway to save
metabolic energy of converting absorbed inorganic nitrogen
into amino acids (29, 30).
Finally, to reproduce the effect of alanine in the agricultural

field, we performed a pot experiment using two different types of
arable soils. Consistent with our in vitro assay, the application of
alanine increased the growth of B. rapa in both gray lowland soil
and andosol to the same extent as that of inorganic nitrogen
(Fig. 4 G and H). The concentration of alanine decreased and
the concentration of nitrate tended to increase in soils during
plant cultivation (Fig. 4I), suggesting that alanine in soils can be
directly absorbed by plants as well as decomposed to inorganic
nitrogen. Taken together, our data suggest that SS could lead to
the accumulation of organic nitrogen that is likely to function as
direct and indirect nitrogen sources as well as biologically active
compounds to increase crop production.

Discussion
Our study detected a heterogenous module structure among the
complex interactions observed in an agroecosystem under dif-
ferent management practices (Fig. 2). This suggested that com-
ponents in the different soil parameters interact with each other
to orchestrate a complex agroecosystem or “black box,” which
has hindered attempts to explain the link between “input” from
different management practices and “output” in the form of
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plant phenotype. Based on the detected module structure, we
assessed what soil components are associated with plant phe-
notype without any biases. Surprisingly, we found that organic
nitrogen and not inorganic nitrogen is an important component
to covary with crop performance in the SS-induced IGR effect
(Fig. 3), which is confirmed by in vitro assay and pot experiment
using arable soils (Fig. 4). On the contrary, soil inorganic ni-
trogen positively correlates with sugar content in the plant (SI
Appendix, Fig. S8) owing to the fact that supply of inorganic
nitrogen stimulates photosynthesis but does not always increase
yield because of the complex internal regulation within plants
(31). In addition to soil organic nitrogen, the module M7 has
several rhizosphere bacteria including Paenibacillaceae and
Thermaceae (Fig. 3). These bacteria might have specific func-
tions in crop production and engage in the construction of a
representative microbiome type in the agroecosystem (1). No-
tably, alanine and choline were detected by the integrated net-
work analysis but not by the pair-wise comparison. Using only
metabolome data, PCA can find that the contributed metabolites
distinguishing the SS and NS treatments included alanine and
choline (SI Appendix, Fig. S13), whereas the integrated network
analysis using multiomics data can detect the correlation be-
tween these soil metabolites and crop yield. This indicates that
our integrated omics approach has predictive power to detect
multilevel interactions between plants, microbes, and soils and
identify key components in agricultural field research.
Despite intensive studies on organic nitrogen in plant nutri-

tion, the contribution of organic nitrogen to the crop yield is still

unclear and controversial (32–37). Agricultural crops are clearly
able to absorb amino acids even in the presence of inorganic
nitrogen (33–35, 37). In addition, an amino acid transporter is
involved in the uptake of amino acid in the field (36). However,
the fraction of uptake of intact amino acids is lower compared
with the uptake of inorganic nitrogen in the agricultural field,
while tree species show higher rates of uptake of organic nitro-
gen (33). Thus, direct evidence that organic nitrogen contributes
a significant amount of nitrogen to plant nutrition in an agri-
cultural field is lacking (30). Our study assessing the responsive
interactions in the agroecosystem demonstrated that organic
nitrogen, and not inorganic nitrogen, covaries with crop yield in
the agricultural field. Our in vitro assay using artificial media and
a pot experiment using arable soils revealed that the application
of amino acids led to an increase in crop yield, although the
active nitrogen forms remain unclear. Taken together, this study
shows a clear case that the presence of organic nitrogen in soils
play a vital role in plant nitrogen nutrition.
We found a decrease in the soil C/N ratio during plant culti-

vation, but could not detect any differences in the C/N ratio
among SS and NS treatments at the seedling and harvest stages
(SI Appendix, Table S2). Although higher-resolution measure-
ments of nitrogen concentration are necessary, this suggests that
the SS treatment might not be affecting the whole process of
decomposition of organic nitrogen but rather produces a specific
type of organic nitrogen. Our network analysis indicates that the
module correlated with crop yield includes rhizosphere bacteria
in addition to organic nitrogen. Therefore, there is a possibility
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Fig. 3. Integrated network identifies the rhizosphere microbes and organic nitrogen sources correlating with the crop yield. (A) Integrated network con-
structed based on unsigned correlation network with a Fast–Greedy modularity optimization algorithm. Nodes and edges represent omics measurements and
correlation-based interactions between omics measurements, respectively. Edge width indicates the weight of interaction. The nine major modules (from M1
to M9) are represented by different colored nodes. (B) The correlation network of integrated data categorized into M7 module. The size and color coding of
nodes indicate log strength and strength, respectively, whose value sums up the weights of the adjacent edges for each node. (C) Heatmap visualization of
M7 module. SS, soil solarization; NS, nonsolarization. Organic nitrogen sources denoted by an asterisk were used for the in vitro assay.
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Fig. 4. Organic nitrogen can be utilized to increase crop yield. (A) Evaluation of organic nitrogen as a nitrogen source (5 mM nitrogen concentration) for
plant shoot growth (n = 4 plant culture boxes; n = 3 plants grown in each plant culture box). (B) Evaluation of organic nitrogen as supplemental application
(1% of the total nitrogen amount) with inorganic nitrogen for plant shoot growth (n = 4 plant culture boxes; n = 3 plants grown in each plant culture box).
(C) Images represent 14-d-old B. rapa seedlings for each treatment. (Scale bar: 1 cm.) (D) Incorporation of dual-labeled alanine into shoot tissue analyzed by
LC-MS. (E) The 13C-labeled compounds (i.e., alanine, succinic acid, glutamine, and proline) metabolized from the absorbed alanine detected by NMR. De-
ducible 13C-13C bondomers are indicated by red lines, and unconfirmed positions of 13C label are indicated by black dots. (F) Accumulation of 14C in the shoot
traced with labeled alanine. (Scale bars: 1 cm.) (G) Evaluation of alanine by pot experiments using field soils (n = 6 and 5 pots; n = 3 plants grown in each pot)
for gray lowland soil and andosol, respectively (*P < 0.05 and **P < 0.01, unequal-variance t test compared with mock and ammonium nitrate for A and G and
B, respectively). (H) Images represent 18-d-old B. rapa seedlings grown on gray lowland soil for each treatment. (Scale bar: 3 cm.) (I) Changes in concentrations
of alanine and nitrate in soils during the pot experiments (0, 1, and 2 wk). Different letters indicate significant differences determined by one-way ANOVA
followed by a Tukey’s test compared within each treatment (P < 0.05).
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that these bacteria might have some functions in the de-
composition of specific type of organic nitrogen. Since alanine
stimulates the transport activity of alanine in rice (38) and cho-
line increased root biomass even in the presence of inorganic
nitrogen (SI Appendix, Figs. S9 and S10), SS-induced organic
nitrogen might reprogram plants to increase the acquisition of
organic nitrogen. Our findings imply that organic nitrogen can
contribute to plant nutrition, with the potential to decrease the
usage of chemical fertilizer in future crop production.

Materials and Methods
Experimental Design and Sampling. The experiments were performed in a
plastic greenhouse (∼5 m × 40 m) located in Chiba Prefecture, Japan (35.6°N,
140.3°E), where the type of soil was andosol and no plants were cultivated in
the previous year. A split-plot designed agricultural field was prepared with
SS treatments as the main effect and fertilizers as the subeffect, i.e., SS with
organic compost, SS with chemical fertilizer, NS with organic compost, and
NS with chemical fertilizer. There were two plots prepared for each treat-
ment (a total of eight plots; size, 2.2 × 8 m per plot). Organic composts (18%
C, 2% N measured by CN analyzer [2400 CHNS/O Series II System; Perki-
nelmer Japan]; estimated available nitrogen supply rate 50%) made from
sorghum, cow dung, pig feces, and chicken manure were applied at
4 kg m−2, and chemical fertilizer (14% CH4N2O, 14% P2O5, 14% K2O; CAINZ)
was applied at 0.3 kg m−2. The application amount was determined to
equalize available nitrogen among organic and chemical fertilization. Or-
ganic compost and chemical fertilizer were applied on September 6, 2016.
All plots were plowed after the application and moistened by sprinkler ir-
rigation. Soil solarization was carried out by mulching soils with a plastic
sheet for a total of 36 d from September to October. The temperature and
moisture content of soil at a depth of 10 cm during the solarization period
were collected by an environmental sensor (Vegetalia) in the field. The
plastic sheet was removed on October 19, 2016, and Japanese mustard
spinach (B. rapa var. perviridis) was sown on October 20, 2016. The Japanese
mustard spinach was harvested on December 15, 2016. Soils at seeding and
harvest stages were collected at a depth of 10 cm for soil metabolomics and
ionomics, while soils at a depth of 10 cm between plants and rhizosphere
including root tissues (3 cm from shoot/root junction) at harvest stage were
collected using RNAlater stabilization solution (Thermo Fisher Scientific) for
bacterial microbiome analysis, with two replicates for each experimental
plot. These samples were kept at −20 °C until sample preparation. Plants at
harvest stage were collected with two replicates for each experimental plot
and kept at 4 °C. After transferring plants to the laboratory, the phenotypic
traits (described later) were measured within 1 week. Soils and plants were
collected from the middle two places of each plot to minimize the border
effect. In 2017, the plots of SS and NS treatment were swapped in the same
field, and the experiment was repeated. Organic compost and chemical
fertilizer were applied on July 5, and soil solarization was carried out for a
total of 47 d from July to August. Japanese mustard spinach was sown on
August 23, and the harvest was carried out on September 25, 2017.

Phenotypic Trait Measurement. Chlorophyll content, brix, acid, and photo-
synthesis traits were measured with the largest true leaf from each individual
plant. SPAD values (proportional to the chlorophyll content) were measured
by a chlorophyll meter spectrophotometer (SPAD-502Plus; Konica Minolta
Japan). Brix and acid values (percent) were quantified with a digital brix/acid
refractometer (PAL-BX/ACID3; ATAGO). Chlorophyll fluorescence was mea-
sured using a Pulse Amplified Modulation fluorometer (JUNIOR-PAM; Walz).
The maximum photochemical quantum yield of photosystem II (PSII; Fv/Fm)
and effective quantum yield of PSII [Y(II)] were calculated (39). Major nu-
tritional quality traits of the crop (brix [%], antioxidation [TE mg/100 g],
vitamin C [mg/100 g], NO3 [mg/L], and taste index [five-point scale]) in whole
shoot were measured by the outsourced service provided by Delica Foods.
The above traits would be changed during storage, but the measurements
were performed for all samples at the same time. Also, the phenotypic traits
are important in terms of postharvest shelf life. Morphological phenotypic
traits such as shoot height, root length, and number of leaves (count >1 cm
true leaves) were measured. To assess dry weight for a leaf (the largest true
leaf) and whole shoot, they were dried at 80 °C for 5 d and then weighed.
Detailed leaf traits such as leaf area, length, width, and leaf index (length/
width) were measured for the largest true leaf in ImageJ (40). Amounts of
weed and insect damage in each plot were investigated at 16, 40, and 55 d
after seeding.

Ionomics and Metabolomics Analysis. To determine the concentration of
water-soluble inorganic nitrogens such as ammonium and nitrate ions, these
compounds were extracted with water (soil-to-water ratio of 1:5). Reflec-
toquant test strips (Merc) were soaked in the extract, and the concentration
of each compound was determined by a RQflex reflectometer with standard
calibration (Merc). For ionomic analysis, 50 mg of the sieved soils and the
powdered plant samples were extracted according to a previous study (41)
with only a slight modification. The extracted elements were measured on
SPECTROBLUE EOP (SPECTRO) with previously reported operating parame-
ters (42). In addition, samples extracted from soil with 1 M ammonium ac-
etate (soil-to-ammonium acetate ration, 1:5) were measured by inductively
coupled plasma-optical emission spectrometry (ICP-OES, Perkinelmer Japan).
To obtain the metabolome data showing an unbiased profile of major
metabolites that can be used for plants, we performed the NMR analysis
because NMR data are highly reproducible and quantitative over a wide
dynamic range to directly detect the profile of metabolites with less bias
(43). For metabolomic analysis, 15 g of soil and 50 mg of plant material were
extracted with water solvent according to previous studies (44, 45). The
extracted metabolites were measured on an NMR spectrometer (AVANCE II
700; Bruker Biospin) with a Bruker standard pulse program “jresgpprqf”
using the parameters of 8 scans, 16 dummy scans, 32 (f1) and 16 K (f2) data
points, and 50 Hz (f1) and 16 ppm (f2) spectral widths. The obtained spectra
were preprocessed and peak-picked based on regions of interest (ROIs) as
per a previous study (46). Soil extracts were also measured with “hsqcetg-
psisp2.2” pulse program using the parameters of 128 scans, 16 dummy scans,
256 (f1) and 1,024 (f2) data points, and 140 (f1) and 14 (f2) ppm spectral
widths. Metabolite annotations were performed using SpinAssign (47)
(dmar.riken.jp/spinassign/) and SpinCouple (48) (dmar.riken.jp/spincouple/)
programs, and annotated metabolites were further validated with reference
to HMDB (49) (https://hmdb.ca/). Since the metabolite annotations using
only software-based analysis cannot distinguish choline and acetylcholine in
our data set, we performed an additional spiking experiment using refer-
ence standards including choline chloride (Wako Pure Chemical) and ace-
tylcholine (FUJIFILM Wako Pure Chemical) to assess the annotation. Choline
or acetylcholine was added to the extracted metabolites from soil at the
concentration of 0.5 mM. The spiked mixtures were measured with a Bruker
standard pulse program “jresgpprqf” using the parameters of 16 scans, 16
dummy scans, 16 K (f2) data points, and 16 ppm (f2) spectral width. The
obtained spectra were converted by skyline projection to one-dimensional
data. To quantify carbon and nitrogen, dried soil was wrapped in tin cap-
sules and measured by CN analyzer (2400 CHNS/O Series II System; Perkinelmer
Japan).

Microbiome Analysis. DNA was extracted from the collected soils and rhizo-
sphere using our custom protocol (50). Samples were transferred from
RNAlater stabilization solution into a chilled mortar by liquid nitrogen, re-
moving extra solution, and homogenized using a pestle. The ground sample
powder was transferred into the lysis/binding buffer, and the DNA was
extracted (50). DNA samples were eluted in 10 mM Tris·HCl and used for
bacterial community profiling. The DNA were used in a two-step PCR am-
plification protocol. In the first PCR, the V4 region of bacterial 16S rRNA was
amplified with 515f and 806rB frame-shifting primers fused with Illumina
sequencing primers (forward primer, 5′-TCG TCG GCA GCG TCA GAT GTG
TAT AAG AGA CAG-[3–6-mer Ns]–GTG YCA GCM GCC GCG GTA A-3′; reverse
primer, 5′-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G [3–6-mer
Ns]-GGA CTA CNV GGG TWT CTA AT-3′) (51, 52). Each sample (1 μL 100-fold
diluted DNA) was amplified in a 10-μL reaction volume containing 0.2 U KOD
FX Neo DNA polymerase (TOYOBO), 2× PCR buffer (TOYOBO), 0.4 mM dNTPs
(TOYOBO), and 0.2 μM forward and reverse primers as well as 1 μM blocking
primers (mPNA and pPNA; PNA BIO) to avoid contamination of mitochon-
drial and chloroplast 16S rRNA sequences (52). PCR was performed using the
following temperatures: 94 °C/2 min followed by 35 cycles at 98 °C/10 s,
78 °C/10 s, 55 °C/30 s, 68 °C/50 s, and a final extension at 68 °C/5 min (ramp
rate, 1 °C/s). To purify the PCR product, 2 μL ExoSAP-IT Express (Thermo
Fisher Scientific) was added in 5 μL of the PCR product and incubated at 37 °C
for 4 min, and enzymes were deactivated at 80 °C for 1 min. To complete P5/
P7 Illumina adaptors with 8-mer index sequences, the second PCR was per-
formed with the following primers: forward primer, 5′-AAT GAT ACG GCG
ACC ACC GAG ATC TAC AC- [8-mer index]-TCG TCG GCA GCG TC-3′; reverse
primer, 5′-CAA GCA GAA GAC GGC ATA CGA GAT-[8-mer index]-GTC TCG
TGG GCT CGG-3′ (53). Each sample (0.8 μL of purified first PCR product) was
amplified in a 10-μL reaction volume containing 0.2 U KOD FX Neo DNA
polymerase (TOYOBO), 2× PCR buffer (TOYOBO), 0.4 mM dNTPs (TOYOBO),
and 0.3 μM forward and reverse primers as well as 1 μM blocking primers
(mPNA and pPNA; PNA BIO). PCR was performed as follows: 94 °C/2 min
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followed by eight cycles at 98 °C/10 s, 78 °C/10 s, 55 °C/30 s, 68 °C/50 s, and a
final extension at 68 °C/5 min (ramp rate, 1 °C/s). The PCR products were
purified with 0.6 (vol/vol) of AMPure XP beads (Beckman Coulter). DNA
concentration was fluorescently determined, and equal concentrations of
the barcoded amplicon library were pooled. Paired-end Illumina sequencing
was performed using the MiSeq sequencer (Illumina). Raw sequencing reads
were processed using the Qiime software package (ver. 1.8.0) (54). Briefly,
sequence pairs were assigned to each sample according to their barcodes.
Low-quality reads were eliminated, and the remaining sequences were
clustered into operational taxonomic units (OTUs) using USEARCH (55) at
97% identity. Taxonomy of representative OTUs was assigned using Ribo-
somal Database Project (RDP) classifier (56) trained on the Greengenes da-
tabase (57). Bray–Curtis distance between samples was calculated using
vegan 2.4–4. The differences in OTU compositions were examined by the
permutational analysis of variance (PERMANOVA, 10,000 permutations) and
multivariate homogeneity of dispersions (PERMDISP) and visualized with
nonmetric multidimensional scaling (NMDS) using the Bray–Curtis distance
matrix as an input.

Integrated Omics Analysis. To integrate all omics datasets, data were filtered
such that at least four of the samples should have >0 value and merged into
one data matrix along with sample IDs. For the pairwise abundance test,
data were log2-transformed and subjected to unequal-variance t test to
compare between SS and NS, and an adjusted P value was calculated using
BH methods (FDR, false discovery rate) (58). For principal component analysis
(PCA) and correlation network analysis, data were z-score–normalized (R
scale function). PC values were calculated based on the normalized data
across samples (R prcomp function). Unsigned correlation network was
constructed using the weighted gene correlation network analysis (WGCNA)
package version 1.60 (59). The soft-thresholding power was chosen based on
a scale-free topology with fit index 0.9. An adjacency matrix with the se-
lected soft-thresholding power was calculated and transformed into a to-
pological overlap matrix (TOM). Using the TOM, network properties such as
strength were calculated, and the network was visualized using the igraph
package version 1.0.1 (60). A Fast–Greedy modularity optimization algo-
rithm was selected to define modules in the integrated network.

In Vitro Germ-Free B. rapa var. perviridis System. To prevent microbes from
decomposing organic nitrogen such as amino acids, an in vitro cultivation of
B. rapa var. perviridis from germination to developmental stages was
established under sterile condition. Seeds of B. rapa were sterilized in 1%
sodium hypochlorite solution for 1 min, followed by five washes with sterile
water. Seeds imbibed in sterile water were germinated on agarose medium
for 1 d. For the nutritional application experiment, inorganic nitrogen was
compared to seven different sources of organic nitrogen (L-alanine, L-valine,
L-isoleucine, L-leucine, choline, N-methylglycine). The concentration of ni-
trogen in each treatment was 5 mM. A total of 50 mM of each nitrogen
solution, L-alanine, L-valine, L-isoleucine, L-leucine, choline chloride,
N-methylglycine, and ammonium nitrate, was sterilized by filtering through
a 0.2-μm cellulose nitrate filter (Whatmann). N-free half-strength modified
Hoagland’s nutrient solution (3 mM K, 2 mM Ca, 1 mM P, 0.5 mM S, 0.5 mM
Mg) including 0.3% Gellan gum (Wako Pure Chemical) was placed in a vessel
(Magenta vessel; Sigma-Aldrich Japan) and sterilized at 121 °C for 20 min.
Sterilized nitrogen solutions were added to be equivalent to 5 mM nitrogen
concentration into the N-free nutrient solution before solidifying Gellan
gum. For the supplemental application experiment to evaluate organic ni-
trogen as a supplemental source, the nitrogen solutions in each treatment
were 0.05 mM nitrogen concentration for each organic nitrogen and
4.95 mM nitrogen concentration for ammonium nitrate. All in vitro culti-
vations were carried out in a final volume of a 100-mL medium. Three
germinated seeds were transferred to the aforementioned media and cul-
tured in a controlled chamber for 13 d at 25 °C under cycles of 16 h of light
and 8 h of dark. The experiments were conducted with four biological
replicates. Moreover, three germinated seeds (2 d after sowing) were cul-
tured in a half-strength Murashige–Skoog nutrient medium (30 mM N,
10 mM K, 0.63 mM P, 1.5 mM Ca, 0.75 mM Mg, 0.75 mM S, 1% sucrose, 0.8%
Gellan gum, pH 5.8) including 0, 0.05, 0.5, and 5 mM concentrations of
choline acetate (Agro Kanesho) in a controlled chamber for 12 d at 23 °C in
cycles of 16 h of light and 8 h of dark. These experiments were conducted
with five biological replicates. To ensure gas exchange for photoautotrophic
growth, a hole about 8 mm in diameter was drilled in the top of the cover,
and PTFE membrane filter with a 0.45-μm pore size (Milliseal; Merck) was
attached. The above-ground material was sampled and then dried at 70 °C
for 1 d and weighed.

Isotope Tracer Experiment. To evaluate direct absorption of alanine, germinated
B. rapawere cultured in half-strength Hoagland solution for 14 d under sterile
conditions and immersed for 1, 3, and 6 h in the culture solution containing
5 mM double-labeled L-alanine [13C3, 99% and 15N, 99%; *CH3*CH(*NH2)*COOH;
Cambridge Isotope Laboratories]. The expanded leaves and shoot apexes
were sampled separately. These samples were kept at −80 °C until they
were analyzed by LC-MS and NMR. LC-MS analysis can distinguish between
double-labeled L-alanine (MW 93.07) and internal L-alanine (MW 89.09);
this analysis was conducted by the outsourced service provided by Ana-
tech. To capture the metabolization of dual-labeled L-alanine, NMR
analysis was conducted as follows: 30 mg of plant material was extracted
with 600 μL MeOD solvent and measured with “hsqcetgpsisp2.2” pulse
program using the parameters of 16 scans, 16 dummy scans, 400 (f1) and
1,024 (f2) data points, and 40 (f1) and 14 (f2) ppm spectral widths. The
two-dimensional data were processed by SINE (f1) and QSINE (f2) window
function with 5.0 and 1.0 line-broadening factors, respectively. The SI
parameter (zero filling) on Bruker TopSpin software was also set to 2,048
for f1 before Fourier transformation. Four individual plants were used for
each experiment, and the experiment was repeated four times. To eval-
uate the carbon distribution of absorbed alanine in the shoot, B. rapa
cultured for 14 d were immersed in the culture solution containing 5 mM
alanine with 14C-alanine [5.9 kBq/mL, *CH3*CH(NH2)*COOH] for 1, 3, and 6
h. The above-ground material was cut and placed in contact with an im-
aging plate (IP; BAS IP TR; GE Healthcare) for autoradiogram of 14C. The IP was
exposed at −80 °C for 12 h. Radiation images recorded in the IP were scanned
with an image analyzer (FLA5000; Fujifilm) at a resolution of 100 μm.

Pot Experiment Using Arable Soils. To mimic an agriculturally relevant ex-
perimental system, the pot experiments were carried out using two different
types of field soils, andosol (pH 5.9, EC 0.14 dS/m, exchangeable Ca 386 mg
CaO/100 g, exchangeable Mg 69.7 mg MgO/100 g, exchangeable K 38.8 mg
K2O/100 g, CEC 34.0 mEq/100 g, NH4-N <0.1 mg/100 g, NO3-N 4.53 mg/100 g,
Truog-P 6.36 mg P2O5/100 g, phosphate absorption coefficient 2,623 mg/100 g)
and gray lowland soil (pH 7.0, EC 0.17 dS/m, exchangeable Ca 389 mg CaO/
100 g, exchangeable Mg 106 mg MgO/100 g, exchangeable K 42.3 mg K2O/
100 g, CEC 18.8 mEq/100 g, NH4-N 0.20 mg/100 g, NO3-N 1.89 mg/100 g,
Truog-P 46.4 mg P2O5/100 g, phosphate absorption coefficient 429 mg/100 g).
A total of 250 g of soil was mixed with 0.5 g of nitrogen in the form of
ammonium nitrate or alanine and put into a plastic pot (upper diameter 8
cm, depth 7 cm). A total of 0.33 g of superphosphate was also applied to the
Andosol (64 mg P2O5/100 g) to avoid phosphate deficiency. A treatment
without nitrogen was provided as a control. Nine seeds of B. rapa per pot
were sown, thinned out until three geminated seedlings at 5 d after sowing,
and then cultivated in a growth chamber (16 h light/8 h dark, 25 °C) for 16 d
for andosol or 13 d for gray lowland soils. Pots were regularly irrigated with
deionized water. The experiments were conducted with five biological
replicates in andosol and six biological replicates in gray lowland soil. The
plant shoots were harvested and washed with deionized water. After drying
at 80 °C for 2 d, the dry weight was measured. To measure the concentration
of alanine and inorganic nitrogen in soils during the cultivation period, 15 g
of each soil was collected at 0, 7, and 14 d after sowing and stored at −20 °C.
To quantify the concentrations of hot water-soluble alanine and nitrate in
soil, 2 g of soils were added to 8 mL of ultra-pure water containing 100 μM
of [13C3,

15N]-L-alanine (soil-to-water ratio, 1:2 wt/vol) and then heat-treated
in an aluminum block thermostat for 30 min at 110 °C with occasional
mixing. After centrifugation (1,000 × g, 10 min at room temperature), su-
pernatant was filtered with a membrane filter (pore size, 1 μm). Aliquot of
the extracts of 50 mg of soil was used for the quantification of alanine and
nitrate concentration. The concentration of alanine (nmol per g of soil) was
determined by using gas chromatography/time-of-flight mass spectrometry
(LECO), and the concentration of nitrate was determined by ion chromatography
(LC-20AD).

Data Accessibility. Nucleotide sequence data reported are available in the
DDBJ Sequence Read Archive under the accession number DRA007555.
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