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ABSTRACT Plant roots constitute the primary interface between plants and soilborne
microorganisms and harbor microbial communities called the root microbiota. Recent stud-
ies have demonstrated a significant contribution of plant specialized metabolites (PSMs) to
the assembly of root microbiota. However, the mechanistic and evolutionary details underly-
ing the PSM-mediated microbiota assembly and its contribution to host specificity remain
elusive. Here, we show that the bacterial genus Arthrobacter is predominant specifically in
the tobacco endosphere and that its enrichment in the tobacco endosphere is partially
mediated by a combination of two unrelated classes of tobacco-specific PSMs, santhopine
and nicotine. We isolated and sequenced Arthrobacter strains from tobacco roots as well as
soils treated with these PSMs and identified genomic features, including but not limited to
genes for santhopine and nicotine catabolism, that are associated with the ability to colo-
nize tobacco roots. Phylogenomic and comparative analyses suggest that these genes were
gained in multiple independent acquisition events, each of which was possibly triggered by
adaptation to particular soil environments. Taken together, our findings illustrate a coopera-
tive role of a combination of PSMs in mediating plant species-specific root bacterial micro-
biota assembly and suggest that the observed interaction between tobacco and
Arthrobacter may be a consequence of an ecological fitting process.

IMPORTANCE Host secondary metabolites have a crucial effect on the taxonomic
composition of its associated microbiota. It is estimated that a single plant species
produces hundreds of secondary metabolites; however, whether different classes of
metabolites have distinctive or common roles in the microbiota assembly remains
unclear. Here, we show that two unrelated classes of secondary metabolites in
tobacco play a cooperative role in the formation of tobacco-specific compositions of
the root bacterial microbiota, which has been established as a consequence of inde-
pendent evolutionary events in plants and bacteria triggered by different ecological
effects. Our findings illustrate mechanistic and evolutionary aspects of the microbiota
assembly that are mediated by an arsenal of plant secondary metabolites.

KEYWORDS root bacterial microbiota, plant specialized metabolite, Amadori-type
opine, comparative genomics analysis, alkaloids

Plant roots secrete their photosynthates to the rhizosphere, a fraction of soil surrounding
the root (1), creating a nutrient-rich environment with a distinctive metabolic profile

compared to the bulk soil (2, 3). These rhizosphere metabolites attract or repel particular soil
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bacteria, resulting in characteristic bacterial communities in the rhizosphere. A subset of rhi-
zosphere bacteria can further colonize the root surface and the interior, constituting the rhi-
zoplane and endosphere bacterial communities, respectively. Bacterial communities on the
root surface and in the root interior are collectively called the root bacterial microbiota (4).
Four bacterial phyla, Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes, dominate
the root microbiota (5–7), whereas each plant species harbors a different composition of
root microbiota at lower taxonomic levels (8), suggesting the ability of plants to modulate
root bacterial microbiota in a manner specific to each plant lineage.

Plant specialized metabolites (PSMs), also known as plant secondary metabolites,
play an important role in the interaction between the host and its root microbiota,
affecting its taxonomic composition (9, 10). For instance, the disruption of the triter-
pene or coumarin biosynthetic pathway in Arabidopsis thaliana resulted in different
taxonomic structures of the root microbiota (11–14). Soil treatment with isoflavone or
soyasaponin, two major PSMs in soybean root exudates, altered the compositions of
the soil bacterial community and enriched bacteria commonly found in soybean roots
(15, 16). Recent large-scale comparative genomics analyses also showed that the bacte-
rial species inhabiting plant tissues had acquired specific metabolic capacities, which
enabled their adaptation to plants (17). However, the mechanisms by which PSMs
affect the relative abundance of a given bacterial species and whether single or multi-
ple classes of PSMs are needed to shape the microbial community remain unclear. The
evolutionary processes through which plants and bacteria establish such PSM-medi-
ated interactions also remain to be addressed.

Nicotiana tabacum (cultivated tobacco) is an industrially important crop species and a use-
ful system to study PSM-mediated plant-microbiota interactions, as its PSM profiles, including
alkaloids, terpenoids, flavonoids, and aromatic compounds, have been well characterized
partly because of their impacts on the flavor of cigarettes (18, 19). The PSM profile of tobacco
roots is characterized by a set of tobacco-specific PSMs, such as santhopine and nicotine
(Fig. 1A), both of which have potential relevance to the interaction with surrounding microbes
(20, 21). Santhopine is an opine whose biosynthesis is induced in crown gall tumors and hairy
roots upon infection by pathogenic Rhizobium strains (formerly known as the independent ge-
nus Agrobacterium) (22, 23). During the diversification of the Nicotiana genus, some of its spe-
cies acquired genes for opine biosynthesis, including the mannopine synthase 2 (MAS2) gene
encoding the enzyme for santhopine synthesis, likely via a horizontal gene transfer (HGT)
event from Rhizobium species (24–26). N. tabacum then inherited the MAS2 gene from its pa-
rental wild species Nicotiana tomentosiformis to synthesize santhopine at various concentra-
tions in roots, mostly below 1mmol gFW (fresh weight)21 (20, 27). Opine-catabolic genes have
been found in a limited set of bacterial orders, such as Rhizobiales, Actinomycetales, and
Enterobacteriales (28), suggesting that opines may serve as nutrients for specific groups of bac-
teria. In contrast, nicotine, a major alkaloid commonly produced by the Nicotiana species at
approximately 0.5mmol gFW21 (29), exhibits strong toxicity and contributes to chemical
defense against insect predators (30–32). Nicotine is also catabolized by several bacterial spe-
cies (33, 34), implying the possible involvement of both santhopine and nicotine in the interac-
tion between tobacco and its root-associated microbiota.

In this study, we analyzed the bacterial communities of the tobacco endosphere
and the effect of santhopine and nicotine on the soil bacterial community. This led us
to focus on the genus Arthrobacter, which was specifically enriched in the tobacco
endosphere and PSM-treated soils. By integrating culture-dependent characterization
and comparative genomics of Arthrobacter isolates, here, we propose a model that
explains a process of host-specific root microbiota assembly partially mediated by bac-
terial catabolism of a combination of PSMs synthesized by the host plant.

RESULTS
Arthrobacter is predominantly found in the tobacco endosphere and enriched

in soils by santhopine and nicotine treatments. To investigate the taxonomic composi-
tion of the bacterial community associated with tobacco roots by bacterial 16S rRNA gene
amplicon sequencing, we employed N. tabacum cv. Burley 21, which is among the cultivars
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that most strongly express MAS2 (20). Analysis of taxonomic profiles across samples by fit-
ting normalized read counts to a generalized linear model (GLM) with a negative binomial
distribution revealed that the bacterial members belonging to the order Actinomycetales
were most significantly enriched in the endosphere compared to the rhizosphere and rhizo-
plane fractions (false discovery rate-corrected P values of 6.39� 10212 and 1.59� 10210,
respectively) (Fig. 1B). In parallel, to identify bacterial taxa that are directly targeted by san-
thopine and nicotine, we treated soils with either of these metabolites at three different con-
centrations and compared the compositions of the bacterial community. Permutational
analysis of variance (PERMANOVA) revealed that santhopine and nicotine treatments shifted
the bacterial community compositions (P=1.00� 1022 and 5.30� 1022, respectively)
(Fig. 1C and D), resulting in community compositions that were more similar to those of the
tobacco endosphere than to those of the bulk soil (see Fig. S1A and B in the supplemental
material). We found that the Micrococcaceae family was the only family enriched both in the
tobacco endosphere compared to the rhizoplane and commonly by santhopine and nico-
tine treatments (Fig. 2A and Data Set S1) in a dose-dependent manner (Fig. S1C and D). All
sequence reads classified as belonging to the family Micrococcaceae were assigned to the
genus Arthrobacter, which represented up to 15% of the total bacterial sequences in the
tobacco endosphere and soils treated with santhopine or nicotine (Fig. 2B). Notably, enrich-
ment of Arthrobacter in the endosphere is unique to tobacco plants and was not observed
in tomato (Solanum lycopersicum), soybean (Glycine max), or bitter melon (Momordica char-
antia) plants grown in the field where we collected our soil samples (Fig. 2B). Given that the
production of santhopine and nicotine is specific to tobacco plants, these results suggest a
crucial role of these metabolites in forming tobacco-specific root microbiota structures.

Predominance of a monophyletic clade of the genus Arthrobacter in the tobacco
endosphere. We then isolated 252 individual bacterial strains from surface-sterilized
tobacco roots, which corresponded to the endosphere fraction in the community

r

s

FIG 1 Bacterial community composition in tobacco roots and santhopine/nicotine-treated soil. (A) Chemical structure of santhopine
and nicotine. (B to D) Compositions of the 20 most abundant bacterial orders across samples in tobacco roots (B), santhopine-treated
soil (C), and nicotine-treated soil (D). Bacterial communities in soils were treated with 50, 250, and 1,000 nmol g21 soil of santhopine
or nicotine. Bulk, bulk soil; RS, rhizosphere; RP, rhizoplane; ES, endosphere.
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FIG 2 Differential abundance analysis of each sample. (A) Heat map showing the fold changes at
the log2 scale in the tobacco endosphere and santhopine- and nicotine-treated soils at the highest
concentrations, compared to rhizoplane, santhopine mock, and nicotine mock treatments,
respectively. Asterisks indicate statistical significance corresponding to the GLM analysis within each
data set (a = 0.05). Nic, nicotine-treated soil; Sto, santhopine-treated soil; Nt, tobacco endosphere;
FC, fold change. (B) Mean relative abundance of the genus Arthrobacter in soils treated with
santhopine or nicotine and in the tobacco, tomato, bitter melon, and soybean root endospheres
along with their respective bulk soil samples. Error bars represent standard deviations (n= 3 for
tobacco roots and santhopine-treated soil, and n= 4 for nicotine-treated soil). Asterisks indicate
statistical significance corresponding to the GLM analysis within each data set (a = 0.05). n.s., not
significant.
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profiling experiments, as well as from santhopine- or nicotine-treated soil, including
131 Arthrobacter strains, based on their partial 16S rRNA gene sequences (Data Set
S2A-C). Fifty-four isolates were then randomly selected for phylogenetic characteriza-
tion using their nearly complete 16S rRNA gene sequences, which included strains
from two other bacterial genera, Paenarthrobacter and Pseudarthrobacter, recently
reclassified from the genus Arthrobacter based on their chemotaxonomic traits (35, 36)
(Fig. S2). Given that these strains were found to be closely related to other Arthrobacter
isolates at the 16S rRNA gene sequence level as well as the whole-genome level (see
below), these genera are referred to here as part of the single genus Arthrobacter.
Although the isolates from santhopine- and nicotine-treated soils were relatively
diverse in their 16S rRNA gene sequences (Fig. S2), most isolates from tobacco roots
were closely related to each other (27 of 30), forming a monophyletic clade with
Arthrobacter nicotinovorans DSM420, together with two isolates derived from santho-
pine-treated soil (Fig. S2). These results indicate the predominance of the tobacco
endosphere by a taxonomically limited range of isolates within the genus Arthrobacter,
and this cannot be explained by the presence of santhopine or nicotine in root tissues
alone given the difference between strains isolated from tobacco roots and those iso-
lated from soils treated with these metabolites.

Subspeciation of the genus Arthrobacter driven by a whole-genome-scale
rearrangement.We hypothesized that the specific enrichment of this particular subset
of Arthrobacter isolates in the tobacco endosphere is mediated by whole-genome-scale
functional properties specific to these isolates. To test this, a taxonomically diverse set
of Arthrobacter strains (20 strains in total) (Fig. S2) was selected from our culture collec-
tion for whole-genome sequencing. We obtained high-quality, closed genomic
sequences (Data Set S2F), which were then compared to the genome sequences of 79
previously sequenced Arthrobacter isolates obtained from a variety of other plant
hosts, soils, and environments (17, 37–39) (Data Set S2G). First, their phylogenetic rela-
tionship was inferred based on a set of vertically inherited, single-copy genes based on
automated pipeline for phylogenomic analysis (AMPHORA) (40). This analysis defined
three distinct phylogroups within the genus Arthrobacter, referred to here as subli-
neages A to C (Fig. 3). All isolates from tobacco roots (NtRoot) and santhopine-treated
soil (StoSoil) except for NtRootA9 and StoSoilB19 belonged to sublineage A, and the
rest, including five strains from nicotine-treated soil (Nicsoil) were classified into subli-
neage B. Classification of 131 strains that we isolated from roots or soils (Data Set S2A-
C) into these sublineages based on their partial 16S rRNA gene sequences also
revealed that tobacco root-derived isolates mainly belonged to sublineage A
(P=1.90� 1028 by Fisher’s exact test). None of the newly sequenced isolates belonged
to sublineage C. We classified each genome as plant associated (“plant”), soil derived
(“soil”), or derived from other environment sources (“other”), based on their origin of
isolation (17). Sublineages A and B were overrepresented by the plant- and soil-associ-
ated isolates (P=0.047 and P = 2.69� 1023, respectively, by hypergeometric tests). In
contrast, sublineage C was mainly composed of isolates from other environments
(P=5.41� 1027 by a hypergeometric test), such as animal, food, water, and extreme
environments (Fig. 3, outer ring).

To assess the functional potential of these sequenced strains, 99 representative
genomes were annotated using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database, resulting in 3,803 KEGG Orthology groups (KOs). We also employed a
de novo orthology prediction algorithm (41) and obtained 12,020 orthologous groups
(OGs), the majority of which had no assigned functional prediction. Principal coordi-
nates analysis (PCoA) was then performed using whole-genome-level functional dis-
tances based on the presence or absence of OGs or KOs (38). This showed that the
functional distances based on de novo OGs, including genes without functional anno-
tations, were tightly associated with the speciation of the sublineages defined by their
AMPHORA phylogeny (R2 = 0.350 and P, 0.001 by PERMANOVA) (Fig. 4A), while the
functional distances based on the annotated KOs resulted in a single large cluster of
genomes and did not strongly correlate with the subspeciation events (R2 = 0.087 and
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P, 0.001 by PERMANOVA) (Fig. 4A), suggesting that the diversification of these line-
ages is found primarily in the less-efficiently annotated portion of their pangenome.
Strain MA-N2 belonged to sublineage A based on the phylogenetic analysis (Fig. 3),
whereas it was clustered with sublineage B isolates in the PCoA plot of the genomic
composition (Fig. 4A), which may be explained by an intermediate status of this strain
between sublineages A and B. Based on its encoded functional capabilities, we decided
to classify this strain as a constituent of sublineage B for the subsequent genomic anal-
yses. Notably, the numbers of open reading frames (ORFs) and OGs predicted in the
genomes from sublineage A were significantly higher than those from sublineages B
and C, with sublineage C having the lowest numbers, while the numbers of KOs were

FIG 3 Whole-genome-based phylogenomic reconstruction of the genus Arthrobacter. The phylogenetic tree of 99
Arthrobacter genomes was inferred from aligned single-copy, vertically inherited marker genes using an MLE method.
The branch colors represent the sublineages. The outer ring depicts the isolation source of each genome. Arrowheads
indicate the newly sequenced isolates, whose colors represent the origin of each strain.
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comparable among sublineages (Fig. 4B). The larger genome size of plant-associated
than non-plant-associated bacteria was also previously observed in a taxonomically
broader set of bacterial genomes (17). Overall, these results suggest that the subspeci-
ation of the Arthrobacter genus is linked to adaptation to different environments and
might have been associated with gains of genes in sublineages A and B and/or losses
in sublineage C, whose functional characteristics are yet underexplored.

Arthrobacter sublineage A has unique genetic components. To assess whether
Arthrobacter sublineage A has genomic signatures linked with a plant-associated or
endophytic lifestyle, we surveyed the genomes for the prevalence of genes previously
identified as being relevant for root colonization in well-characterized rhizobial endo-
phytes (42, 43). Among 157 genes reported in rhizobia, 92 genes were identified in at
least one of the genomes in the genus Arthrobacter (Fig. S3 and Data Set S3A and B).
The proportion of the genes relevant for root colonization found in the genomes from
sublineages A and B was significantly higher than that in the genomes from sublineage
C, although it was not significantly different between sublineages A and B (Fig. 5A). A
similar proportion of genes required for root colonization was also detected between
plant- and soil-derived isolates, while plant-derived strains had significantly higher pro-
portions than environment-derived strains (Fig. 5B). This revealed that sublineages A
and B share certain genomic features associated with root colonization, which supports
the idea that both of these sublineages are better adapted to the plant niche but does
not explain the difference between these sublineages in interaction with tobacco
roots.

To further disentangle the functional differences between sublineages A and B at the
genome level, the ancestral characters of each Arthrobacter sublineage were estimated
based on KO or OG profiles by a maximum likelihood estimation (MLE) approach. Using
this analysis, we found 35 (KO) and 380 (OG) ancestral characters unique to sublineages

FIG 4 Functional diversity analysis and genomic size comparison between Arthrobacter genomes. (A) PCoA plots projecting functional distances between
99 Arthrobacter genomes based on the predicted OGs and the KOs. Each point represents each genome. Shapes correspond to the isolation sources, and
colors represent the sublineages defined by their AMPHORA phylogeny. (B) Genome size comparison of each Arthrobacter sublineage based on the
numbers of predicted ORFs, OGs, and KOs. Different letters indicate statistical differences corresponding to a pairwise Wilcoxon rank sum test (P, 0.05).
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A and B (Fig. S4 and Data Set SC-G). Among those genes, we identified genes known to
be involved in root endophytic colonization, such as chemotaxis/bacterial motility, quo-
rum sensing, and secretion systems (44), further supporting the notion that sublineages
A and B are better adapted to the plant environment. We also identified 27 (KO) and 349
(OG) ancestral characters unique to sublineage A (Fig. S4 and Data Set S3C). Most ances-
tral KOs specific to sublineage A (27 KOs with 50 KEGG functional assignments) were
functionally categorized as part of carbohydrate and amino acid metabolism (6 and 8 genes,
respectively) and the biosynthesis of bacterial secondary metabolites (5 genes). These findings
point to the genomic traits unique to sublineage A that contribute to its distinctive biological
properties compared to sublineage B.

Endophytically colonizing Arthrobacter strains possess unique catabolic
capacities. Most bacterial strains isolated from tobacco roots formed a monophyletic
clade within sublineage A (Fig. S2), indicating that additional genetic features acquired
after the divergence from sublineage B led to the tobacco-specific endophytic compe-
tence of these Arthrobacter isolates. To assess this, we surveyed the presence of the cata-
bolic genes for santhopine and nicotine, both of which are characteristic of tobacco roots.

soc genes involved in santhopine catabolism were detected in all isolates derived
from the tobacco endosphere and santhopine-treated soil, except for NtRootA9,
although not necessarily in strains isolated from nicotine-treated soil (Fig. 6; Fig. S3).
Bacterial nic genes, which are involved in nicotine catabolism, in contrast, were fre-
quently identified in isolates from the tobacco endosphere and nicotine-treated soil
but not in isolates from santhopine-treated soil (Fig. 6; Fig. S3). An in vitro degradation
assay confirmed that the isolates possessing soc and/or nic genes degraded represen-
tative metabolites, except for NtRootA9, which did not degrade nicotine despite the
presence of nic genes in its genome (Fig. 6). These data revealed that the catabolic
potential of these bacterial isolates largely correlated with the presence of representa-
tive metabolites in the environment from which they were isolated and suggest a cru-
cial role for the catabolic potential to be competent in the tobacco endosphere. To
test this, we carried out a dual-metabolite treatment test of santhopine and nicotine.
Similar to monometabolite treatment, dual-metabolite treatment enriched the genus
Arthrobacter up to 10% of the total bacterial sequence (Fig. S5A and B and Data Set
S1D), resulting in a bacterial community closer to that of the tobacco endosphere than
to that of the bulk soil (Fig. S5C). We then isolated six and one Arthrobacter strains
from dual metabolite-treated soils (DualSoil) and mock-treated soil, respectively, and
five additional Arthrobacter strains from tobacco roots grown in the soil collected from
the same agricultural field (Data Set S2D and E). Based on their 16S rRNA gene sequen-
ces, all isolates derived from dual-metabolite-treated soils and the tobacco endosphere
belonged to sublineage A, and strains newly isolated from tobacco roots formed a
monophyletic clade independent from previously isolated strains (Fig. 6). KUAS C02,

FIG 5 Proportion of rhizobial genes relevant for root colonization. For the genes needed for root
colonization, the proportion of the number of genes present in each genome to the total number of
genes present in at least one of these genomes (92 genes) was computed and is shown as a
boxplot, comparing between sublineages (A) and isolation origins (B). Different letters indicate
statistical differences corresponding to a pairwise Wilcoxon rank sum test (P, 0.05).
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which was isolated from mock-treated soils, belonged to sublineage B. PCR-based anal-
ysis along with an in vitro degradation assay identified the metabolic capacity toward
santhopine in all isolates derived from the santhopine-containing environment, includ-
ing the tobacco roots (Fig. 6), whereas the metabolic capacity toward nicotine was
detected only in isolates from the tobacco endosphere and one of the isolates from
dually treated soils (DualSoil B13) (Fig. 6). Among 33 isolates tested in total, 15 isolates
exhibited catabolic capacities toward both metabolites, while 10 out of 12 tested
tobacco root-derived isolates were able to catabolize both metabolites, demonstrating
that both soc and nic genes are necessary for niche construction in the tobacco endo-
sphere (P=0.001 by Fisher’s exact test). Importantly, the distributions of soc and nic
genes in sublineages A and B were independent of their origins (Fig. S3), indicating
that the individual acquisition of the nic or soc gene was not associated with niche
establishment in the tobacco endosphere but rather was associated with adaptation to
the environments with these metabolites. Ancestral character estimation indicated
that the most recent common ancestor of sublineage A already possessed the soc
genes (P=0.983 by MLE), whereas nic genes were more recently acquired during the
divergence of the sublineages, likely via HGT events (P=0.980 by MLE) (45). These find-
ings illustrate that in addition to the catabolic capacities toward santhopine and nico-
tine, genes specific to sublineage A are also crucial for bacterial competence in soil and

FIG 6 Phylogenetic distribution of catabolic genes and degradation abilities within newly isolated
Arthrobacter strains. The presence of catabolic genes and degradation ability of santhopine and
nicotine are indicated. The branch colors represent the sublineages defined by their AMPHORA
phylogeny. The presence and absence of soc and nic genes are represented by closed and open
circles, respectively. The strains reisolated from tobacco roots and isolated in the experiment with
dual metabolite treatment are marked with empty arrowheads.
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plant environments that are rich in both metabolites. Collectively, our findings imply
an evolutionary scenario according to which the presence of the soc genes, as well as
other ancestral genes specifically found in sublineage A, predisposed ancestral
Arthrobacter to the colonization of the tobacco endosphere, possibly triggered by HGT
of the nic genes.

DISCUSSION

We observed a significant association of the host species-specific enrichment of
Arthrobacter in the tobacco endosphere with the catabolic capacity toward santhopine
and nicotine as well as with the subspeciation of sublineage A accompanied by gains
and losses of genes yet to be characterized. Although the direct involvement of soc and
nic genes in the tobacco root endophytic competence of Arthrobacter remains to be
experimentally addressed in a future study, our results revealed an ability of PSMs to
modulate the interaction between the host and its root microbiota. Both santhopine and
nicotine treatments resulted in an enrichment of the same genus, Arthrobacter, in soil
bacterial communities, whereas these metabolites differ in biological activities and their
corresponding catabolic processes in bacteria. Santhopine is an Amadori compound (46)
composed of fructose and glutamine and requires only a few enzymatic steps to be uti-
lized in bacteria (47, 48). The presence of soc genes responsible for the catabolism of a
wide range of Amadori compounds is limited to a set of bacterial families such as
Rhizobiaceae, Microbacteriaceae, and Micrococcaceae (28), rendering santhopine a nutri-
ent source for specific groups of bacteria. It has been reported that Salmonella, a food-
borne animal pathogen, has a unique ability to utilize fructose-asparagine, another
Amadori compound, as a carbon and nitrogen source to eliminate potential competitors
in the inflamed intestine (49). Soc enzymes can metabolize a wide range of Amadori
compounds (47, 48), and Amadori compounds occur in various environments, such as
foods, decomposing plants, human blood, and plant tissues (50–52). Thus, it is likely that
soil-inhabiting Arthrobacter species originally acquired soc genes to utilize soil-borne
Amadori compounds as their nutrients, which in turn provided a competitive advantage
against other bacteria in the tobacco endosphere. In contrast, nicotine exhibits antimicro-
bial activity against various bacteria and fungi (53), and a series of reactions catabolized
by the enzymes encoded by the nic gene cluster (located on the pAO1 megaplasmid) are
required for nicotine catabolism (45). Thus, detoxification and/or utilization of nicotine by
Nic enzymes might be beneficial for colonization of the tobacco endosphere, a highly
competitive environment with other bacterial species. In addition, Arthrobacter AK-YN10
and SJcon strains harboring nic genes have been isolated from agricultural soils contami-
nated by nitrogen-containing pesticides (atrazine and 2-chloro-4-nitrophenol, respec-
tively) (54, 55), pointing to the contribution of nic genes to the catabolism of not only
nicotine but also other alkaloid-like compounds. Together, it is plausible that the pres-
ence of soc and nic genes in Arthrobacter confers competence in environments rich in
these classes of metabolites. We demonstrated that almost all strains isolated from
tobacco roots possessed soc and nic genes and exhibited santhopine- and nicotine-cata-
bolic activity in vitro, despite their variability within the entire genus, further supporting
the importance of these PSMs and the corresponding catabolic capacities in Arthrobacter
for their specific competence in the tobacco endosphere.

The importance of santhopine and nicotine for the tobacco-specific endophytic
competence of the genus Arthrobacter raises the question of how these bacteria might
have acquired the ability to catabolize these PSMs and whether this metabolic capacity
can alone explain the observed host-specific interactions. Among the three distinctive
Arthrobacter sublineages defined in this study, sublineages A and B appeared to be
better adapted to the soil and/or plant environments, correlated with the presence of
genes potentially related to the plant-associated lifestyle. Our data also suggest the
presence of uncharacterized functional properties specifically enriched in sublineage
A, which are likely to be required for the interaction with tobacco, in addition to the
PSM-catabolic activities, but not necessarily for the interaction with plants in general.
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Notably, isolates that exhibited in vitro activity to catabolize both santhopine and nico-
tine were found in both sublineages A and B, and AK-YN10 and SJcon isolated from
soils contaminated by alkaloid-like compounds possessed both soc and nic genes and
belonged to sublineages A and B, respectively (Fig. 6). In contrast, almost all isolates
derived from tobacco roots (NtRoot isolates) and the isolate from tobacco waste
(M2012083) were specifically found in sublineage A. Combined with the fact that
DualSoil isolates do not necessarily possess nic genes despite their specific occurrence
in sublineage A, it is conceivable that soc genes, nic genes, and the other genes specifi-
cally found in sublineage A are jointly required for the specific enrichment in the
tobacco endosphere. Although the functional contribution of the uncharacterized
genes specific to sublineage A, as well as of soc and nic genes, remains to be
addressed, we speculate that these genes confer a better efficiency in utilizing carbo-
hydrates and amino acids, including those that can be provided by the degradation of
Amadori compounds and alkaloids. The observations that two sets of isolates from
tobacco roots from two individual isolation experiments form monophyletic clades
that are independent of each other (Fig. 6) and that the isolate from tobacco waste
(M2012083) was taxonomically distant from both tobacco-derived clades (Fig. 3) sug-
gest independent acquisition events of the nic operon. It appears that the subspecia-
tion of the sublineage as well as the acquisition of soc genes in Arthrobacter and of nic-
otine biosynthetic capability in Nicotiana plants were earlier than the acquisition of nic
and MAS2 genes in Arthrobacter and Nicotiana, respectively. Overall, our results sug-
gested that the horizontal acquisition of the nic genes to catabolize nicotine (45)
within Arthrobacter sublineage A and the MAS2 gene to synthesize santhopine in
tobacco (20) mediates interactions between this bacterial genus and tobacco plants
(Fig. 7). This model implies that the observed interactions between Arthrobacter and
tobacco may not be a consequence of coevolution between the two partners but
rather a result of a process of ecological fitting.

Interestingly, Arthrobacter strains isolated from tobacco were able to catabolize
both santhopine and nicotine, although these two compounds belong to unrelated
classes of PSMs (Fig. 1A). Similarly, both compounds mediate the enrichment of the
same bacterial genus in the soil bacterial community. Therefore, the capacity of the
host to produce a combination of both compounds contributes to the enrichment of
Arthrobacter in the root compartment. This finding contrasts with the effect of two
PSMs in soybean, isoflavones and soyasaponins, which enriched different bacterial
families in soils treated with these metabolites (15, 16). Considering the fact that a
plant produces a wide range of lineage-specific PSMs (56), it is plausible that host-spe-
cific microbiota assembly is partially achieved by the joint action of multiple PSMs. This
mechanism might explain why the disruption of a single metabolic pathway in plants
typically results in only minor changes in the root microbiota composition (11–13).
Together with previous studies showing the impact of PSMs on the root-associated
bacterial community structure (11–13), our findings suggest a mechanistic model of
host-specific root microbiota assembly in which the catabolic potential of bacteria to-
ward a cocktail of host-specific PSMs plays a key role.

MATERIALS ANDMETHODS
Chemicals and soil. Chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan) or

Nacalai Tesque, unless otherwise stated. Field soil (gray lowland soil) was collected from a field at the
Kyoto University of Advanced Science (KUAS), Kameoka, Kyoto, Japan (34°999380N, 135°559140E). Soil
chemical and physical properties were described previously (15). Santhopine was synthesized as
described previously (20) (see Text S1 in the supplemental material for details).

Treatment of field soil with plant specialized metabolites. Three different concentrations of a san-
thopine or nicotine solution (50, 250, and 1,000 nmol g21 soil) and two different concentrations of a
mixed solution of santhopine and nicotine (500 and 1,000 nmol g21 soil each) were prepared.
Concentrations of PSMs were set according to our previous report (15). Each metabolite solution was
applied to 1 g of air-dried field soil every 3 days five times, as described previously (15). Sterile water was
applied as a control. Tubes were incubated at room temperature in the dark. The concentrations of the
santhopine or nicotine solution were adjusted every time to keep the soil water content ratio at 30%.
After incubation, total DNA was extracted, as described previously (15).

PSM-Mediated Plant Microbiota Assembly ®
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Sample collection from tobacco roots. Seeds of N. tabacum cv. Burley 21 (tobacco) were provided
by Japan Tobacco, Inc. (Tokyo, Japan). Tobacco seeds were surface sterilized with 70% ethanol (EtOH)
for 1min and 1% sodium hypochlorite (NaClO) for 10min and rinsed five times with sterile water. Plants
were germinated on Murashige and Skoog medium (Wako Pure Chemical Industries) supplemented
with 0.8% agar. Plants were grown for 2weeks in a cultivation room set at 28°C under a light/dark (16/8-
h) photoperiod. Tobacco seedlings were then transferred to plastic pots filled with soil collected at the
KUAS and grown for 12weeks in a greenhouse. A 10-week-old plant after transplanting was subjected
to reisolation of Arthrobacter. The plants were fertilized every week using Hyponex (Hyponex Japan,
Osaka, Japan).

The rhizosphere and rhizoplane soils were collected using 250ml of phosphate-buffered saline (PBS)
after removing the loosely attached soil on the roots by gentle shaking, as described previously (6). The
roots after sonication were washed with tap water and surface sterilized with 70% EtOH for 1min and
1% NaClO. The surface-sterilized roots were then washed five times with sterile water and stored at
280°C until DNA extraction. The remaining root tissues were immediately subjected to bacterial
isolation.

Sample collection from field-grown plants. Tomato seeds (cv. Beni-Suzume) were sown in a cul-
ture soil, a 1:1 mixture of vermiculite and Tsuchitaro (Sumitomo Forestry Landscaping, Tokyo, Japan),
and grown for 13 days at 28°C under a light/dark (16/8-h) photoperiod. The seedlings were then planted
in the field on 9 May 2019. Seeds of soybean (cv. Enrei) and bitter melon were directly sown in the field
on 31 May 2019. All plants were sampled on 1 August 2019. After the collection of rhizosphere soils as
described above, the roots washed with tap water were subjected to DNA extraction as an endosphere
compartment. Soybean and tomato roots for DNA extraction were collected from five and two plants
per sample, respectively.

Bacterial community analysis using 16S rRNA gene amplicon sequencing. DNA extraction, PCR
amplification, and sequence analysis were performed as described previously by Okutani et al. (15).
Briefly, the V4 region of the 16S rRNA genes was amplified and sequenced using the MiSeq platform
(Illumina). The obtained reads were clustered, classified, and analyzed for a- and b-diversities using the

FIG 7 Proposed evolutionary model of a host-specific root microbiota assembly mediated by bacterial catabolism of a combination of
PSMs synthesized by the host plant. Anticipated acquisition events of plant and bacterial characteristics related to the interaction
between tobacco and Arthrobacter are represented by letters. (a) Acquisition of genes required for the plant-associated lifestyle, which
are conserved in sublineages A and B. (b) Acquisition of genes specifically enriched in sublineage A. (c) Acquisition of soc genes. (d)
HGT events of nic genes, which have frequently occurred within sublineages A and B. (e) Acquisition of genes required for nicotine
production. (f) HGT event of the mas2 gene for santhopine production. Events b and c may originally be associated with adaptation
to soil environments. The cooccurrence of events a to d was observed only in the isolates from tobacco roots. The host-specific
enrichment of Arthrobacter in tobacco roots was possibly triggered by events d and f in bacteria and plants, respectively.
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QIIME2 and DADA2 pipelines (57, 58). Detailed methods and computational analyses can be found in
Text S1 in the supplemental material.

Isolation of root- and soil-derived Arthrobacter and phylogenic analysis. Bacterial strains were
isolated from the surface-sterilized tobacco roots, and the soils were treated with santhopine or nicotine
at 1,000 nmol g21 soil or both metabolites at 1,000 nmol g21 soil. Nonsterilized tobacco roots after soni-
cation, which included rhizoplane and endosphere colonizing bacteria, were used for the reisolation of
Arthrobacter. The roots were sectioned into smaller fragments and then homogenized with a mortar and
pestle in PBS. The santhopine-, nicotine-, and dual-metabolite-treated soils were suspended in distilled
water at 0.5 g soil ml21. Homogenates and soil suspensions were diluted and distributed onto isolation
media, tryptone yeast extract glucose medium (TYG), yeast extract manitol medium (YEM), M715, and
M408, as described previously by Bai et al. (38). Mineral salt buffer (MS) medium (59) with a 1-mg ml21

nicotine solution was also used for isolation from nicotine-treated soil. The media used for the isolation
of each bacterial strain are listed in Data Set S2. Plates were incubated for up to 7 days at 28°C. Colonies
were picked from plates and subcultured on growth medium (10 g liter21 peptone, 10 g liter21 beef
extract, and 5 g liter21 NaCl) and then preserved in a 25% glycerol solution at 280°C. Genomic DNA was
extracted by the hot-alkaline DNA extraction method using extraction buffer (25mM NaOH, 0.2mM
EDTA, 40mM Tris-HCl [pH 6.8]). The 16S rRNA genes were amplified using primer set 10F (59-
GTTTGATCCTGGCTCA-39) and 1500R (59-TACCTTGTTACGACTT-39). PCR products were purified with the
Wizard genomic DNA purification kit (Promega, Madison, WI, USA) according to the manufacturer’s pro-
tocol and directly sequenced using primer 10F to identify individual bacterial isolates to the genus level.
Fifty-four bacterial isolates assigned to the genus Arthrobacter from the bacterial culture collection for
further phylogenic analysis (30, 10, 14, and 6 individual Arthrobacter strains were isolated from the
tobacco endosphere and soils treated with santhopine, nicotine, and dual metabolites, respectively)
were then randomly selected and sequenced using primer 1500R. The resulting nearly complete 16S
rRNA gene sequences (1,202 bp) were aligned with Clustal Omega 1.2.4 (60), and the resultant alignment
was trimmed using trimal 1.4 (61). The 16S rRNA gene sequence data for the reference strains were
retrieved from the GenBank database by a BLAST search. Phylogenetic trees were constructed by the
MLE method using FastTree version 2.1 (62).

Comparative genomic analysis of Arthrobacter. Whole-genome sequencing of Arthrobacter iso-
lates and their assembly as well as comparative analyses were performed as described previously.
Briefly, reads obtained by the Illumina HiSeq 2500 and PacBio Sequell II platforms were assembled and
annotated by the A5 and Prokka pipelines, respectively (63, 64). The AMPHORA and OrthoFinder2 pipe-
lines were used to reconstruct phylogenetic relationships and predict orthologous groups, respectively
(40, 41). Ancestral character estimation was performed by the ace function of the ape R package using
the maximum likelihood estimation approach. A full description of methods and algorithms used in this
study can be found in Text S1.

Santhopine and nicotine degradation assay. Bacterial strains were cultured until strains reached
the stationary phase at 28°C in 2ml of growth medium as described above. Bacterial cells were collected
by centrifugation at 10,000� g for 2min and washed twice with MS medium. Bacterial pellets were
resuspended in 0.5ml of MS medium with a 5-mg ml21 santhopine solution or a 1-mg ml21 nicotine so-
lution and incubated for 1 to 2 days. After centrifugation at 13,000� g for 5min, supernatants were col-
lected and stored at 280°C until use. The santhopine content in the supernatants was measured by liq-
uid chromatography-mass spectrometry (LC-MS) (Waters) in the positive electrospray ionization with
multiple-reaction monitoring (MRM) mode (see Text S1 for details). The LC mobile phases consisted of
water (mobile phase A), acetonitrile (mobile phase B), 2-propanol (mobile phase C), and water contain-
ing 4% (vol/vol) formic acid (mobile phase D). The stepwise gradient program was isocratic at 70% mo-
bile phase B, 25% C, and 5% D from 0 to 3min and isocratic at 47.5% mobile phase A, 35% B, 12.5% C,
and 5% D from 3 to 8min. Nicotine was analyzed by high-performance liquid chromatography (HPLC) as
described previously by Häkkinen et al. (65).

Data availability. All raw data and scripts as well as intermediate data are available at https://www
.mpipz.mpg.de/R_scripts. Additional data related to this paper will be made available upon request.
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