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Abstract

Saponins are the group of plant specialized metabolites which are widely distributed in angiosperm plants and have various
biological activities. The present study focused on a-tomatine, a major saponin present in tissues of tomato (Solanum lyco-
persicum) plants. a-Tomatine is responsible for defense against plant pathogens and herbivores, but its biological function
in the rhizosphere remains unknown. Secretion of tomatine was higher at the early growth than the green-fruit stage in hy-
droponically grown plants, and the concentration of tomatine in the rhizosphere of field-grown plants was higher than
that of the bulk soil at all growth stages. The effects of tomatine and its aglycone tomatidine on the bacterial communities
in the soil were evaluated in vitro, revealing that both compounds influenced the microbiome in a concentration-
dependent manner. Numerous bacterial families were influenced in tomatine/tomatidine-treated soil as well as in the to-
mato rhizosphere. Sphingomonadaceae species, which are commonly observed and enriched in tomato rhizospheres in the
fields, were also enriched in tomatine- and tomatidine-treated soils. Moreover, a jasmonate-responsive ETHYLENE
RESPONSE FACTOR 4 mutant associated with low tomatine production caused the root-associated bacterial communities
to change with a reduced abundance of Sphingomonadaceae. Taken together, our results highlight the role of tomatine in
shaping the bacterial communities of the rhizosphere and suggest additional functions of tomatine in belowground biologi-
cal communication.

Introduction biological activities and play important roles in plants’ adap-
tation to environments and defense against pathogens and
herbivores (Pichersky and Lewinsohn, 2011). Plants secrete
PSMs into the rhizosphere, which is the zone of soil in close
proximity to the roots (Hiltner, 1904; Hartmann et al.,, 2008;

Plant specialized metabolites (PSMs) are the family of at
least 1,000,000 structurally and functionally diverse com-
pounds (Afendi et al, 2012). These compounds have various
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van Dam and Bouwmeester, 2016). Secreted PSMs contrib-
ute to the plant’s response to nutrient deficiency and the
symbiosis, attraction, and repelling of soil-borne organisms,
with concomitant influence on the microbiota (Massalha
et al,, 2017; Guerrieri et al,, 2019).

Saponins are the group of PSMs composed of an aglycone
hydrophobic backbone bound to hydrophilic saccharides
such as glycosides. The amphiphilicity of these molecules
results in soap-like and surface-active properties. Saponins
are classified into three types according to aglycone struc-
ture: triterpenoid saponins, steroidal saponins, and steroidal
glycoalkaloids (SGAs). They are biosynthesized from a com-
mon precursor, 2,3-oxidosqualene, via cyclization, oxidation,
and glycosylation; these biosynthetic pathways have been in-
tensely studied (Moses et al, 2014; Cardenas et al, 2019).
Saponins are widely distributed in angiosperm plants and
have a diverse range of biological properties including anti-
bacterial, antifungal, insecticidal, and molluscicidal activities
(Sparg et al, 2004 Augustin et al, 2011). They have also
been found to have hemolytic activity, sweet or bitter tastes,
foaming and emulsifying properties, and various pharmaceu-
tical effects (Vincken et al, 2007, Cheok et al, 2014
Upadhyay et al, 2018). In contrast to the biosynthesis and
functions of saponins in planta, their secretion from plant
roots and biological functions in the rhizosphere are not
well characterized, although secreted saponins are thought
to have protective properties against pathogens and herbi-
vores due to their anti-microbial properties (Francis et al,
2002). For instance, avenacin A-1—an oat (Avena strigosa)
root triterpenoid saponin—is secreted from the roots and
has been suggested to inhibit fungal growth and protect
against various soil-borne fungi (Carter et al, 1999; Field
et al, 2006). Through their studies on hydroponically grown
plants, Tsuno et al. (2018) demonstrated that leguminous
plants, including soybean (Glycine max) and Medicago trun-
catula, secrete soyasaponins, which are triterpenoid saponins
commonly accumulated in legumes. It was recently shown
that soyasaponin Bb enrich Novosphingobium, suggesting a
potential role of saponins in modulating the rhizosphere mi-
crobial communities (Fujimatsu et al., 2020).

Among the saponin family, SGAs are commonly found in
Solanaceae plants and exhibit a variety of bioactivities in-
cluding toxicity toward diverse organisms such as bacteria,
fungi, insects, worms, animals, and humans (Milner et al,
2011). The well-known SGA o-tomatine is a major compo-
nent of all tomato (Solanum lycopersicum) plant tissues,
with particularly high levels existing in the leaves and green
fruits (Friedman, 2002). This compound is composed of agly-
cone tomatidine with an oligosaccharide group, lycotetraose.
To date there have been four oxidases, four glycosyltransfer-
ases, a dehydrogenase, and two reductases identified as
enzymes involved in the biosynthesis of a-tomatine, which
proceeds from 2,3-oxidosqualene via cholesterol as an inter-
mediate (ltkin et al, 2011, 2013; Sawai et al, 2014
Umemoto et al, 2016; Nakayasu et al, 2017; Sonawane
et al, 2018 Akiyama et al, 2019; Lee et al, 2019). In
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addition, the expression of these biosynthetic genes has
been found to be coordinately regulated by a jasmonate-
responsive transcription factor of the APETALA2/ETHYLENE
RESPONSE FACTOR family, JRE4/GAME9 (Cardenas et al,
2016; Thagun et al, 2016). Although tomatine has been
shown to have antifungal effects, tomato pathogens such as
Fusarium oxysporum f. sp. lycopersici degrade tomatine to
the less toxic compound tomatidine using tomatinase, an
extracellular hydrolase (Lairini et al, 1996; Sandrock and
VanEtten, 1998). This detoxification of tomatine has been
reported to be essential for the full virulence of pathogens
toward tomato plants to be realized (Pareja-Jaime et al,
2008; Okmen et al, 2013). A low tomatine-producing JRE4
mutant (jre4-1) shows decreased resistance to the generalist
herbivore Spodoptera litura larvae in the above-ground parts
(Nakayasu et al, 2018). Tomatine is also phytotoxic toward
lettuce (Lactuca sativa) and two weeds (Echinochloa crusgalli
and Lolium perenne), and inhibits the germination of a to-
mato parasitic plant, Phelipanche ramosa (Rial et al., 2018).
These findings indicate that tomatine is involved in the de-
fense against pathogens and herbivores, as well as suppres-
sion of the growth of surrounding plants. Although the
secretion of tomatine from plant roots has been demon-
strated (Kirwa et al., 2018; Rial et al, 2018; Korenblum et al,,
2020), the function of tomatine in the rhizosphere remains
unclear. In the present study, we discovered that tomatine
is highly secreted during the early growth stages of hydro-
ponically grown plants. By comparing the bacterial commu-
nities of tomatine- and tomatidine-treated soils with tomato
rhizosphere (Figure 1), we elucidated the role of these PSMs
in terms of their modulation of bacterial communities to
form the tomato rhizosphere via enrichment of
Sphingomonadaceae.

Results

Accumulation and secretion of tomatine and
tomatidine in hydroponically grown tomato plants
The results of quantification of the saponin contents of
leaves, roots, and root exudates of 3-, 5-, 7-, 9-, and 11-
week-old tomato plants are shown in Figure 2. The toma-
tine content in the leaves was found to be 1.3-2.7 umol (g
fresh weight [FW])™", and it had a trend to increase at later
growth stages. In contrast, the tomatine concentration in
the roots was highest at 3 weeks old (1.5 umol g FW™"), af-
ter which it decreased (Figure 2, C and D). The tomatine
contents of both leaves and roots were substantially higher
than those of its aglycone, tomatidine (Figure 2, C and D).
In root exudates, the tomatine content per gram of root tis-
sue (FW) was the highest at 3 weeks old (52 nmol g FW™'
day™"), after which it decreased (Figure 2, E). The tomatine
concentrations of root exudates were higher than those of
tomatidine at 3, 5, and 7 weeks (Figure 2, E).
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Figure 1 Experimental design to study tomato growth in hydroponic system, field, and pot, and in vitro experiment to analyze the effect of toma-
tine or tomatidine on soil bacterial communities. Details for these experiments are described in the “Materials and methods” section.

Accumulation and secretion of tomatine and
tomatidine from field-grown tomato plants
Quantification of the saponin contents of leaves, roots,
and rhizosphere soils of field-grown tomato plants at
both the flowering and green-fruit stages (Figure 3, A
and Supplemental Figure S1, A) revealed the tomatine
contents of the leaves to be 13 and 15 umol g FW™'
during the flowering and green-fruit stages, respectively,
and 093 and 073 pumol g FW™' during the flowering
and green-fruit stages, respectively, in the roots
(Figure 3, B and Supplemental Figure S1, B). The toma-
tine contents were substantially higher than those of
tomatidine. The tomatine contents of leaves of hydro-
ponically and field-grown tomato plants were compara-
ble, whereas the roots of field-grown tomato plants

contained substantially higher levels of tomatine than hy-
droponically grown plants (Figures 2, C and D, 3, B and
Supplemental Figure S1, B). The tomatine contents of
rhizosphere soil were 032 and 096 pmol g soil™' during
the flowering and green-fruit stages, respectively, and
tomatine contents were substantially higher than those
of tomatidine (Figure 3, C and Supplemental Figure S1,
C). Tomatine levels in the rhizosphere during flowering
and green-fruit stages of field-grown plants were compa-
rable (Figure 3, C and Supplemental Figure S1, C). In
the bulk soil, the levels of tomatine and tomatidine
were below the quantification limit. Overall, these results
suggest that tomatine is secreted from field-grown to-
mato roots and accumulates in the rhizosphere through-
out all stages of growth.
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Figure 2 Levels of tomatine and tomatidine in tissue samples and root exudates of hydroponically grown tomatoes during different growth stages.
A, The chemical structures of tomatine and tomatidine. B, Tomato plants at the different growth stages. The contents of tomatine and tomatidine
in (C) leaves, (D) roots, and (E) root exudates; n = 5. Different letters (a, b, and c for tomatine; A, B, and C for tomatidine) indicate statistically sig-
nificant differences (P < 0.05) for the contents of tomatine and tomatidine, respectively, by Tukey’s test. Error bars indicate standard deviation.

Effects of tomatine and tomatidine on bacterial
communities in the soil

Although the effects of PSMs on the bacterial communities
of the rhizosphere have been reported in several studies (Hu
et al, 2018; Stringlis et al, 2018; Chen et al, 2019; Huang
et al, 2019; Okutani et al, 2020; Voges et al, 2019), the
effects of SGAs on the rhizosphere microbiota are not yet
known. To analyze the effects of tomatine on the bacterial

communities of the rhizosphere, we added 10, 50, and 250
ug g soil”' of the pure compounds, that are, 10, 48, and 242
nmol g soil”' for tomatine, and 22, 111, and 553 nmol g
soil ™! for tomatidine, to field soil every 3 d for 15 d. After in-
cubation, the tomatine contents of the soils were found to
be 0.45-4.6 nmol g soil”', depending on the concentration
applied, and tomatidine was present in the range of 1.7-23
nmol g soil”' (Figure 4, A). The contents of tomatidine in
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Figure 3 Analysis of tomatine and tomatidine concentrations in tis-
sues of field-grown tomatoes and in soil samples. A, A photograph of
a tomato plant at the flowering stage. The concentration of tomatine
and tomatidine in (B) leaves and roots and (C) bulk and rhizosphere
soil; n = 3. Error bars indicate standard deviation.

the field soils after incubation with authentic tomatidine
ranged from 52 to 1.4 x 10° nmol g soil”' (Figure 4, B).
After 7 d of incubation, the tomatine content of nonsterile
soils decreased to 3.7%, while >70% of the initial tomatine
remained in y-ray-sterilized soils after 7 d (Figure 4, C), indi-
cating that biotic agents in the soil contribute to the degra-
dation of tomatine.

Analysis of the 16S rRNA amplicon sequence of tomatine-
and tomatidine-treated soils through evaluation of the bac-
terial diversity in each sample (o-diversity), estimated as
Shannon diversity, showed that both tomatine and tomati-
dine caused the a-diversity of soils to decrease when applied
at the middle or high concentrations (Supplemental Figure
S2). Distinct rhizosphere bacterial communities from bulk
soil were observed both in flowering and green-fruit stages
permutational  multivariate  analysis  of  variance
(PERMANOVA, P =0.001; Supplemental Figure S3 and

Nakayasu et al.

Supplemental Table S1). The a-diversity of the rhizosphere
soils was low compared with the bulk soil (Supplemental
Figure S2). In the principal coordinate analysis (PCoA), the
microbial diversity of untreated soil was clearly distinct from
that of tomatine-treated soil (PERMANOVA, P =0.003,
Figure 4, D and Supplemental Table S1) and from that of
tomatidine-treated (PERMANOVA, P = 0.001, Figure 4, E and
Supplemental Table S1), indicating that both tomatine and
tomatidine had a significant effect on bacterial assemblage.
Comparison of the bacterial communities of tomatine- and
tomatidine-treated soils with the bulk soil and rhizosphere
soils of tomato fields in flowering and green-fruit stages
revealed the distinction of bacterial communities between
field and in vitro samples ( Figure 5, A and Supplemental
Figure S4, A), but the weighted UniFrac distance between
tomatine-treated soils and the rhizosphere was smaller than
that between tomatine-treated soils and bulk soil
(Supplemental Figure S5, A). The weighted UniFrac distance
between tomatidine-treated soils and the rhizosphere was
also smaller than that between tomatidine-treated soils and
the bulk soil (Supplemental Figure S5, B). Tomatine and
tomatidine treatments caused the enrichment of 10 and 2
families, respectively, including families that are commonly
enriched in the tomato rhizosphere at the flowering and
green-fruit stages, respectively (Figure 5 B and C
Supplemental Figure S4, B and C, and Supplemental Table
S2). However, tomatine and tomatidine also caused the de-
pletion of 35 and 78 families, respectively ( Figure 5, B and
C, Supplemental Figure S4, B and C, and Supplemental
Table S2). These results suggest that the two compounds in-
fluence the rhizosphere by depleting, rather than enriching
bacterial taxa. Among the families that were enriched, only
Sphingomonadaceae was enriched in both tomatine-treated,
tomatidine-treated, and rhizosphere soils at both growth
stages ( Figure 5, B and C, Supplemental Figure S4, B and C,
and Supplemental Table S2). Among Sphingomonadaceae,
the relative abundance of bacteria from genus Sphingobium
was particularly enriched both in tomatine- or tomatidine-
treated soil and rhizosphere soil (Supplemental Figure S6,
A). Fifteen amplicon sequence variants (ASVs) were found
in Sphingobium, but one ASV (ASV 6) predominantly accu-
mulated in these soils (Supplemental Figure S6, B and
Supplemental Table S3).

Effect of the jre4 mutation on the bacterial
community of the rhizosphere

Previous studies have indicated that jre4-1 mutant accumu-
lates only a 9% of tomatine content compared with wild
type (WT) in the roots (Nakayasu et al, 2018). We found
that the tomatine contents of leaves, roots, and root exu-
dates of hydroponically grown jre4-1 tomato plants were
> 10-fold lower than those of WT plants (Figure 6, A and
B). The effect of the jre4 mutation on the bacterial commu-
nities was analyzed both in field-grown and pot-grown
plants. In field-grown conditions, the tomatine content in
the leaves and roots of jre4-1 plants was > 16-fold lower
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Figure 4 Analysis of the metabolites and bacterial communities of soils treated with tomatine and tomatidine. A, The residual contents of toma-
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respectively.

than those of WT plants (Figure 6, C). The tomatine con-
tent in the rhizosphere of jre4-1 plants was lower than the
WT; however, the difference was not statistically significant
(Figure 6, D). Bacterial communities of both rhizosphere and
root endosphere were analyzed in jre4-1 and WT plants to
reveal the effect of reduced tomatine biosynthesis on the
bacterial communities. The o-diversity of the rhizosphere

and root bacterial communities in jre4-1 plants was similar
to those in the WT in field-grown condition (Supplemental
Figure S7). PCoA showed a clear distinction between the
root microbiome in mutant and WT plants (PERMANOVA,
P = 0.027; Supplemental Table S1) but not between rhizo-
sphere microbiome (PERMANOVA, P =0.4; Supplemental
Table S1; Figure 7, A). After removing the low-abundance


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab069#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab069#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab069#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab069#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab069#supplementary-data

276 | PLANT PHYSIOLOGY 2021: 186; 270-284 Nakayasu et al.

A Weighted UniFrac PCoA C
0.10 4

Enriched families

Rhizosphere

0.05
Bulk

Rh

Tomatine-0
Tomatine-250
Tomatidine-0
Tomatidine-250

-0.054 '
o ‘A v

-0.104©

0.00 + A

PCo2 (22%)
>
>
>>r>oo

-0.1 0.0 0.1 0.2 Tomatine Tomatidine
PCo1 (59.6%)

[ Depleted families

3 -2 -10 1 2 3
log2 Fold Change Rhizosphere

()

Actinabacteria (c) Micrococcales (o) Celllomonadaceas ()
Deltaproteobacteria (c); Myxococcales (o); P30B-42 (f)
()

o

)

Bacteroidia (c); Chitinophagalos (o); Saprospiracoae (1

Actinobacteri (c); Micrococeales (0);Intrasporangiaceae (1)

Alphaproteobacteria (c); Rhizobiales (o); Rhizobiaceae (f)

Alphaproteobacteria (c): Rhizobiales (o): Beijerinckiaceae (1)
[

Actinobacteria (c); Micrococcales (o); Micrococcaceae
Actinobacteria (c); Micrococcales (o); Microbacteriaceae (1
)

tinobact
Alphaproteoba Sphingom s (o); Sphingomonadaceae (7)
)
Alphaproteabacteria (c); Rhizobiales (o); Devosiaceae ()
Actinobacteria (c); Streptomycetales (o); Streptomycetaceae (1
Bacteroidia (c); Cylophagales (o); Hymenobacteraceae (1)
Actinobacteria (c); Propionibacteriales (0); Nocardioidaceas (1)

Ignavibacteria (c); OPBS6 (o); metagenome (1)
Bacteroidia (c); Sphingobacteriales (o): env.OPS 17 (1)
Longimicrobia (c); Longimicrobiales (o); Longimicrobiaceae ()

Verrucomicrobiae (o) Opituales (o) Oputaceas () Tomatine Tomatidine

Chiorofiexia (c); Thermomicrobiales (0): JG30-KF-CMA5 (1)
Bacteroidia (c); Chitinophagales (o); Chitinophagaceae
Blastocatolia (Subgroup 4) (c); Blastocatellales (0); Blastocatellaceas (f)
Bacleroldia (c): Flavobacteriales (0): Flavobacteriaceae (1)
Actinobacteria (c); Frankiales (o); Geodermatophilaceae (1)
‘Actinobacteria (c); Micromonosporales (0); Micromonosporaceae ()
Actinobacteri (c); Pseudonocardiales (o); Pseudonocardiaceae
Bacill (c); Bacillles (o); Bacilaceae (1
Bacill (c): Bacillales (o). (1)
Acidobacteria (p); Subgroup 6 (c); Unknown Order (o)

: Rhizobiales (0);

0
Planciomycetes (p); OM190 (c); uncuitured bacierium (o)
Latesoibacteria p); (0)
Bacill (c): Bacilales (o); Paeribacilaceae ()
Deltaproteobacteia (c) Myxococcales (o}; ()
©
©) o

1o ()

)
Bacteroidia (c); Sphingobaceriales (o): AKYH767 (1)
Gammaproteobacteria (c); Betaproteobacteriales (o): TRA3-20 (1
NC10 (c); Rokubacteriales (0); uncultured bacterium (f)
Anaerolineae (c); SBR1031 (0); Adb (1)

)

Acidobacteria (p); Subgroup 5 (c); (0)
Deltaproteabacteria (c); Myxocaceales (o); bacteriap25 (1)

Blastocatella (Subgroup 4) (c); Pyrinomonadales (o); Pyrinomonadaceae (1)
Clostridia (c); Clostridiales (o); Clostridiaceae 1 (1)

o
L)

Anaerolineae (c); Anaerolineales (0); Anaerolineaceae (1)

o

Nitrospira (c); Nirospirales (o); Nitospiraceae (1)
Deltaproteobacteria (c); Myxococcales (o); Polyangiaceae ()
Acidobacteria (c): Acidobacteriales (0); uncultured (f)
Gammaproteobacteria (c); CCD24 (0): (1)

Acidobacteria (p); Subgroup 17 (c): (0)
Gammaproteobacteria (c); Betaproteobacteriales (o): SC-1-84 (1)
©):

© ©F
Chlorofexi(p): KD4-96 (c): uncultured bacterium (o)
Thermleophila (c): Solrubrobacterales (o) 67-14 ()
Acidobactera (p); Subgroup § (c): uncultured microorganism (o)
Acidimicrobia (c): IMCC26256 (0} (1)

Planciomycetacia (o) Isosphaerales (o); sosphaeraceae (1)

Chiorofiex (p): KD4-96 (c); (o)
() (o)
©:
Thermoleophilia (c) Gaiellales (o); Gaiellaceae (1)
Acidimicrobiia (c); Microtrichales (0); uncultured (1)
Planctomycetacia (c); Gemmatales (o); Gemmataceae (1)
o) 0
: Rhizobiales (0): U]
Oxyphotobacteria (c); Nostocales (o); Nostocaceae (f)
Planctomycetacia (c); Piellulales (o): Pirellulacea (1)
Alphaproteobacteria (c); Dongiales (o); Dongiaceae (7)
Gammaproteabacteria (c): Gammaproteobacteria Incertae Sedis (o); Unknown Family (1)
Deltaproteobacteria (c); Myxococcales (o); BIfi41 (i)
Phycisphaerae (c); Tepidisphaerales (o), WD2101 soil group (1)

Acidobactera (): Subgroup 6 (c) uncultred Acidobacleriales bactrium (o)
Ghloroflexia (c): Chioroflexales (o) Roseiflexaceae (

Holophagae (c): Subgroup 7 (o); ()

Thermoleophila (c; Galellales (o); uncultured ()

Blastocatelia (Subgroup €) (¢} 11-24 (o) metagenome (1

Alphaproteobacieria (c): Elsterales (o): uncultured ()
Acidobacteria (p); Subgroup 6 (c); (o)
Bacteroidia (c): Cylophagales (o): Microscilacas (1

Rhizosphere
(Flowering) Tomatine Tomatidine

Figure 5 Comparison of the bacterial communities in tomatine- and tomatidine-treated soil with those in the soil from the fields with tomato
plants at the flowering stage. A, Results of the weighted UniFrac-based PCoA. B, Clustered heatmaps of the relative abundances of bacterial fami-
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taxa (mean < 0.1%), the differences between 123 families in ~ families including Sphingomonadaceae were reduced in the
the WT and jre4-1 mutant were statistically tested at an ad- root of the jre4-1 mutant (Figure 7, B and Supplemental
justed P value of < 0.05 (Supplemental Table S4). Nine  Table S4). Among Sphingomonadaceae, the relative
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abundance of genus Sphingobium was notably lower both in
the rhizosphere and root bacterial communities of the jre4-1
mutant than the WT (Supplemental Figure S8, A). Among
ASVs closely related to Sphingobium; in particular, the same
ASV (ASV 6) that was enriched in the tomatine- or
tomatidine-treated soil and tomato rhizospheres was re-
duced in the jre4-1 mutant (Supplemental Figure S8, B and
Supplemental Table S3).

In contrast to field condition, light and temperature were
controlled for pot cultivation, and the effect of jre4 muta-
tion could be different from those in the field. The tomatine
contents in the roots and rhizosphere soils of mutant plants
were > 5-fold lower than those of WT plants (Supplemental
Figure S9, A and B). The a-diversity of the rhizosphere bac-
terial communities of 8-week-old plants was not significantly
different between jre4-1 and WT plants (Supplemental
Figure S9, C). PCoA showed a tendency of distinction be-
tween jre4-1 and WT plants in the rhizosphere and endo-
sphere (PERMANOVA, P = 0.051; Supplemental Figure S9, D
and Supplemental Table S1). Five families including
Sphingomonadaceae were depleted in the roots of jre4-1
mutants in both pot and field cultivation (Supplemental
Table S5). The relative abundance of Sphingomonadaceae
was not reduced in the rhizosphere of jre4-1 plants
(Supplemental Figure S9, E). The relative abundance of ASV
6 (Sphingobium) enriched in tomatine- or tomatidine-
treated soil was higher in the rhizosphere than that in bulk
soil but was not reduced in jre4-1 mutant compared with
WT, which is inconsistent with the jre4-7 mutant grown in
the field (Supplemental Figure S9, F and Supplemental Table
S3). Collectively, these results demonstrate that JRE4 is in-
volved in the modulation of root-associated bacterial com-
munities both in field and pot cultivation, although the
effect of JRE4 on bacterial communities was different be-
tween these conditions.

Discussion

Of all the carbon that is fixed during photosynthesis, up to
40% is secreted into the rhizosphere as root exudates (Badri
and Vivanco, 2009). Rhizosphere microbial communities are
key for maintaining plant growth and health (Berendsen
et al, 2012), and recent evidence supports multiple roles of
PSMs in shaping the composition and function of rhizo-
sphere and root microbiome (Jacoby et al, 2021; Pascale
et al, 2020). The involvement of triterpenoids, sesterter-
penes, coumarins of Arabidopsis (Arabidopsis thaliana), and
benzoxazinoids of maize (Zea mays) in the development of
root-associated microbial communities has been demon-
strated using mutants with disrupted PSM biosynthesis (Hu
et al, 2018; Stringlis et al, 2018, Huang et al, 2019; Chen
et al, 2019; Voges et al,, 2019). We have previously reported
that daidzein, a soybean isoflavone responsible for the initia-
tion of symbiosis with rhizobia (Kosslak et al, 1987), shapes
the bacterial communities of the rhizosphere (Okutani et al,,
2020). The present study focused on the effects of tomatine,
a major tomato saponin, on the bacterial communities of
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the rhizosphere, with the aim of deepening our understand-
ing of the functions of PSMs within the rhizosphere. Our
results show that the roots of hydroponically grown tomato
plants secrete tomatine at high levels during the early
growth stage, which is consistent with the secretion of PSMs
from soybean roots. Soyasaponin and isoflavone secretion
from soybean roots has been reported to occur during the
early growth stage (Sugiyama et al, 2016; Tsuno et al,, 2018).
In field conditions, we found the tomatine content of the
rhizosphere soil to be higher than the bulk soil, as has been
observed for isoflavones secreted from field-grown soybean
plants (Sugiyama et al,, 2017). Several PSMs are metabolically
activated by rhizosphere microbes and soil microbiota, lead-
ing to protection against biotic and abiotic stresses (Chialva
et al, 2018; Korenblum and Aharoni, 2019). The increased
tomatine contents of field-grown tomato roots compared
with those of hydroponically grown tomato roots at the
same growth stage suggest that soil-borne microbes may en-
hance tomatine biosynthesis in field-grown tomato roots by
activating JRE4/GAME9 (Cardenas et al, 2016; Thagun et al,
2016). Indeed, the expression of JRE4/GAME9 in the roots of
field-grown tomato was higher than that of hydroponically
grown plant, while the expression of JRE4/GAME9 in leaves
was comparable in both conditions (Supplemental Figure
$10).

Tomatine secreted from tomato roots is degraded to
tomatidine by soil microbes; thus, it is important to simulta-
neously analyze the effects of tomatidine as well as tomatine
on soil microbes. The present study demonstrates that both
tomatine and tomatidine modulate bacterial communities
in the soil. Both compounds were found to increase the
abundance of Sphingomonadaceae, a family commonly ob-
served in the rhizosphere of tomato plants (Pii et al, 2016;
Kwak et al, 2018; Lee et al,, 2019). In addition, it should also
be noted that Sphingobium isolated from tomatine-treated
soil degrade tomatine and use it as a sole carbon source
(Supplemental Figure S11), suggesting a possible role of
tomatine as a nutrient source. It has been reported that sev-
eral species of the Sphingomonadaceae family promote
plant growth by producing phytohormones such as auxin
and gibberellin, alleviating heavy metal and drought stress,
and protecting against pathogens (Innerebner et al, 2011;
Vogel et al, 2012; Khan et al, 2014; Pan et al, 2016; Asaf
et al, 2017; Santiago et al, 2017; Luo et al, 2019). Based on
these findings and those of the present study, we propose
that tomato plant roots secrete tomatine in order to attract
and/or stimulate the growth of Sphingomonadaceae in the
rhizosphere, leading to the promotion of plant growth and
protection against pathogens.

The relative abundance of Sphingomonadaceae was lower
in the roots of the jre4-1 plants than in the WT in both field
and pot conditions (Figure 7, B and Supplemental Tables S4,
S5). At the ASV level, ASV 6 belonging to Sphingobium was
predominantly enriched in the tomatine- or tomatidine-
treated soil and tomato rhizosphere (Supplemental Figure
S6, B and Supplemental Table S3). The relative abundance
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of ASV 6 was reduced both in the rhizosphere and root of
the jre4-1 plants compared with the WT in the field-grown
condition; however, the rhizosphere enrichment of this ASV
still occurred in jre4-1 plants compared with bulk soil
(Supplemental Figure S8, B and Supplemental Table S3). The
increase of Sphingomonadaceae, particularly for ASV 6, in
the rhizosphere of jre4-1 plants both in field and pot condi-
tions may be attributed to the following nonexclusive rea-
sons. First, tomatine content of the rhizosphere soil may be
high enough to enrich Sphingomonadaceae; the tomatine
content of hydroponically grown jre4-1 plant roots was 6%
of the content of WT plant roots, whereas the tomatine
content of the mutant increased 18-fold and 7.6-fold when
grown in the field and in a pot, respectively. This suggests
that the microbe-induced stimulation of tomatine biosyn-
thesis is due to unknown factors other than JRE4. The in-
duction of tomatine biosynthesis in the roots of the jre4-1
plants resulted in the accumulation of tomatine in the rhi-
zosphere soils possibly high enough for the enrichment of
Sphingomonadaceae. Second, other metabolites in tomato
may contribute to the enrichment of Sphingomonadaceae.
Reportedly, Sphingomonadaceae is enriched in the endo-
sphere and rhizosphere of nontomatine-producing species
such as lettuce and sugar beet (Beta vulgaris) (Cardinale
et al, 2015; Chapelle et al, 2016). Although daidzein causes
enrichment of Comamonadaceae, a family that is commonly
enriched in the soybean rhizosphere, silencing of isoflavone
synthase does not reduce the abundance of this family
(White et al, 2017; Okutani et al, 2020), suggesting that
multiple metabolites contribute to the enrichment of bacte-
rial families in the rhizosphere.

In conclusion, this study demonstrates that tomatine, an
SGA of tomato plants, is a key PSM which contributes to
the modulation of the rhizosphere microbiota. Tomatine is
a well-known chemical defense against pathogens and herbi-
vores. In the present study, we provide new insight into the
function of tomatine in the soil in terms of the enrichment
of Sphingomonadaceae. Our results reveal potential avenues
for the utilization of tomatine and related PSMs for modu-
lating the microbiota of the rhizosphere to enhance the
health and production of field-grown tomato plants.

Materials and methods

Chemicals and plant materials

Authentic compounds of tomatine and tetracycline hydro-
chloride were purchased from the Tokyo Chemical Industry
Co, Ltd. (Tokyo, Japan) and FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan), respectively. Tomatidine (hydro-
chloride), resazurin (sodium salt), and natamycin were pur-
chased from Cayman Chemical (Ann Arbor, MI, USA). Seeds
of WT tomato (S. lycopersicum) cv Micro-Tom were pur-
chased from Inplanta Innovations Inc. (Kanagawa, Japan).
Tomato plants with the jre4-1 mutant allele were con-
structed using Micro-Tom as genetic background during a
previous study (Nakayasu et al, 2018).
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Culture and sampling of hydroponically grown
tomato plants

Experiments 1 and 2

Tomato seeds were sterilized by soaking in 70% (v/v) etha-
nol for 1 min then 5% bleach for 15 min, after which they
were rinsed with sterile water four times, followed by soak-
ing in fresh sterile water overnight. Seeds were sown on
Murashige-Skoog medium supplemented with 3% sucrose
and 0.3% gellan gum and grown for 1 week at 25°C in the
dark. One-week-old seedlings were transferred to hydroponic
culture medium: 470 mL of autoclave-sterilized tap water
containing 0.2% (w/v) Otsuka House No. 1 and No. 2 stan-
dard nutrients (Otsuka Chemical Co., Osaka, Japan) in 500-
mL plastic pots. Tomato plants were grown at 25°C under a
16-h-light/8-h-dark cycle, and culture medium was ex-
changed with fresh medium once per week. Three samples
of upper-expanded leaves, roots, and root exudates (secreted
into the culture medium over 24 h) were sampled from WT
tomato plants at 3, 5, 7, 9, and 11 weeks old representing
the early growth, vegetative development, flowering, fruit-
set, and green-fruit stages, respectively. Samples from jre4-1
plants were taken at the flowering stage.

Cultivation and sampling of field-grown tomato
plants

Experiments 3 and 4

Field cultivation of the tomato cultivar Micro-Tom (WT)
was carried out at the Kyoto University of Advanced
Science (KUAS), Kameoka, Kyoto, Japan (34°9938"N,
135°55'14"E). Tomato seeds were sown in pots filled with a
1:1 mixture of vermiculite and Tsuchitaro (Sumitomo
Forestry Landscaping, Tokyo, Japan), a culture soil. Seedlings
were grown at 25°C under a 16-h-light/8-h-dark cycle in the
laboratory for about 1 month, then planted in the field on
May 31, 2019. Three samples of upper fully expanded leaves,
roots, bulk soil, and rhizosphere soil were taken from each
Micro-Tom plant at the flowering (July 3) and green-fruit
(July 22) stages. Samples were immediately frozen in dry ice
and transferred to the laboratory for storage at —80°C. Bulk
soils were collected at least 20 cm from the plants and rhi-
zosphere soil samples (adhering to the roots) were collected
from five plants for one sample, using brushes as previously
described (Sugiyama et al,, 2014). In addition, WT and jre4-1
tomato seedlings were planted in the field on June 25, 2020.
Leaves, roots, and rhizosphere and bulk soils were collected
at the flowering stage on July 30 with the method described
above, with a modification to collect root samples for
microbiome analysis. After the rhizosphere soil was brush
away, the roots were placed in a PBS buffer containing 130
mM NaCl, 7 mM Na,HPO,, 3 mM NaH,PO, (pH 7.0), and
0.02% Silwet L-77, washed, and sonicated for 5 min
(Bulgarelli et al, 2012). After rinsing with tap water, the
roots were stored at —80°C until DNA extraction.
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Extraction of metabolites from tomato tissues,
hydroponic culture medium, and field soils
Freeze-dried tissue samples of Micro-Tom plants were
ground using a mortar and pestle with liquid nitrogen.
Metabolites were extracted from the powdered samples us-
ing 300 puL of methanol, followed by vortex, sonication for
15 min, and centrifugation at 10,000 x g for 5 min. The
supernatants were collected and the extraction repeated.
Hydroponic culture medium containing root exudates was
filtered through paper filter, then loaded onto a Sep-Pak
C18 Plus Short cartridge (Waters, Milford, MA, USA). The
cartridge was washed with 500 mL of water and metabolites
eluted with 6 mL of methanol. Eluted fractions were dried
in vacuo and the resulting solid dissolved in 1 mL of metha-
nol. Metabolites in soil samples (300 mg) from Micro-Tom
were extracted using 300 pL of 50% (v/v) acetonitrile con-
taining 0.1% (v/v) formic acid three times. The combined
supernatants were dried and the resulting solid dissolved in
1 mL of methanol. All prepared samples were filtered
through a 0.45-pm Minisart RC4 filter (Sartorius, Gottingen,
Germany) and analyzed using liquid chromatography—mass
spectrometry (LC—MS).

Liquid chromatograph-mass spectrometry

Tomatine and tomatidine were analyzed on an Acquity
ultra-high-performance liquid chromatography (UPLC) H-
Class/Xevo TQD (Waters). Samples were injected onto an
Acquity UPLC HSS T3 column (1.7 pm, 2.1 X 100 mm>
Waters) with a UPLC HSS T3 VanGuard Precolumn (1.7 um,
2.1 x 5 mm?) at 40°C. The mobile phases were water con-
taining 0.1% (v/v) formic acid (solvent A) and acetonitrile
(solvent B), and elution programs were 10%-55% B from 0
to 15 min (linear gradient), 55% B from 15 to 17.5 min,
100% B from 17.5 to 22.5 min, and 10% B from 22.5 to 285
min. The flow rate was 0.2 mL min~". Mass spectra were ac-
quired using positive electrospray ionization mode with the
following settings: cone voltage, 60 V; capillary voltage, 3.15
kV; source temperature, 150°C; desolvation gas temperature,
400°GC; nebulizer and desolvation N, gas flow rates, 50 and
800 L h™', respectively. Tomatine and tomatidine were
detected using selected ion recording modes with m/z
1034.7 and m/z 416.5, respectively. Data analysis was con-
ducted using MassLynx v. 4.1 software (Waters). The con-
tents of tomatine and tomatidine were estimated from peak
areas in comparison with calibration curves constructed us-
ing known concentrations of the authentic compounds.

Characterization of degradation of tomatine in field
soil

Tomatine (100 pg) was dissolved in methanol and dried in a
5-mL plastic tube. We added 1 g of KUAS field soil and 500
pL of distilled water, vortexed the mixture, and incubation
at 28°C in the dark. The residual compounds after 7 d of in-
cubation were extracted using 3 mL of 50% (v/v) acetonitrile
containing 0.1% (v/v) formic acid, prepared as described
above, and analyzed using LC-MS. Sterilization of field soil
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was performed by irradiating with gamma radiation at 30
kGy (Japan Irradiation Service, Tokai, Japan).

Treatment of field soil with tomatine and
tomatidine

Experiment 5

All procedures in this section were performed as described
in Okutani et al. (2020). Briefly, three different amounts (20,
100, or 500 Lg) of tomatine and tomatidine hydrochloride
were dissolved in methanol and dried in 5-mL tubes. We
added 2 g of KUAS field soil and 600 pL of distilled water to
each tube, vortexed the mixture, and incubated at 28°C in
the dark. The addition of tomatine and tomatidine was car-
ried out by transferring soil samples to a new tube contain-
ing the relevant compound once every 3 d during the 15 d
of incubation. The residual contents of tomatine and toma-
tidine in the samples were quantified as described above.

Growth of WT and jre4-1 plants grown in pot
Experiment 6

Seeds of WT and jre4-1 plants were sown in pots filled with
KUAS field soils. Tomato plants were grown at 25°C under
a 16-h light/8-h dark cycle in the laboratory. Bulk and rhizo-
sphere soil and root samples were taken during the flower-
ing stage. Outer soil samples at the most distant point from
the plants were taken as bulk soil samples. Rhizosphere soil
samples were collected from three plant roots using brushes
for one sample, and the roots were washed with running
tap water (Kawasaki et al, 2016). Quantification of tomatine
and tomatidine in the bulk and rhizosphere soil and root
samples was conducted as described above.

Analysis of bacterial communities

DNA was extracted from tomatine- and tomatidine-treated,
field-grown, and pot-grown tomato rhizosphere soils sam-
ples, bulk soil samples, and tomato roots using the DNeasy
PowerSoil Kit (QIAGEN KK, Tokyo, Japan). The DNA con-
centration was measured using a Qubit dsDNA HS Assay Kit
and Qubit 2.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA). The V4 region of 16S rRNA genes was
amplified using PCR with the following forward and reverse
primers: 515F (5-ACACTCTTTCCCTACACGACGCTCTTC
CGATCT-GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-GGAC
TACHVGGGTWTCTAAT-3'), respectively, using a KOD FX
Neo (TOYOBO, Osaka, Japan) in technical triplicate. The fol-
lowing PCR program was used: 94°C for 2 min and 20 cycles
of 98°C for 10 s, 50°C for 30 s, and 68°C for 30 s.
Mitochondrial- and chloroplast-specific peptide nucleic acids
(mPNA  [N-term-GGCAAGTGTTCTTCGGA-C-term] and
pPNA  [N-term-GGCTCAACCCTGGACAG-C-term], respec-
tively [PANAGENE Inc, Daejeon, Republic of Korea]), were
added to the PCR reaction mixture and PNA annealing at
78°C for 10 s was inserted before 50°C for 30 s of PCR cycle
described above for amplification of 16S rRNA from root
samples in order to prevent amplification of tomato
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mitochondrial and plastid sequences (Lundberg et al, 2013).
The PCR products were purified using AMPure XP
(Beckman Coulter, Danvers, MA, USA) then used as tem-
plates for PCR amplification for Miseq (lllumina, San Diego,
CA, USA) adapter attachment. The PCR reaction was per-
formed using primers provided by FASMAC Co., Ltd.
(Kanagawa, Japan) using KOD FX Neo in technical duplicate.
The following PCR program was used: 94°C for 2 min and
9-10 cycles of 98°C for 10 s, 59°C for 30 s, and 68°C for 30
s. The PCR products were purified and quantified as de-
scribed above. Sequencing of the prepared 16S amplicon
mixture was conducted to acquire 2 X 250-bp paired-end
sequences on Miseq (lllumina) in FASMAC Co,, Ltd. The ac-
cession number of sequence data has been registered in the
DNA Data Bank of Japan (Sequence Read Archive is
DRA009882 and DRA011415.

Sequence data analysis was performed using the QIIME2
platform version 2018.11 (Bolyen et al, 2019). The q2-dada2
plugin in QIIME2 was used to trim the first 20 bases and the
bases after the 200th bases of all paired reads, and for quality
filtering. The DADA2 algorithm was used to construct error-
corrected ASVs from the trimmed reads (Callahan et al,
2016). Each ASV was assigned to a taxonomic group using
the Naive Bayes classifier from the SILVA release 132 (Quast
et al, 2013; Bokulich et al, 2018). Reads for chloroplasts or
mitochondria were removed, then MAFFT was used to align
the obtained ASVs. FastTree2 was used to construct phyloge-
netic trees (Price et al, 2010; Katoh and Standley, 2013).
After filtering chloroplastic and mitochondrial sequences,
50,494-196,608 reads per sample were remained for toma-
tine- and tomatidine-treated soils and field samples of 2019,
19,004-277,548 reads for field samples of 2020, and 11,586-
59,495 reads for pot soil and roots (Supplemental Table S6).
The o- and B-diversity indices of tomatine- and tomatidine-
treated soils and field samples of 2019 were calculated using
the core-metrics-phylogenetic pipeline in the q2-diversity plu-
gin within QIIME2 from a subsampled ASV dataset with
45,000 sequences per sample (Supplemental Figure S12).
These indices were calculated from a subsampled ASV data-
set with 19,000 and 11,000 sequences per sample for field
samples of 2020 and for pot soil and roots, respectively
(Supplemental Figure S12).

Isolation of Sphingobium from tomatine-treated
soils

The bacterial strains were isolated from the soil treated with
tomatine at 250 nmol g soil”". The tomatine-treated soil
was suspended in sterile water at 1.0 g mL™". Soil suspen-
sions were diluted and distributed onto isolation media con-
taining mineral salt buffer (Devers et al, 2004) with 20 pug
mL™" of tomatine or tomatidine as the sole carbon source.
The plates of isolation media were incubated for up to 7 d
at 28°C. Genomic DNA was extracted from the isolates us-
ing the hot-alkaline DNA extraction method with an extrac-
tion buffer comprising 25 mM NaOH, 02 mM EDTA, and
40 mM Tris—HCl, pH 6.8. 165 rRNA genes were amplified
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using the 10F (5'-GTTTGATCCTGGCTCA-3') and 800R (5'-
TACCAGGGTATCTAATCC-3') primers set. PCR products
were purified using Wizard Genomic DNA Purification Kit
(Promega, Madison, WI, USA) and sequenced with the 10F
primer.

Tomatine and tomatidine degradation assay was performed
using resting cells of three Sphingobium isolates (Sp1, Sp2,
and Sp3). Each isolate was cultivated in 3 mL of Tryptone
Yeast extract Glucose Medium (Bai et al,, 2015) for 2 d and
then harvested by centrifugation at 4,000 x g for 5 min. Cell
pellets were washed twice and then resuspended, each with
1 mL of mineral salt buffer. The cells were inoculated at
ODggo = 1.0, added to 100 pL of mineral salt buffer with 50
UM tomatine or tomatidine and incubated at 28°C for 1 d.
The resting cell reaction was stopped with 100 pL of metha-
nol. The reaction product was filtered; then it was analyzed
using LC—MS as described above. The utilization of tomatine
as a carbon source by Sphingobium was evaluated with Sp2
growth assay. The harvested cells were inoculated at ODgg,
= 0.1 and added to 150 pL of the mineral salt buffer with
300 pg mL™' resazurin, an indicator for bacterial growth
(Sarker et al, 2007), and 100 UM tomatine or p-glucose as the
carbon source. The cells were incubated at 28°C for 10 d;
then, Sp2 proliferation was quantified by observing the cellu-
lar color change from blueish purple to pink.

Reverse transcription quantitative PCR

Total RNA was prepared from leaves and roots with RNeasy
Plant Mini Kit (Qiagen) according to the manufacturer’s
instructions. DNA was eliminated by DNase I. The RNA was
then reverse transcribed to cDNA using ReverTra Ace -o-
(Toyobo) according to the manufacturer’s instructions.
Reverse transcription quantitative PCR was performed with
FX96 Touch DeepWell system (Bio Rad), using Thunderbird
SYBR gPCR Mix (Toyobo) according to the manufacturers’
instructions. The cycling program consisted of initial denatur-
ation at 95°C for 2 min; 45 cycles of denaturation at 95°C
for 15 s, annealing at 55°C for 15 s, and extension at 72°C
for 30 s for amplification; and ramping up from 65°C to
95°C to perform a melting curve analysis. The gene expres-
sion levels were normalized against the ubiquitin gene (UBI3),
the internal reference. UBI3’s amplification used the forward
primer 5'-CACCAAGCCAAAGAAGATCAAGC-3' and reverse
primer 5'-TCAGCATTAGGGCATCCCTTACG-3' (Nakayasu
et al, 2017). JRE4's amplification used the forward primer 5'-
CGATTTTTTCGAAACTCTTTCC-3' and reverse primer 5'-
TGTTTCCTCCGGTGTTACGG-3' (Nakayasu et al,, 2018).

Statistical analysis

T test and Wilcoxon rank-sum test were carried out using
t.test function and wilcox.test function of R package “stats,”
respectively. Tukey's test was performed using Tukey’'s HSD
function of R package “multcomp.” Hierarchical clustering
was performed using the complete-linkage method with
hclust function in the R package “stats.” Linear discriminant
analysis (LDA) effect size (LEfSe; Segata et al, 2011) was per-
formed to find differentially abundant taxa at the family
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level. Significant difference was decided using default param-
eters at an adjusted P value of < 0.05 for Kruskal-Wallis
and pairwise Wilcoxon test and an LDA effect size > 2.
PERMANOVA was performed with adonis function in the R
package “vegan” (Oksanen et al, 2019).

Accession numbers
The Genbank ID number of JRE4 is XP_004229751.1.

Supplemental data

The following materials are available in the online version of
this article.
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Supplemental Figure S2. Shannon diversity indices of
bacterial communities in soils treated with 10, 50, and 250
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and green-fruit stages.
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Supplemental Figure S11. Tomatine degradation and uti-
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