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Diatoms are a major phytoplankton group responsible for approximately 20% of carbon fixation on Earth. They perform
photosynthesis using light-harvesting chlorophylls located in plastids, an organelle obtained through eukaryote-eukaryote
endosymbiosis. Microbial rhodopsin, a photoreceptor distinct from chlorophyll-based photosystems, was recently identified
in some diatoms. However, the physiological function of diatom rhodopsin remains unclear. Heterologous expression
techniques were herein used to investigate the protein function and subcellular localization of diatom rhodopsin. We
demonstrated that diatom rhodopsin acts as a light-driven proton pump and localizes primarily to the outermost membrane
of four membrane-bound complex plastids. Using model simulations, we also examined the effects of pH changes inside
the plastid due to rhodopsin-mediated proton transport on photosynthesis. The results obtained suggested the involvement of
rhodopsin-mediated local pH changes in a photosynthetic CO2-concentrating mechanism in rhodopsin-possessing diatoms.

Key words: microbial rhodopsins, diatom, marine microbiology, CO2-concentrating mechanism

Diatoms are unicellular, photosynthetic algae found
throughout aquatic environments and are responsible for up
to 20% of annual net global carbon fixation (Nelson et al.,
1995; Field et al., 1998). Since their contribution to primary
production in the ocean is significant, their light utilization
mechanisms are essential to correctly understand marine
ecosystems. Diatoms contain chlorophylls a and c and caro‐
tenoids, such as fucoxanthin, as photosynthetic pigments in
the plastids acquired by eukaryote-eukaryote endosymbiosis
(Keeling, 2004). Some diatoms have recently been shown to
contain microbial rhodopsin (henceforth rhodopsins), a
light-harvesting antenna distinct from the chlorophyll-
containing antenna for photosynthesis (Marchetti et al.,
2015). Although rhodopsin-mediated light-harvesting may
support the survival of these diatoms in marine environ‐
ments, the physiological role of rhodopsin in diatom cells
remains unclear.

Microbial rhodopsins are a large family of seven trans‐
membrane photoreceptor proteins (Spudich et al., 2000).
Rhodopsin has an all-trans retinal as the light-absorbing
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chromophore, and its protein function is triggered by the
light-induced isomerization of the retinal. The first micro‐
bial rhodopsin, the light-driven proton pump bacteriorho‐
dopsin (BR), was discovered in halophilic archaea
(Oesterhelt and Stoeckenius, 1971). Although rhodopsin
was initially considered to only occur in halophilic archaea
inhabiting hypersaline environments, subsequent studies
showed that the rhodopsin gene is widely distributed in all
three domains of life (Beja et al., 2000; Sineshchekov et al.,
2002). Rhodopsins are classified based on their functions
into light-driven ion pumps, light-activated signal transduc‐
ers, and light-gated ion channels. The two former functional
types of rhodopsin have so far been identified in prokaryotes
(Ernst et al., 2014). Rhodopsins in prokaryotes, regardless
of function, localize to the cell membrane in which they
operate. For example, proton-pumping rhodopsins export
protons from the cytosol across the cell membrane to con‐
vert light energy into a proton motive force (PMF)
(Yoshizawa et al., 2012). The PMF induced by rhodopsin
ion transport is utilized by various physiological functions,
such as ATP synthesis, substrate uptake, and flagellar move‐
ment.

Rhodopsins functioning as light-driven ion pumps and
light-gated ion channels have been reported in eukaryotic
microorganisms (Ernst et al., 2014; Kikuchi et al., 2021). A
light-gated ion channel called channelrhodopsin, which
localizes to the plasma membrane over the eyespot within
the chloroplast of green algae, has been extensively exam‐

Microbes Environ. 38(2), 2023
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ined for its role in phototaxis (Nagel et al., 2002). The other
type of rhodopsin in eukaryotes, light-driven ion-pumping
rhodopsins has been detected in a number of organisms
belonging to both photoautotrophic and heterotrophic pro‐
tists (Slamovits et al., 2011; Marchetti et al., 2015). Since
the intracellular membrane structure of eukaryotic cells is
more complex than that of prokaryotes, containing various
organelles, even light-driven ion-pumping rhodopsins may
have distinct physiological roles depending on their subcel‐
lular localization (Slamovits et al., 2011). However, due to
the difficulties associated with identifying the exact locali‐
zation of rhodopsins in eukaryotic cells, their subcellular
localization remains unknown.

In the present study, to clarify the physiological function
of rhodopsin in a marine pennate diatom, we investigated
the phylogeny, protein function, spectroscopic characteris‐
tics, and subcellular localization of rhodopsin from a mem‐
ber of the genus Pseudo-nitzschia. Heterologous expression
techniques were used to analyze protein functions and spec‐
troscopic features. The expression of rhodopsin fused with a
green fluorescent protein, eGFP revealed its subcellular
localization in a model diatom (Phaeodactylum tricornutum).
Furthermore, a model-based analysis was performed to eval‐
uate the impact of the potential roles of rhodopsin in cellular
biology.

Materials and Methods

Rhodopsin sequences and phylogenetic analysis
The rhodopsin sequence of the diatom Pseudo-nitzschia granii

was previously reported (Marchetti et al., 2015). All other rhodop‐
sin sequences used in the phylogenetic analysis were collected
from the National Center for Biotechnology Information. Detailed
information on the strains used in this analysis is given in
Extended Data Fig. 1. Sequences were aligned using MAFFT ver‐
sion 7.453 with the options ‘—genafpair’ and ‘—maxiterate 1000’
(Katoh and Standley, 2013). The phylogenetic tree was inferred
using RAxML (v.8.2.12) with the ‘PROTGAMMALGF’ model
using 1,000 rapid bootstrap searches (Stamatakis, 2014). Model
selection was performed with the ProteinModelSelection.pl script
in the RAxML package.

The search for eukaryotic rhodopsins belonging to the Xantho‐
rhodopsin (XR)-like rhodopsin (XLR) clade was performed among
the protein sequences of the Marine Microbial Eukaryote Tran‐
scriptome Sequencing Project (MMETSP) (Keeling et al., 2014).
The phylogenetic placement of rhodopsin proteins from MMETSP
using pplacer (v1.1.alpha19) (Matsen et al., 2010) was conducted
on a prebuilt large-scale phylogenetic tree of rhodopsins and
extracted placements on the XLR clade using gappa (v0.6.0)
(Czech et al., 2020).

Gene preparation, protein expression, and ion transport
measurements of Escherichia coli cells

In the present study, a functional analysis of the rhodopsin pos‐
sessed by the diatom P. granii (named PngR, accession no.
AJA37445.1) was performed using a heterologous expression sys‐
tem. The full-length cDNA for PngR, the codons of which were
optimized for E. coli, were chemically synthesized by Eurofins
Genomics and inserted into the NdeI-XhoI site of the pET21a(+)
vector as previously described (Hasegawa et al., 2020). A hexa-
histidine-tag was fused at the C terminus of PngR, which was uti‐
lized for the purification of the expressed protein. The
heterologous protein expression method is the same as that previ‐
ously reported (Inoue et al., 2018). E. coli BL21(DE3) cells har‐

boring the cognate plasmid were grown at 37°C in LB medium
supplemented with ampicillin (final concentration of 50 μg mL–1).
Protein expression was induced at an optical density at 600 nm of
0.7–1.2 with 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG)
and 10 μM all-trans retinal, after which cells were incubated at
37°C for 3 h. The proton transport activity of PngR was measured
as light-induced pH changes in suspensions of E. coli cells as pre‐
viously described (Inoue et al., 2018). Briefly, cells expressing
PngR were washed more than three times in 150 mM NaCl and
then resuspended in the same solution for measurements. Each cell
suspension was placed in the dark for several min and then illumi‐
nated using a 300 W Xenon lamp (ca. 30 mW cm–2, MAX-303;
Asahi Spectra) through a >460 nm long-pass filter (Y48; HOYA)
for 3 min. Measurements were repeated under the same conditions
after the addition of the protonophore carbonyl cyanide m-
chlorophenylhydrazone (CCCP) (final concentration=10 μM).
Light-induced pH changes were monitored using a Horiba F-72 pH
meter. All measurements were conducted at 25°C using a thermo‐
stat (Eyela NCB-1200; Tokyo Rikakikai).

Purification of PngR from E. coli cells and spectroscopic
measurements of the purified protein

E. coli cells expressing PngR were disrupted by sonication for
30 min in ice-cold buffer containing 50 mM Tris–HCl (pH 7.0)
and 300 mM NaCl. The crude membrane fraction was collected
by ultracentrifugation (130,000×g at 4°C for 60 min) and solu‐
bilized with 1.0% (w/v) n-dodecyl-β-D-maltoside (DDM; DOJINDO
Laboratories). The solubilized fraction was purified by Ni2+

affinity column chromatography with a linear gradient of imidazole
as previously described (Kojima et al., 2020b). The purified pro‐
tein was concentrated by centrifugation using an Amicon Ultra
filter (30,000 Mw cut-off; Millipore). The sample medium was
then replaced with Buffer A (50 mM Tris–HCl, pH 7.0, 1 M NaCl,
and 0.05% [w/v] DDM) by ultrafiltration 3 times.

The absorption spectra of purified proteins were recorded using
a UV-2450 spectrophotometer (Shimadzu) at room temperature in
Buffer A. The retinal composition in PngR was analyzed by high-
performance liquid chromatography (HPLC) as previously descri‐
bed (Kojima et al., 2020a). Regarding dark adaptation, samples
were kept under dark conditions at 4°C for more than 72 h,
whereas those for light adaptation were illuminated for 3 min at
520±10 nm, with light power being adjusted to approximately
10 mW cm–2. The molar compositions of the retinal isomers were
calculated from the areas of the peaks in HPLC patterns monitored
at 360 nm using the extinction coefficients of retinal oxime iso‐
mers as previously described (Kojima et al., 2020a). In pH titration
experiments, samples were suspended in Buffer A. The pH values
of the samples were adjusted to the desired acidic values by the
addition of HCl, after which absorption spectra were measured at
each pH value. All measurements were conducted at room temper‐
ature (approximately 25°C) under room light. After these measure‐
ments, the reversibility of spectral changes was examined to
confirm that the sample was not denatured during measurements.
Absorption changes at specific wavelengths were plotted against
pH values and plots were fit to the Henderson–Hasselbalch equa‐
tion assuming a single pKa value as previously described (Inoue et
al., 2018).

The transient time-resolved absorption spectra of the purified
proteins from 380 to 700 nm at 5-nm intervals were obtained using
a homemade computer-controlled flash photolysis system equipped
with an Nd: YAG laser as an actinic light source. Using an optical
parametric oscillator, the wavelength of the actinic pulse was tuned
at 510 nm for PngR. Pulse intensity was adjusted to 2 mJ per pulse.
All data were averaged to improve the signal-to-noise ratio (n=30).
All measurements were conducted at 25°C. In these experiments,
samples were suspended in Buffer A. After measurements, the
reproducibility of data was checked to confirm that the sample was
not denatured during measurements. To investigate proton uptake
and release during the photocycle, we used the pH indicator pyra‐
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Diatoms are a major phytoplankton group responsible for approximately 20% of carbon fixation on Earth. They perform
photosynthesis using light-harvesting chlorophylls located in plastids, an organelle obtained through eukaryote-eukaryote
endosymbiosis. Microbial rhodopsin, a photoreceptor distinct from chlorophyll-based photosystems, was recently identified
in some diatoms. However, the physiological function of diatom rhodopsin remains unclear. Heterologous expression
techniques were herein used to investigate the protein function and subcellular localization of diatom rhodopsin. We
demonstrated that diatom rhodopsin acts as a light-driven proton pump and localizes primarily to the outermost membrane
of four membrane-bound complex plastids. Using model simulations, we also examined the effects of pH changes inside
the plastid due to rhodopsin-mediated proton transport on photosynthesis. The results obtained suggested the involvement of
rhodopsin-mediated local pH changes in a photosynthetic CO2-concentrating mechanism in rhodopsin-possessing diatoms.
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Diatoms are unicellular, photosynthetic algae found
throughout aquatic environments and are responsible for up
to 20% of annual net global carbon fixation (Nelson et al.,
1995; Field et al., 1998). Since their contribution to primary
production in the ocean is significant, their light utilization
mechanisms are essential to correctly understand marine
ecosystems. Diatoms contain chlorophylls a and c and caro‐
tenoids, such as fucoxanthin, as photosynthetic pigments in
the plastids acquired by eukaryote-eukaryote endosymbiosis
(Keeling, 2004). Some diatoms have recently been shown to
contain microbial rhodopsin (henceforth rhodopsins), a
light-harvesting antenna distinct from the chlorophyll-
containing antenna for photosynthesis (Marchetti et al.,
2015). Although rhodopsin-mediated light-harvesting may
support the survival of these diatoms in marine environ‐
ments, the physiological role of rhodopsin in diatom cells
remains unclear.

Microbial rhodopsins are a large family of seven trans‐
membrane photoreceptor proteins (Spudich et al., 2000).
Rhodopsin has an all-trans retinal as the light-absorbing
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chromophore, and its protein function is triggered by the
light-induced isomerization of the retinal. The first micro‐
bial rhodopsin, the light-driven proton pump bacteriorho‐
dopsin (BR), was discovered in halophilic archaea
(Oesterhelt and Stoeckenius, 1971). Although rhodopsin
was initially considered to only occur in halophilic archaea
inhabiting hypersaline environments, subsequent studies
showed that the rhodopsin gene is widely distributed in all
three domains of life (Beja et al., 2000; Sineshchekov et al.,
2002). Rhodopsins are classified based on their functions
into light-driven ion pumps, light-activated signal transduc‐
ers, and light-gated ion channels. The two former functional
types of rhodopsin have so far been identified in prokaryotes
(Ernst et al., 2014). Rhodopsins in prokaryotes, regardless
of function, localize to the cell membrane in which they
operate. For example, proton-pumping rhodopsins export
protons from the cytosol across the cell membrane to con‐
vert light energy into a proton motive force (PMF)
(Yoshizawa et al., 2012). The PMF induced by rhodopsin
ion transport is utilized by various physiological functions,
such as ATP synthesis, substrate uptake, and flagellar move‐
ment.

Rhodopsins functioning as light-driven ion pumps and
light-gated ion channels have been reported in eukaryotic
microorganisms (Ernst et al., 2014; Kikuchi et al., 2021). A
light-gated ion channel called channelrhodopsin, which
localizes to the plasma membrane over the eyespot within
the chloroplast of green algae, has been extensively exam‐
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nine (final concentration=100 μM; Tokyo Chemical Industry),
which has been extensively used to monitor light-induced pH
changes in various rhodopsins. pH changes in the bulk environ‐
ment were measured as the absorption changes of pyranine at
450 nm. The absorption changes of pyranine were obtained by sub‐
tracting the absorption changes of samples without pyranine from
those of samples with pyranine. Experiments using pyranine were
performed in an unbuffered solution containing 1 M NaCl and
0.05% (w/v) DDM (pH 7.0) to enhance signals. The results of
1,000 traces were averaged to improve the signal-to-noise ratio.

Subcellular localization of PngR in the model diatom
The PngR:eGFP recombinant gene, coding the full length of

PngR C-terminally tagged with eGFP, was cloned into the expres‐
sion vector for the model diatom P. tricornutum, pPha-NR (Stork
et al., 2012), by CloneEZ (GenScript) according to the manufactur‐
er’s instructions. The plasmid was electroporated into cells of P.
tricornutum UTEX642 with the NEPA21 Super Electroporator
(NEPAGENE), and transformed cells were selected with a Zeocin-
based antibiotic treatment as previously described (Miyahara et al.,
2013; Dorrell et al., 2019). Selected clones were observed under an
Olympus BX51 fluorescent microscope (Olympus) equipped with
an Olympus DP72 CCD color camera (Olympus). The nucleus
stained with DAPI and chlorophyll autofluorescence from the plas‐
tid were observed with a 420-nm filter at 330 to 385 nm excitation.
GFP fluorescence was detected with a 510- to 550-nm filter at 470
to 495 nm excitation.

Quantitative model of C concentrations in a diatom: Cell Flux
Model of C Concentration (CFM-CC)

Membrane transport model. We combined the membrane trans‐
port of CO2 and C fixation. Parameter definitions, units, and values
are provided in Supporting Information Table S1 and S2, respec‐
tively. The key model equation is the balance of the concentration
of CO2 in the cytosol, [CO2]p:
d CO2 p

dt = D CO2 m − CO2 p − V Cfix [eq. 1]

where t is time, D is the diffusion coefficient, and [CO2]m is the
concentration of CO2 in the inner side of the outermost membrane
of the plastid (hereafter “the middle space”). The first term repre‐
sents the diffusion of CO2 from the middle space to the cytosol,
while the second term VCfix represents the C fixation rate following
Michaelis–Menten kinetics (Berg et al., 2010; Hopkinson, 2014):

V Cfix = V max
CO2 p

CO2 p + K  [eq. 2]

where Vmax is the maximum CO2 fixation rate and K is the half
saturation constant. [CO2]m is obtained based on the carbonate
chemistry in the middle space (see below). Under the steady state,
[eq. 1] with [eq. 2] becomes the following quadratic relationship
for [CO2]p:

CO2 p
2 +

V max
D + K − CO2 m CO2 p − K CO2 m = 0 [eq. 3]

Solving this equation for CO2 p
2 leads to:

CO2 p
 
 
=

−
V max

D + K − CO2 m +
V max

D + K − CO2 m
2

+ 4K
2

 [eq. 4]
Note that the other solution for the negative route is unrealistic
because it may lead to the overall negative value of [CO2]p. Once
we obtain [CO2]p, we may then calculate the rate of C fixation VCfix
with [eq. 2].

Furthermore, from [eq. 4], we obtain two extreme solutions. In
the case of Vmax≪D (i.e., when the CO2 uptake capacity is small

relative to the speed of CO2 diffusion), [eq. 4] leads to
CO2 p    CO2 m [eq. 5]

With this relationship and [eq. 2], VCfix is computed as follows:

V Cfix   V max
CO2 m

CO2 m + K  [eq. 6]

In contrast, when Vmax≫D (i.e., when the CO2 uptake capacity is
high relative to the CO2 diffusion across the membrane), [eq. 4]
becomes
CO2 p   0 [eq. 7]

Under the steady state, [eq. 1] becomes
V Cfix = D CO2 m − CO2 p  [eq. 8]
and plugging [eq. 7] into [eq. 8] leads to
V Cfix   D CO2 m [eq. 9]
and VCfix is calculated. We note that [CO2]p>[CO2]m may occur
when there are membrane-bound transporters for HCO3

– located on
each membrane between the middle space and plastid (Hopkinson,
2014). However, such a set of transporters has not yet been discov‐
ered (Matsuda et al., 2017). Therefore, our model conforms with
the current state of knowledge. Even if [CO2]p>[CO2]m, moderately
decreased pHm and, thus, increased [CO2]m may be useful since
they may reduce the gradient of CO2 across membranes (i.e.,
[CO2]p vs [CO2]m), thereby mitigating the diffusive loss of CO2
from the plastid.

Carbonate chemistry in the middle space. The above equations
may be solved once we obtain [CO2]m. The model uses a given
DIC (dissolved inorganic C) concentration in the middle space
[DIC]m to calculate [CO2]m following the established equations for
carbon chemistry (Emerson and Hedges, 2008).

CO2 m =
DIC m

1 +
K1

H+
m

+
K1K2

H+
m
2

 [eq. 10]

where [H+]m is the concentration of H+ (10–pH mol L–1) in the mid‐
dle space and K1 and K2 are temperature- and salinity-dependent
parameters (Lueker et al., 2000; Emerson and Hedges, 2008):
K1 = 10−pK1 [eq. 11]
K2 = 10−pK2 [eq. 12]
where

pK1 = 3633.86
T − 61.2172 + 9.6777ln T

 
 −0.011555S + 0.0001152S2 [eq. 13]

pK2 = 471.78
T + 25.9290 − 3.16967ln T

 
 −0.01781S + 0.0001122S2 [eq. 14]

Code availability
The code for CFM-CC is freely available from GitHub/Zenodo

at https://zenodo.org/record/5182712 (DOI: 10.5281/zenodo.5182712).

Results and Discussion

Rhodopsin sequences and phylogenetic analysis
We performed a phylogenetic analysis using the rhodop‐

sin (named PngR, accession no. AJA37445.1) of the diatom
P. granii and microbial rhodopsin sequences reported to date
(Marchetti et al., 2015). This phylogenetic tree revealed that
PngR is not included in the proteorhodopsin (PR) clade
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commonly found in oceanic organisms, but belongs to the
Xanthorhodopsin (XR)-like rhodopsin (XLR) clade, which
is presumed to have an outward proton transporting function
(Fig. 1 and Extended Data Fig. 1). A comparison of the
motif sequences necessary for ion transport showed that the
amino acids in the putative proton donor and acceptor sites
of XR and PR were conserved in PngR, suggesting that
PngR functions as an outward proton pump (Extended Data
Fig. 2). Furthermore, the homology search for rhodopsin
sequences in the XLR clade from Marine Microbial Eukar‐
yote Transcriptome Sequencing Project (MMETSP)
revealed that not only diatoms (Ochrophyta, Stramenopiles),
but also dinoflagellates (Dinophyceae, Alveolata) and hap‐
tophytes have rhodopsin genes in the same XLR clade (Sup‐
porting Information Table S3). These results indicate that
rhodopsins of the XLR clade are widely distributed among
the major phytoplankton groups, which are important pri‐
mary producers in the ocean.

Function and spectroscopic features of diatom rhodopsin
To characterize the function of PngR, we heterologously

expressed the synthesized rhodopsin gene in E. coli cells. A
light-induced decrease in pH was observed in the suspen‐
sion of E. coli cells expressing PngR, and this reduction was
almost completely abolished in the presence of the protono‐

phore carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(Fig. 2A). The pH changes observed clearly showed that
PngR exported protons from the cytoplasmic side across the
cell membrane.

We then examined the spectroscopic characteristics of
PngR using the recombinant protein purified from E. coli.
The absorption maximum of PngR was located at 511 nm
(Fig. 2B), which was markedly shorter than those of XR
(565 nm) and GR (Gloeobacter rhodopsin 541 nm) in the
XLR clade (Balashov et al., 2005). It is important to note
that while P. granii is a marine species, XR and GR are both
distributed in terrestrial organisms. Therefore, the present
results are consistent with the shorter wavelength of the
absorption maximum of rhodopsin in marine environments
than in the terrestrial environment (Man et al., 2003),
indicating that PngR is well adapted to light conditions in
the ocean, particularly the open ocean.

We then examined the retinal configuration in PngR by
HPLC. In light- and dark-adapted samples, the isomeric
state of retinal was predominantly all-trans (Extended Data
Fig. 3), which was similar to the isomeric state of retinal in
prokaryotic GR in the XLR clade, but different from that in
BR (Miranda et al., 2009). Since the pKa value of the proton
acceptor residue (Asp85 in BR) is an indicator of the effi‐
ciency of proton transport by rhodopsin, we estimated the
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Fig. 1. Phylogenetic position of diatom rhodopsin. A maximum likelihood tree of the amino acid sequences of microbial rhodopsins. Diatom
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cyanorhodopsin (CyR).
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nine (final concentration=100 μM; Tokyo Chemical Industry),
which has been extensively used to monitor light-induced pH
changes in various rhodopsins. pH changes in the bulk environ‐
ment were measured as the absorption changes of pyranine at
450 nm. The absorption changes of pyranine were obtained by sub‐
tracting the absorption changes of samples without pyranine from
those of samples with pyranine. Experiments using pyranine were
performed in an unbuffered solution containing 1 M NaCl and
0.05% (w/v) DDM (pH 7.0) to enhance signals. The results of
1,000 traces were averaged to improve the signal-to-noise ratio.

Subcellular localization of PngR in the model diatom
The PngR:eGFP recombinant gene, coding the full length of

PngR C-terminally tagged with eGFP, was cloned into the expres‐
sion vector for the model diatom P. tricornutum, pPha-NR (Stork
et al., 2012), by CloneEZ (GenScript) according to the manufactur‐
er’s instructions. The plasmid was electroporated into cells of P.
tricornutum UTEX642 with the NEPA21 Super Electroporator
(NEPAGENE), and transformed cells were selected with a Zeocin-
based antibiotic treatment as previously described (Miyahara et al.,
2013; Dorrell et al., 2019). Selected clones were observed under an
Olympus BX51 fluorescent microscope (Olympus) equipped with
an Olympus DP72 CCD color camera (Olympus). The nucleus
stained with DAPI and chlorophyll autofluorescence from the plas‐
tid were observed with a 420-nm filter at 330 to 385 nm excitation.
GFP fluorescence was detected with a 510- to 550-nm filter at 470
to 495 nm excitation.

Quantitative model of C concentrations in a diatom: Cell Flux
Model of C Concentration (CFM-CC)

Membrane transport model. We combined the membrane trans‐
port of CO2 and C fixation. Parameter definitions, units, and values
are provided in Supporting Information Table S1 and S2, respec‐
tively. The key model equation is the balance of the concentration
of CO2 in the cytosol, [CO2]p:
d CO2 p

dt = D CO2 m − CO2 p − V Cfix [eq. 1]

where t is time, D is the diffusion coefficient, and [CO2]m is the
concentration of CO2 in the inner side of the outermost membrane
of the plastid (hereafter “the middle space”). The first term repre‐
sents the diffusion of CO2 from the middle space to the cytosol,
while the second term VCfix represents the C fixation rate following
Michaelis–Menten kinetics (Berg et al., 2010; Hopkinson, 2014):

V Cfix = V max
CO2 p

CO2 p + K  [eq. 2]

where Vmax is the maximum CO2 fixation rate and K is the half
saturation constant. [CO2]m is obtained based on the carbonate
chemistry in the middle space (see below). Under the steady state,
[eq. 1] with [eq. 2] becomes the following quadratic relationship
for [CO2]p:

CO2 p
2 +

V max
D + K − CO2 m CO2 p − K CO2 m = 0 [eq. 3]

Solving this equation for CO2 p
2 leads to:

CO2 p
 
 
=

−
V max

D + K − CO2 m +
V max

D + K − CO2 m
2

+ 4K
2

 [eq. 4]
Note that the other solution for the negative route is unrealistic
because it may lead to the overall negative value of [CO2]p. Once
we obtain [CO2]p, we may then calculate the rate of C fixation VCfix
with [eq. 2].

Furthermore, from [eq. 4], we obtain two extreme solutions. In
the case of Vmax≪D (i.e., when the CO2 uptake capacity is small

relative to the speed of CO2 diffusion), [eq. 4] leads to
CO2 p    CO2 m [eq. 5]

With this relationship and [eq. 2], VCfix is computed as follows:

V Cfix   V max
CO2 m

CO2 m + K  [eq. 6]

In contrast, when Vmax≫D (i.e., when the CO2 uptake capacity is
high relative to the CO2 diffusion across the membrane), [eq. 4]
becomes
CO2 p   0 [eq. 7]

Under the steady state, [eq. 1] becomes
V Cfix = D CO2 m − CO2 p  [eq. 8]
and plugging [eq. 7] into [eq. 8] leads to
V Cfix   D CO2 m [eq. 9]
and VCfix is calculated. We note that [CO2]p>[CO2]m may occur
when there are membrane-bound transporters for HCO3

– located on
each membrane between the middle space and plastid (Hopkinson,
2014). However, such a set of transporters has not yet been discov‐
ered (Matsuda et al., 2017). Therefore, our model conforms with
the current state of knowledge. Even if [CO2]p>[CO2]m, moderately
decreased pHm and, thus, increased [CO2]m may be useful since
they may reduce the gradient of CO2 across membranes (i.e.,
[CO2]p vs [CO2]m), thereby mitigating the diffusive loss of CO2
from the plastid.

Carbonate chemistry in the middle space. The above equations
may be solved once we obtain [CO2]m. The model uses a given
DIC (dissolved inorganic C) concentration in the middle space
[DIC]m to calculate [CO2]m following the established equations for
carbon chemistry (Emerson and Hedges, 2008).

CO2 m =
DIC m

1 +
K1

H+
m

+
K1K2

H+
m
2

 [eq. 10]

where [H+]m is the concentration of H+ (10–pH mol L–1) in the mid‐
dle space and K1 and K2 are temperature- and salinity-dependent
parameters (Lueker et al., 2000; Emerson and Hedges, 2008):
K1 = 10−pK1 [eq. 11]
K2 = 10−pK2 [eq. 12]
where

pK1 = 3633.86
T − 61.2172 + 9.6777ln T

 
 −0.011555S + 0.0001152S2 [eq. 13]

pK2 = 471.78
T + 25.9290 − 3.16967ln T

 
 −0.01781S + 0.0001122S2 [eq. 14]

Code availability
The code for CFM-CC is freely available from GitHub/Zenodo

at https://zenodo.org/record/5182712 (DOI: 10.5281/zenodo.5182712).

Results and Discussion

Rhodopsin sequences and phylogenetic analysis
We performed a phylogenetic analysis using the rhodop‐

sin (named PngR, accession no. AJA37445.1) of the diatom
P. granii and microbial rhodopsin sequences reported to date
(Marchetti et al., 2015). This phylogenetic tree revealed that
PngR is not included in the proteorhodopsin (PR) clade
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pKa values of the putative proton acceptor in PngR (Asp91)
by a pH titration experiment (Extended Data Fig. 4). This
experiment estimated that the pKa of this residue acceptor
was approximately 5.0, indicating that the proton acceptor
of PngR works well in marine and intracellular environ‐
ments. Furthermore, the photochemical reactions that pro‐
ceed behind the ion-transportation mechanism of PngR were
examined by a flash photolysis analysis (Extended Data Fig.
5). All photocycles required for ion transportation in PngR
were completed in approximately 300 ms, suggesting that
the cycle was sufficiently fast to pump protons in a physio‐
logically significant time scale. The results and a discussion
of the flash photolysis analysis are described in the supple‐
mentary information.

Subcellular localization of PngR in a model diatom
The PngR sequence bears neither an apparent N-terminal

extension nor a detectable N-terminal signal peptide, and,
thus, in silico analyses are unable to predict the subcellular
localization of PngR. To identify the subcellular localization
of PngR, a C-terminal eGFP-fusion PngR was expressed in
the model diatom P. tricornutum, which may be transformed
by electroporation and is often used in a heterologous
expression analysis (Nakajima et al., 2013; Dorrell et al.,
2019). The transformed P. tricornutum cell was examined
under differential interface contrast and epifluorescent

microscopes (Fig. 3A). We observed the fluorescence of
GFP, DAPI, and chlorophylls to establish the localization of
recombinant PngR:eGFP, the nucleus, and chloroplast,
respectively, in multiple cells (Extended Data Fig. 6 and 7).
The fluorescence signal of the PngR:eGFP transformant
appeared to localize at the periphery of chlorophyll fluores‐
cence and DAPI signals, corresponding to the outermost
plastid membrane, called the chloroplast endoplasmic retic‐
ulum membrane (CERM), which is physically connected to
the nuclear membrane (Fig. 3A). A few cells also exhibited
GFP signals within vacuolar membranes in addition to
CERM (Extended Data Fig. 7). The insertion of the com‐
plete sequence of the PngR:eGFP gene in transformant
DNA was confirmed by PCR followed by Sanger sequencing.

Based on the results of the heterologous expression
experiment and microscopic observations, we concluded
that PngRs primarily localized to the outermost membrane
of the plastid. However, fluorescence signals were also
observed to a lesser extent in the vacuolar membrane,
suggesting the involvement of other factors, such as cell
growth conditions, in their localization. These results imply
that light-driven proton transport by PngR acidifies or alkal‐
izes the inner region of CERM (Fig. 3B). Therefore, the
physiological role of pH changes in this region in diatoms
warrants further study. The electrochemical gradient formed
by rhodopsin may be a driving force for various secondary
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Fig. 2. Light-induced pH changes and absorption spectrum of PngR. (A) Outward proton pump activity of PngR in E. coli cells. Light-induced
pH changes in solutions containing E. coli cells with the expression plasmid for PngR (upper panel) and the empty vector pET21a (lower panel) in
the presence (red dashed line) or absence (red solid line) of CCCP. The white-filled region indicates the period of illumination. (B) Absorption
spectrum of purified PngR in Buffer A (50 mM Tris–HCl, pH 7.0, 1 M NaCl, and 0.05% [w/v] DDM).
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Fig. 3. Subcellular localization of rhodopsins in diatom cells. (A) A transformed diatom cell was observed with differential interface contrast
(DIC) (Upper left). Green fluorescence from recombinant PngR (GFP) (Upper right). Nuclear DNA stained with DAPI and chlorophyll
autofluorescence (DAPI + Chl) and a merged image (Merge) are shown in the bottom left and bottom right, respectively. The scale bar indicates
5 μm. (B) A mode for the subcellular localization of PngR. The proton transport of PngR acidifies or alkalizes the region (the middle space)
surrounded by the membrane of CERM and PPM. Abbreviations are as follows: cytosol (Cyt), nucleus (Nuc), plastid (PL), chloroplast
endoplasmic reticulum membrane (CERM), periplastidial membrane (PPM), outer plastid envelope membrane (oEM), and internal plastid
envelope membrane (iEM).
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transport processes. Alternatively, based on the primary pur‐
pose of plastids, local pH changes may be related to photo‐
synthesis. The pH in this region is considered to be
important for the transport of inorganic carbon (Ci) to
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
(Gee and Niyogi, 2017). This is because in the carbonate
system, pH affects the proportion of carbonate species (CO2,
HCO3

–, and CO3
2–) in water.

Under weakly alkaline conditions in the ocean, the major‐
ity of dissolved inorganic carbon (DIC) is generally present
in the form of HCO3

–, with only approximately 1% being
present in the form of CO2. However, RuBisCO localized in
the stroma only reacts with Ci in the form of CO2, not
HCO3

–. The RuBisCO enzyme in diatoms exhibits low
affinity even for CO2 (Km of 25~68 μM, while CO2aq in the
ocean is approximately 10 μM at 25°C) and, thus, requires
concentrated CO2 for efficient fixation at the site of
RuBisCO. In other words, the ocean is always a CO2-limited
environment for most phytoplankton (Riebesell et al.,
1993). Consequently, due to the membrane impermeability
of HCO3

–, phytoplankton have developed a number of CO2-
concentrating mechanisms (CCM) to efficiently transport Ci
to the site of RuBisCO by placing HCO3

– transporters in
appropriate membranes and carbonic anhydrase (CA) in
these compartments, the latter of which catalyzes the rapid
interconversion between HCO3

– and CO2. However, since
difficulties are associated with directly examining pH

changes and the forms of Ci of the small compartment in
eukaryotic microbial organelles, a model simulation is a
powerful alternative approach (Hopkinson et al., 2011). In
the present study, we used a model simulation to investigate
whether rhodopsin-mediated pH changes in this region were
involved in CCM.

A quantitative model of carbon concentrations in diatoms:
CFM-CC

Our subcellular localization analysis suggested that pro‐
ton transport by rhodopsin acidified or alkalized the inner
side of the outermost membrane of the plastid (the middle
space). To quantitatively examine the effects of pH in the
middle space on C fixation, we developed a simple quantita‐
tive model of carbonate chemistry combined with mem‐
brane transport and C fixation (CFM-CC: Cell Flux Model
of C Concentration) (Fig. 4 upper panel). A comprehensive
model of the concentration of CO2 within diatoms was
developed (Hopkinson et al., 2011; Hopkinson, 2014).
CFM-CC uses a conceptually similar structure to this model,
focusing on more specific membrane layers, designed to test
the effects of pH changes in the middle space.

Our model results showed that the concentrations of CO2
in the middle space ([CO2]m) were strongly dependent on pH
(pHm), suggesting that proton pumping by rhodopsin
affected C fixation (Fig. 4 bottom panel). The calculation of
C chemistry in the middle space revealed that a decrease in
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Fig. 4. A quantitative model of the concentration of carbon in diatoms. (Upper panel) Schematic of a Cell Flux Model of C Concentration (CFM-
CC). The left panel represents the actual cell, while the right panel represents the model. Solid arrows show the net flux of C and the dashed arrow
indicates the effects of pH. (Bottom panel) The effects of pH in the middle space on CO2 concentrations and the photosynthesis rate. (A) CO2
concentrations in the middle space [CO2]m. (B) CO2 concentrations in the plastid [CO2]p. (C) The C fixation rate relative to that with pH in the
middle space of 7.59, the only mean value we found for intracellular pH in a diatom (Burns and Beardall, 1987). (B) and (C) are plotted for
various Vmax/D. The solution for [CO2]m in (A) is independent of Vmax/D.
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pKa values of the putative proton acceptor in PngR (Asp91)
by a pH titration experiment (Extended Data Fig. 4). This
experiment estimated that the pKa of this residue acceptor
was approximately 5.0, indicating that the proton acceptor
of PngR works well in marine and intracellular environ‐
ments. Furthermore, the photochemical reactions that pro‐
ceed behind the ion-transportation mechanism of PngR were
examined by a flash photolysis analysis (Extended Data Fig.
5). All photocycles required for ion transportation in PngR
were completed in approximately 300 ms, suggesting that
the cycle was sufficiently fast to pump protons in a physio‐
logically significant time scale. The results and a discussion
of the flash photolysis analysis are described in the supple‐
mentary information.

Subcellular localization of PngR in a model diatom
The PngR sequence bears neither an apparent N-terminal

extension nor a detectable N-terminal signal peptide, and,
thus, in silico analyses are unable to predict the subcellular
localization of PngR. To identify the subcellular localization
of PngR, a C-terminal eGFP-fusion PngR was expressed in
the model diatom P. tricornutum, which may be transformed
by electroporation and is often used in a heterologous
expression analysis (Nakajima et al., 2013; Dorrell et al.,
2019). The transformed P. tricornutum cell was examined
under differential interface contrast and epifluorescent

microscopes (Fig. 3A). We observed the fluorescence of
GFP, DAPI, and chlorophylls to establish the localization of
recombinant PngR:eGFP, the nucleus, and chloroplast,
respectively, in multiple cells (Extended Data Fig. 6 and 7).
The fluorescence signal of the PngR:eGFP transformant
appeared to localize at the periphery of chlorophyll fluores‐
cence and DAPI signals, corresponding to the outermost
plastid membrane, called the chloroplast endoplasmic retic‐
ulum membrane (CERM), which is physically connected to
the nuclear membrane (Fig. 3A). A few cells also exhibited
GFP signals within vacuolar membranes in addition to
CERM (Extended Data Fig. 7). The insertion of the com‐
plete sequence of the PngR:eGFP gene in transformant
DNA was confirmed by PCR followed by Sanger sequencing.

Based on the results of the heterologous expression
experiment and microscopic observations, we concluded
that PngRs primarily localized to the outermost membrane
of the plastid. However, fluorescence signals were also
observed to a lesser extent in the vacuolar membrane,
suggesting the involvement of other factors, such as cell
growth conditions, in their localization. These results imply
that light-driven proton transport by PngR acidifies or alkal‐
izes the inner region of CERM (Fig. 3B). Therefore, the
physiological role of pH changes in this region in diatoms
warrants further study. The electrochemical gradient formed
by rhodopsin may be a driving force for various secondary
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Fig. 2. Light-induced pH changes and absorption spectrum of PngR. (A) Outward proton pump activity of PngR in E. coli cells. Light-induced
pH changes in solutions containing E. coli cells with the expression plasmid for PngR (upper panel) and the empty vector pET21a (lower panel) in
the presence (red dashed line) or absence (red solid line) of CCCP. The white-filled region indicates the period of illumination. (B) Absorption
spectrum of purified PngR in Buffer A (50 mM Tris–HCl, pH 7.0, 1 M NaCl, and 0.05% [w/v] DDM).
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Fig. 3. Subcellular localization of rhodopsins in diatom cells. (A) A transformed diatom cell was observed with differential interface contrast
(DIC) (Upper left). Green fluorescence from recombinant PngR (GFP) (Upper right). Nuclear DNA stained with DAPI and chlorophyll
autofluorescence (DAPI + Chl) and a merged image (Merge) are shown in the bottom left and bottom right, respectively. The scale bar indicates
5 μm. (B) A mode for the subcellular localization of PngR. The proton transport of PngR acidifies or alkalizes the region (the middle space)
surrounded by the membrane of CERM and PPM. Abbreviations are as follows: cytosol (Cyt), nucleus (Nuc), plastid (PL), chloroplast
endoplasmic reticulum membrane (CERM), periplastidial membrane (PPM), outer plastid envelope membrane (oEM), and internal plastid
envelope membrane (iEM).
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pHm favored higher [CO2]m at a given DIC concentration
(Fig. 4A) (we used 993 μmol L–1 [Burns and Beardall,
1987]). We noted that the potential leaking of CO2 into the
cytosol may change DIC in the middle space, but used a
constant DIC value because this effect has not been experi‐
mentally demonstrated and is difficult to quantify due to
unknown factors (e.g., the balance of DIC uptake and CO2
leaking). At the reference point (we used pHm=7.59 [Burns
and Beardall, 1987]), [CO2]m was 17 μmol L–1, but increased
to 64, 410, and 870 μmol L–1 for pHm values of 7, 6, and 5,
respectively (Fig. 4A).

Due to increased [CO2]m, the concentration of CO2 in the
plastid ([CO2]p) also increased with lower pHm; however,
the level of this increase was dependent on Vmax/D (the ratio
of the maximum C fixation rate to the diffusion constant)
(Fig. 4B). When Vmax/D was small, the diffusion of CO2
from the middle space to the plastid dominated the change,
resulting in [CO2]p similar to [CO2]m. In contrast, when
Vmax/D was large, CO2 uptake dominated, and the effect of
[CO2]m on [CO2]p was small.

The rate of C fixation increased with lower pHm because
increased [CO2]m accelerated the transport of CO2 into the
plastid (Fig. 4C). However, the magnitude of this increase
depended on Vmax/D. The model showed that the effects of
pHm on C fixation were greater when Vmax/D was large
because the rate of C fixation was changed more by [CO2]m
[eq. 6], which is directly affected by pHm. However, when
Vmax/D was small, the C fixation rate was changed more by
C uptake kinetics [eq. 4], which were saturated at a rela‐
tively low [CO2]p (K value of 44 μmol L–1 [Jensen et al.,
2020]). Based on the possible range of Vmax/D, C fixation
showed 2.1- to 3.8-, 3.2- to 24.2-, and 3.4- to 51.2-fold
increases when pHm decreased from 7.59 to 7, 6, 5 respec‐
tively. These results suggested that pHm markedly affected C
uptake at any Vmax/D as well as also the benefit for cells to
have high Vmax relative to the diffusivity of CO2 across the
membrane. This was most likely the case because the D
value was shown to be reduced when there were multiple
membranes (Eichner et al., 2019; Inomura et al., 2019).
Therefore, this simple yet elegant system with rhodopsin to
manipulate pHm provides a powerful mechanism in C con‐
centrations and, thus, adjusts the C fixation rate to given
physiological conditions in some rhodopsin-containing dia‐
toms, enabling them to be more successful primary produc‐
ers in the ocean.

In our model simulation, we examined the effects of
rhodopsin-mediated pH changes in the middle space on
CCM efficiency. The results obtained suggested that C fixa‐
tion was enhanced when the pH of the middle space was
acidified by a light-driven proton pump. CCM based on CO2
diffusion (termed the pump-leak type) has been proposed as
a possible mechanism by placing CAs in appropriate loca‐
tions. For example, Nannochloropsis oceanica (Ochrophyta),
possessing the same four membrane-bound complex plastids
as those found in diatoms, is considered to generate CO2 by
placing CA in the middle space (Gee and Niyogi, 2017).
Furthermore, the centric diatom Chaetoceros gracilis is con‐
sidered to generate CO2 by placing CAs outside the cell and
allowing CO2 to flow into the cell (Tsuji et al., 2021). In
contrast to the CA-based model, the acidification-based

model was formerly proposed to facilitate the CO2 fixation
of RuBisCO in the thylakoid lumen of plastids; HCO3

– is
converted into CO2 through acidification by photosynthetic
proton pumping into the thylakoid lumen (Raven, 1997).
Our rhodopsin-mediated Ci transform model, CFM-CC pro‐
poses that pH changes in the middle space by proton-
pumping rhodopsin also plays the role of a CO2 regulator.
This proposed mechanism may be useful in most parts of
the ocean where CO2 chronically limits photosynthesis, but
may be even more valuable in specific environments. For
example, since CA, which plays a central role in CCM,
requires cobalt or zinc ions as the reaction center, and pho‐
tosynthetic proton-pumping systems need iron, rhodopsin-
derived acidic pools may be useful for Ci uptake in oceans
where these metal ions are depleted (such as the HNLC
region of the North Pacific Ocean) (Moore et al., 2013). In
the HNLC region of the North Pacific, where P. granii
rhodopsin-containing cells were initially identified (Marchetti
et al., 2012), primary production may be limited by iron and
affected by other trace metals (Saito et al., 2008). In other
words, our proposed mechanism appears to be particularly
effective in the ocean where trace metals involved in CCM
are depleted.

In the present study, we clarified the function and subcel‐
lular localization of PngR in a photosynthetic diatom. The
results obtained suggest that proton transport by rhodopsin
changes pH inside the outermost membrane of the plastid
(CERM). A quantitative simulation indicated that the crea‐
tion of an acidic pool by light provides positive feedback on
C fixation efficiency, while alkalization of the middle space
may restrict C fixation. If PngR acidifies the middle space,
diatom rhodopsin may contribute to CCM (Extended Data
Fig. 8). Future analyses of cultured rhodopsin-bearing
microbial eukaryotes will corroborate the present results and
promote further research on the mechanisms by which
rhodopsin-mediated proton transport promotes their growth
in the ocean.
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pHm favored higher [CO2]m at a given DIC concentration
(Fig. 4A) (we used 993 μmol L–1 [Burns and Beardall,
1987]). We noted that the potential leaking of CO2 into the
cytosol may change DIC in the middle space, but used a
constant DIC value because this effect has not been experi‐
mentally demonstrated and is difficult to quantify due to
unknown factors (e.g., the balance of DIC uptake and CO2
leaking). At the reference point (we used pHm=7.59 [Burns
and Beardall, 1987]), [CO2]m was 17 μmol L–1, but increased
to 64, 410, and 870 μmol L–1 for pHm values of 7, 6, and 5,
respectively (Fig. 4A).

Due to increased [CO2]m, the concentration of CO2 in the
plastid ([CO2]p) also increased with lower pHm; however,
the level of this increase was dependent on Vmax/D (the ratio
of the maximum C fixation rate to the diffusion constant)
(Fig. 4B). When Vmax/D was small, the diffusion of CO2
from the middle space to the plastid dominated the change,
resulting in [CO2]p similar to [CO2]m. In contrast, when
Vmax/D was large, CO2 uptake dominated, and the effect of
[CO2]m on [CO2]p was small.

The rate of C fixation increased with lower pHm because
increased [CO2]m accelerated the transport of CO2 into the
plastid (Fig. 4C). However, the magnitude of this increase
depended on Vmax/D. The model showed that the effects of
pHm on C fixation were greater when Vmax/D was large
because the rate of C fixation was changed more by [CO2]m
[eq. 6], which is directly affected by pHm. However, when
Vmax/D was small, the C fixation rate was changed more by
C uptake kinetics [eq. 4], which were saturated at a rela‐
tively low [CO2]p (K value of 44 μmol L–1 [Jensen et al.,
2020]). Based on the possible range of Vmax/D, C fixation
showed 2.1- to 3.8-, 3.2- to 24.2-, and 3.4- to 51.2-fold
increases when pHm decreased from 7.59 to 7, 6, 5 respec‐
tively. These results suggested that pHm markedly affected C
uptake at any Vmax/D as well as also the benefit for cells to
have high Vmax relative to the diffusivity of CO2 across the
membrane. This was most likely the case because the D
value was shown to be reduced when there were multiple
membranes (Eichner et al., 2019; Inomura et al., 2019).
Therefore, this simple yet elegant system with rhodopsin to
manipulate pHm provides a powerful mechanism in C con‐
centrations and, thus, adjusts the C fixation rate to given
physiological conditions in some rhodopsin-containing dia‐
toms, enabling them to be more successful primary produc‐
ers in the ocean.

In our model simulation, we examined the effects of
rhodopsin-mediated pH changes in the middle space on
CCM efficiency. The results obtained suggested that C fixa‐
tion was enhanced when the pH of the middle space was
acidified by a light-driven proton pump. CCM based on CO2
diffusion (termed the pump-leak type) has been proposed as
a possible mechanism by placing CAs in appropriate loca‐
tions. For example, Nannochloropsis oceanica (Ochrophyta),
possessing the same four membrane-bound complex plastids
as those found in diatoms, is considered to generate CO2 by
placing CA in the middle space (Gee and Niyogi, 2017).
Furthermore, the centric diatom Chaetoceros gracilis is con‐
sidered to generate CO2 by placing CAs outside the cell and
allowing CO2 to flow into the cell (Tsuji et al., 2021). In
contrast to the CA-based model, the acidification-based

model was formerly proposed to facilitate the CO2 fixation
of RuBisCO in the thylakoid lumen of plastids; HCO3

– is
converted into CO2 through acidification by photosynthetic
proton pumping into the thylakoid lumen (Raven, 1997).
Our rhodopsin-mediated Ci transform model, CFM-CC pro‐
poses that pH changes in the middle space by proton-
pumping rhodopsin also plays the role of a CO2 regulator.
This proposed mechanism may be useful in most parts of
the ocean where CO2 chronically limits photosynthesis, but
may be even more valuable in specific environments. For
example, since CA, which plays a central role in CCM,
requires cobalt or zinc ions as the reaction center, and pho‐
tosynthetic proton-pumping systems need iron, rhodopsin-
derived acidic pools may be useful for Ci uptake in oceans
where these metal ions are depleted (such as the HNLC
region of the North Pacific Ocean) (Moore et al., 2013). In
the HNLC region of the North Pacific, where P. granii
rhodopsin-containing cells were initially identified (Marchetti
et al., 2012), primary production may be limited by iron and
affected by other trace metals (Saito et al., 2008). In other
words, our proposed mechanism appears to be particularly
effective in the ocean where trace metals involved in CCM
are depleted.

In the present study, we clarified the function and subcel‐
lular localization of PngR in a photosynthetic diatom. The
results obtained suggest that proton transport by rhodopsin
changes pH inside the outermost membrane of the plastid
(CERM). A quantitative simulation indicated that the crea‐
tion of an acidic pool by light provides positive feedback on
C fixation efficiency, while alkalization of the middle space
may restrict C fixation. If PngR acidifies the middle space,
diatom rhodopsin may contribute to CCM (Extended Data
Fig. 8). Future analyses of cultured rhodopsin-bearing
microbial eukaryotes will corroborate the present results and
promote further research on the mechanisms by which
rhodopsin-mediated proton transport promotes their growth
in the ocean.
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In legume–rhizobia symbiosis, partner recognition and the initiation of symbiosis processes require the mutual exchange
of chemical signals. Chemicals, generally (iso)flavonoids, in the root exudates of the host plant induce the expression
of nod genes in rhizobia, and, thus, are called nod gene inducers. The expression of nod genes leads to the production
of lipochitooligosaccharides (LCOs) called Nod factors. Natural nod gene inducer(s) in Lotus japonicus–Mesorhizobium
symbiosis remain unknown. Therefore, we developed an LCO detection method based on ultra-high-performance liquid
chromatography–tandem-quadrupole mass spectrometry (UPLC-TQMS) to identify these inducers and used it herein
to screen 40 phenolic compounds and aldonic acids for their ability to induce LCOs in Mesorhizobium japonicum
MAFF303099. We identified five phenolic acids with LCO-inducing activities, including p-coumaric, caffeic, and ferulic
acids. The induced LCOs caused root hair deformation, and nodule numbers in L. japonicus inoculated with M. japonicum
were increased by these phenolic acids. The three phenolic acids listed above induced the expression of the nodA, nodB,
and ttsI genes in a strain harboring a multicopy plasmid encoding NodD1, but not that encoding NodD2. The presence of
p-coumaric and ferulic acids in the root exudates of L. japonicus was confirmed by UPLC-TQMS, and the induction of
ttsI::lacZ in the strain harboring the nodD1 plasmid was detected in the rhizosphere of L. japonicus. Based on these results,
we propose that phenolic acids are a novel type of nod gene inducer in L. japonicus–Mesorhizobium symbiosis.

Key words: nod gene inducer, Lotus japonicus–Mesorhizobium symbiosis, phenolic acids, lipochitooligosaccharides, ultra-high-performance
liquid chromatography–tandem-quadrupole mass spectrometry

Leguminous plants are characterized by their ability for
symbiosis with a number of Gram-negative bacteria, col‐
lectively known as rhizobia. Rhizobia are free-living in
soil, but change into bacteroids in the cells of specific
host plants, in which they produce ammonium from atmos‐
pheric nitrogen and provide it to the host. Host–symbiont
recognition and the initiation of symbiosis require the
mutual exchange of chemical signals between leguminous
plants and rhizobia. In host plants, the processes leading
to root nodulation are triggered by rhizobial signal mole‐
cules called nod factors (NFs). NFs are lipochitooligosac‐
charides (LCOs) consisting of the oligomeric backbone of
β-1,4-linked N-acetyl-d-glucosamine residues N-acylated at
the non-reducing end. Chemical groups such as sulfate,
fucose, and acetate, which vary according to the rhizobial
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strain, may substitute the oligosaccharide backbone (Liang
et al., 2014). The transmembrane receptor kinases of the
host plant recognize specific NF structures and transmit a
signal that triggers a series of symbiotic events, including
root hair deformation, the formation and elongation of infec‐
tion threads, and the induction of nodule primordia (Suzaki
et al., 2015). The induction of NF biosynthesis requires
specific low-molecular-weight compounds exuded from the
roots of the host plant, which are recognized by the rhizobial
receptor NodD (Liu and Murray, 2016). When bound to the
host-derived ligand, NodD serves as a transcription factor;
it binds to cis elements called nod boxes and induces the
transcription of a series of flanking genes, including nod
genes, which encode enzymes involved in NF biosynthesis
(Recourt et al., 1989; Begume et al., 2001; Liu and Murray,
2016). Therefore, these plant factors are called nod gene
inducers. They include flavonoids and related compounds,
such as flavanones, flavones, isoflavones, and chalcones,
and function at very low concentrations of 10–100 μM
(Peters et al., 1986; Kosslak et al., 1987; Hungria et al.,
1991). A nod box is also located upstream of the rhizobial
type III secretion system (T3SS) cluster containing the ttsI
gene (Okazaki et al., 2010). T3SS secretes effector proteins
that affect symbiosis in host plant cells (Okazaki et al.,
2013; Sugawara et al., 2018; Kusakabe et al., 2020).

Lotus japonicus, together with barrel medic (Medicago
truncatula) and soybean (Glycine max), is a legumi‐
nous model system for molecular genetics and genomics

Microbes Environ. 37(1), 2022
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(Handberg and Stougaard, 1992; Udvardi et al., 2005; Sato
and Tabata, 2006). Data from whole-genome analyses of
these species have provided insights into the origin and
adaptive evolution of diverse leguminous plants (Cannon
et al., 2006; Hougaard et al., 2008; Sato et al., 2008;
Young and Bharti, 2012; O’Rourke et al., 2014). A more
detailed understanding of symbiotic nitrogen fixation may
be obtained by comparing the underlying molecular mech‐
anisms among the three models. The reported nod gene
inducers that act on Mesorhizobium strains, the symbionts of
L. japonicus, are aldonic acids and related compounds, such
as erythronic acid, tetronic acid, and succinic anhydride
(Gagnon and Ibrahim, 1998). However, the induction of
NF production in Mesorhizobium strains requires 10 mM
tetronic acid or even higher concentrations of erythronic
acid and succinic anhydride, more than a thousand-fold
higher than those required for NF production in the sym‐
bionts of other legumes (Gagnon and Ibrahim, 1998). Fur‐
thermore, aldonic acids have not been detected in the root
exudates or root tissues of L. japonicus. Therefore, the
natural nod gene inducers of L. japonicus–Mesorhizobium
symbiosis have not yet been identified.

Structural analyses using ultra-high-performance liq‐
uid chromatography coupled to quadrupole-time-of-flight
(UPLC-QTOF) mass spectrometry (MS) and high-magnetic-
field nuclear magnetic resonance spectroscopy revealed that
Mesorhizobium NFs are a mixture of four major and four
minor LCOs that vary in the fatty acid type, the number of
carbamoyl groups at the non-reducing end, and the number
of acetyl groups attached to fucose at the reducing end (Bek
et al., 2010). In the present study, we aimed to identify
natural substances that are exuded from L. japonicus roots
and act on Mesorhizobium strains as nod gene inducers by
directly assaying NF production. We developed an assay
method in which LCOs were extracted from small-scale
cultures of Mesorhizobium strains in the presence of the
candidate chemical compound and specifically detected by
UPLC–tandem-quadrupole MS (TQMS). UPLC-TQMS is
a convenient method for routine assays; however, its resolu‐
tion is inferior to QTOF MS. We used this method to screen
authentic samples of aldonic acids, flavonoids, and related
phenolic compounds (instead of the fractionation of plant
extracts or root exudates), and then examined the presence
of the identified target compounds in the root exudates of L.
japonicus. We identified five phenolic acids that induce NF
production in Mesorhizobium strains.

NodD in Rhizobium leguminosarum is activated by naringe‐
nin, a nod gene inducer from Medicago sativa (Firmin et al.,
1986). When the heterologous nodD of R. leguminosarum was
introduced into Mesorhizobium japonicum MAFF303099
(reclassified from M. loti based on genome sequence infor‐
mation; Martínez-Hidalgo et al., 2016) via a multicopy plas‐
mid, the application of naringenin induced NF production
(López-Lara et al., 1995; Niwa et al., 2001; Bek et al., 2010)
and the expression of the ttsI gene, the regulator of T3SS
(Okazaki et al., 2010). Using a similar approach, namely,
the introduction of endogenous nodD genes encoded by
multicopy plasmids, we herein established which of the
two NodD receptors, NodD1 or NodD2, of M. japonicum
MAFF303099 interacted with the identified phenolic acids.

Materials and Methods

Chemicals
The following materials were purchased from the suppliers

indicated in parentheses: chlorogenic acid (MP Biomedicals);
gossypetin (Indofine Chemical Company); butein, eriodictyol, for‐
mononetin, herbacetin, isorhamnetin, kaempferol, myricetin, and
quercetin (Extrasynthèse); daidzein and genistein (LC Laborato‐
ries); vestitol (Plantech); apigenin, biochanin A, coniferyl alcohol,
o-coumaric acid, m-coumaric acid, coumestrol, 5-hydroxyferulic
acid, luteolin, naringenin, phloretic acid, sinapic acid, and umbelli‐
ferone (Merck); p-coumaric acid, erythronic acid, isoferulic acid,
and succinic anhydride (TCI); caffeic acid, trans-cinnamic acid,
3,4-dimethoxycinnamic acid, ferulic acid, p-methoxycinnamic
acid, phenylalanine, tetronic acid, and L-tyrosine (FUJIFILM
Wako Pure Chemical). Umbellic acid was prepared from umbelli‐
ferone by a treatment with 1 M NaOH at 90°C for 1 h. Isoliquir‐
itigenin was obtained from our laboratory stock (Shimamura et
al., 2007).

NFs (LCOs) and Mesorhizobium strains
The plasmid pMP2112 encoding R. leguminosarum bv. trifolii

nodD (López-Lara et al., 1995) and a sample of the NF derived
from M. japonicum MAFF303099 harboring pMP2112 were pro‐
vided by H. Kouchi of the International Christian University,
Japan. pMP2112 was transferred into M. japonicum MAFF303099
(Kaneko et al., 2000; Saeki and Kouchi, 2000).

The bacterial strains and plasmids used in the present study are
summarized in Supplementary Table S1. The nodD1 and nodD2
deletion (ΔnodD1-nodD2) variant of M. japonicum MAFF303099
was generated by homologous recombination as described by
Hattori et al. (2002). The cosmid c243 was digested with BamHI
and ligated with a 1.9-kbp BamHI fragment of the kanamycin
resistance gene neo from pUCKM1 (Saeki et al., 1991). In
the resultant knockout plasmid pEMA49, the nodD1 (mll6179)–
nolL (mlr8757)–nodD2 (mlr6182)–mll6183–mlr6185 region was
replaced with the neo gene. The generated allele was homogeno‐
tized with the endogenous genomic locus in M. japonicum to pro‐
duce the ΔnodD variant. The construct was verified by Southern
hybridization using c243 as a probe.

The nodA deletion (ΔnodA) variant was constructed essentially
as described above, but with the precise in-frame deletion of the
NodA coding region. An allele in which nodA was replaced with
the spectinomycin resistance gene aadA was constructed by PCR
amplification from pKST001R (Hanyu et al., 2009) with primers
to add overhangs (wan_mlr8755_upper and wan_mlr8755_lower).
The amplified allele was then exchanged in Escherichia coli with
the endogenous mlr8755 allele in the cosmid c242.1 (Hattori
et al., 2002) in the presence of the phage lambda Red recom‐
binase (Datsenko and Wanner, 2000) to generate the knockout
plasmid pML8755DA. The correct construction of the ΔnodA var‐
iant was verified by PCR with the primers KS_nodSJ_F01S and
KSnodC_Rev01 as well as by Southern hybridization using the
wild-type PCR product as a probe.

In the functional analysis of nodD, the nodD1 and nodD2
genes were introduced separately into M. japonicum MAFF303099
and ML033 (Okazaki et al., 2010) as follows. The 1,272-
bp fragment containing the coding and promoter regions
of nodD1 (mlr6182) and the 1,365-bp fragment containing
those of nodD2 (mll6179) were amplified by PCR with the
primer pairs pBBR1_nodD1_Fw and pBBR1_nodD1_Rv, and
pBBR1_nodD2_Fw and pBBR1_nodD2_Rv, respectively (Supple‐
mentary Table S2). PCR products were cloned into pBBR1MCS-2
(Kovach et al., 1995) by In-Fusion HD cloning (Clontech). The
plasmids obtained (pMj-NodD1 and pMj-NodD2, respectively)
were introduced separately into E. coli DH5α and mobilized into
M. japonicum MAFF303099 using the previously described bacte‐
rial conjugation system (Kusakabe et al., 2020). One day after
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In legume–rhizobia symbiosis, partner recognition and the initiation of symbiosis processes require the mutual exchange
of chemical signals. Chemicals, generally (iso)flavonoids, in the root exudates of the host plant induce the expression
of nod genes in rhizobia, and, thus, are called nod gene inducers. The expression of nod genes leads to the production
of lipochitooligosaccharides (LCOs) called Nod factors. Natural nod gene inducer(s) in Lotus japonicus–Mesorhizobium
symbiosis remain unknown. Therefore, we developed an LCO detection method based on ultra-high-performance liquid
chromatography–tandem-quadrupole mass spectrometry (UPLC-TQMS) to identify these inducers and used it herein
to screen 40 phenolic compounds and aldonic acids for their ability to induce LCOs in Mesorhizobium japonicum
MAFF303099. We identified five phenolic acids with LCO-inducing activities, including p-coumaric, caffeic, and ferulic
acids. The induced LCOs caused root hair deformation, and nodule numbers in L. japonicus inoculated with M. japonicum
were increased by these phenolic acids. The three phenolic acids listed above induced the expression of the nodA, nodB,
and ttsI genes in a strain harboring a multicopy plasmid encoding NodD1, but not that encoding NodD2. The presence of
p-coumaric and ferulic acids in the root exudates of L. japonicus was confirmed by UPLC-TQMS, and the induction of
ttsI::lacZ in the strain harboring the nodD1 plasmid was detected in the rhizosphere of L. japonicus. Based on these results,
we propose that phenolic acids are a novel type of nod gene inducer in L. japonicus–Mesorhizobium symbiosis.

Key words: nod gene inducer, Lotus japonicus–Mesorhizobium symbiosis, phenolic acids, lipochitooligosaccharides, ultra-high-performance
liquid chromatography–tandem-quadrupole mass spectrometry

Leguminous plants are characterized by their ability for
symbiosis with a number of Gram-negative bacteria, col‐
lectively known as rhizobia. Rhizobia are free-living in
soil, but change into bacteroids in the cells of specific
host plants, in which they produce ammonium from atmos‐
pheric nitrogen and provide it to the host. Host–symbiont
recognition and the initiation of symbiosis require the
mutual exchange of chemical signals between leguminous
plants and rhizobia. In host plants, the processes leading
to root nodulation are triggered by rhizobial signal mole‐
cules called nod factors (NFs). NFs are lipochitooligosac‐
charides (LCOs) consisting of the oligomeric backbone of
β-1,4-linked N-acetyl-d-glucosamine residues N-acylated at
the non-reducing end. Chemical groups such as sulfate,
fucose, and acetate, which vary according to the rhizobial
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strain, may substitute the oligosaccharide backbone (Liang
et al., 2014). The transmembrane receptor kinases of the
host plant recognize specific NF structures and transmit a
signal that triggers a series of symbiotic events, including
root hair deformation, the formation and elongation of infec‐
tion threads, and the induction of nodule primordia (Suzaki
et al., 2015). The induction of NF biosynthesis requires
specific low-molecular-weight compounds exuded from the
roots of the host plant, which are recognized by the rhizobial
receptor NodD (Liu and Murray, 2016). When bound to the
host-derived ligand, NodD serves as a transcription factor;
it binds to cis elements called nod boxes and induces the
transcription of a series of flanking genes, including nod
genes, which encode enzymes involved in NF biosynthesis
(Recourt et al., 1989; Begume et al., 2001; Liu and Murray,
2016). Therefore, these plant factors are called nod gene
inducers. They include flavonoids and related compounds,
such as flavanones, flavones, isoflavones, and chalcones,
and function at very low concentrations of 10–100 μM
(Peters et al., 1986; Kosslak et al., 1987; Hungria et al.,
1991). A nod box is also located upstream of the rhizobial
type III secretion system (T3SS) cluster containing the ttsI
gene (Okazaki et al., 2010). T3SS secretes effector proteins
that affect symbiosis in host plant cells (Okazaki et al.,
2013; Sugawara et al., 2018; Kusakabe et al., 2020).

Lotus japonicus, together with barrel medic (Medicago
truncatula) and soybean (Glycine max), is a legumi‐
nous model system for molecular genetics and genomics

Microbes Environ. 37(1), 2022
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conjugation, transformants containing pMj-NodD1 or pMj-NodD2
were selected on tryptone–yeast-extract plates containing 100 μg
mL–1 phosphomycin and 50 μg mL–1 kanamycin. Plasmid transfer
was confirmed by PCR.

Culture conditions for M. japonicum MAFF303099 and extraction
of LCOs

M. japonicum MAFF303099 was pre-cultured in TY medium
at 28°C overnight. An aliquot of the culture was diluted with
fresh TY medium (10 mL, OD660=0.001) and supplemented with
the antibiotics and phenolics shown in Table 1. Regarding M.
japonicum MAFF303099 carrying pMP2112, antibiotics and nar‐
ingenin (final concentration, 1 μM) were added to the culture
medium. Diluted cultures were grown at 28°C for 24 h, centri‐
fuged (8,000×g, room temperature, 2 min), and LCOs were then
extracted from the supernatants with n-butanol.

Extraction of root exudates from legume seedlings
The seeds of alfalfa (M. sativa), red clover (Trifolium pratense),

and L. japonicus B-129 Gifu were sterilized with solution
containing 2% (v/v) sodium hypochlorite and 0.02% (v/v)

Tween-20 for 10 min, rinsed five times with sterilized distilled
water, and immersed in sterilized distilled water at room tem‐
perature overnight. They were then sown in a plastic container
containing B&D liquid medium (pH 6.8) and cultivated at 25°C
(16 h light/8 h dark) for 7 days. Media containing seedling
exudates were collected and loaded onto Oasis HLB cartridges
(Waters), and exudate components were eluted with ethanol.

UPLC-TQMS analysis
The butanol extracts of bacterial cultures and the ethanol

extracts of root exudates were concentrated by evaporation,
dissolved in 50% acetonitrile, and filtered through polytetra‐
fluoroethylene membrane filters (Merck). UPLC analyses were
conducted on Quattro Premier XE (Waters). Separation was per‐
formed on an Acquity UPLC BEH C18 column (2.1×100 mm,
Waters) at 40°C and a flow rate of 0.38 mL min–1. Gradient elu‐
tion was performed with 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B) as follows. LCOs: 44% B
(0–4 min), 44–85% B (4–7 min), 85–99.5% B (7–7.1 min), 99.5%
B (7.1–7.2 min); root exudates: 5–15% B (0–7 min), 15–99% B
(7–10 min).

Table 1. NF (LCO)-inducing activities of compounds tested in the present study.
Class Compound PubChem CID Activity*
Phenylpropanoids l-Phenylalanine (1) 6140 –

l-Tyrosine (2) 6057 –
trans-Cinnamic acid (3) 444539 –
p-Coumaric acid (4) 637542 +
Caffeic acid (5) 689043 +
Ferulic acid (6) 445858 ++
5-Hydroxyferulic acid (7) 446834 +
Sinapic acid (8) 637775 –
Coniferyl alcohol (9) 1549095 –
Umbellic acid (10) 446611 –
Umbelliferone (11) 5281426 –
Chlorogenic acid (12) 1794427 –
Phloretic acid (13) 10394 +
o-Coumaric acid (14) 637540 –
m-Coumaric acid (15) 637541 –
3,4-Dimethoxycinnamic acid (16) 717531 –
Isoferulic acid (17) 736186 –
p-Methoxycinnamic acid (18) 699414 –

Chalcones Butein 5281222 –
Isoliquiritigenin 638278 –

Flavanones (2S)-Eriodictyol 440735 –
(2S)-Naringenin 439246 –

Flavones Apigenin 5280443 –
Luteolin 5280445 –

Flavonols Gossypetin 5280647 –
Herbacetin 5280544 –
Isorhamnetin 5281654 –
Kaempferol 5280863 –
Myricetin 5281672 –
Quercetin 5280343 –

Isoflavones Biochanin A 5280373 –
Daidzein 5281708 –
Formononetin 5280378 –
Genistein 5280961 –
Pseudobaptigenin 5281805 –

Isoflavans (3R)-Vestitol 182259 –
Coumestans Coumestrol 5281707 –
Aldonic acids Erythronic acid (lactonized) 5325915 –

Succinic anhydride 7922 –
Tetronic acid (lactonized) 521261 –

*: ++ and + indicate LCO-inducing activity at 0.3 mg L–1 (++) and 15 mg L–1 (+); – no activity.
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MS spectra were acquired with Quattro Premier v. 4.1 software
(Waters) under the following conditions. Qualitative analyses: the
selected ion recording (SIR) mode, electrospray ionization (ESI)
positive mode, capillary voltage 3.0 kV, cone voltage 30 V, desol‐
vation gas flow rate 800 L h–1 at 400°C, cone gas flow rate
50 L h–1, and source temperature 120°C. Quantitative analyses: the
selected reaction monitoring (SRM) mode; conditions described
above except that the capillary voltage was 3.5 kV and the cone
voltage was 50 V. SRM conditions for phenolic acids in root exu‐
dates are shown in Supplementary Table S3.

Isolation of rhizobia from root nodules of L. japonicus
Mature L. japonicus plants collected near the coast of

Kanagawa, Japan, were dubbed “Bishamon” (34°54'10.3"N
139°53'15.7"E) and “Nojimazaki” (35°08'26.5"N 139°39'36.0"E).
Nodules were harvested, and their surfaces were sterilized with
solution containing 2% (v/v) sodium hypochlorite and 0.02% (v/v)
Tween-20 for 10 min and then rinsed five times with sterilized
distilled water. Nodules were crushed individually with a pestle
in the presence of 40% glycerol, and the homogenates were
spread on TY agar medium at 28°C for 10–14 days. A rhizobial
colony was isolated from each nodule and named Bishamon1-c2
or Nojimazaki1-a1. Nodule formation by the isolated rhizobia
in L. japonicus B-129 Gifu was examined according to Aoki
et al. (2021). The procedure for LCO extraction from rhizobia,
namely, Bishamon1-c2, Nojimazaki1-a1, and Tono (Kawaguchi et
al., 2002), was the same as that for M. japonicum MAFF303099
described above.

Root hair deformation assay
The root hair deformation assay was performed with the n-

butanol extract of M. japonicum MAFF303099 according to previ‐
ously described methods, except that B&D liquid and agar media
adjusted to pH 6.8 (Broughton and Dilworth, 1971) were used
instead of half-strength nitrogen-free HM nutrients (Imaizumi-
Anraku et al., 1997). LCOs were extracted with n-butanol from
cultures of M. japonicum MAFF303099 treated with caffeic acid
and purified on a solid-phase extraction column. An n-butanol
extract prepared from mock-treated M. japonicum was used as a
control. Purified LCOs and the control sample were used to treat
7-day-old L. japonicus B-129 Gifu for 24 h, and the roots were
stained with toluidine blue and observed by light microscopy.

Expression analysis of ttsI, nodA, and nodB genes
To analyze the transcriptional regulation of the ttsI gene by

phenolic acids, we used a chromosomally integrated translational
lacZ fusion with the ML033 ttsI promoter (ML033) as previ‐
ously described (Okazaki et al., 2010). In the β-galactosidase
assay, approximately 50 μL of pre-cultured (stationary phase)
Mesorhizobium strains were inoculated into 5 mL of TY liquid
medium (OD660 0.01) in 50-mL tubes and grown for 21 h with or
without phenolic acids at a final concentration of 10 μM.

β-Galactosidase activity was assessed in a microplate assay as
previously described (Griffith and Wolf, 2002). The expression of
the nodA and nodB genes was analyzed by qRT-PCR. Pre-cultured
(mid-log phase) Mesorhizobium strains (1.5 mL) were inoculated
into 1.5 mL of TY liquid medium in 15-mL tubes with or without
phenolic acids at a final concentration of 10 μM and grown for
4 h. Bacterial RNA was stabilized by adding RNAprotect Bacteria
Reagent (Qiagen) and extracted with an RNeasy Mini kit (Qiagen),
and purified total RNA was then treated with Recombinant DNase
I (Takara Bio). cDNA was synthesized from total RNA using an
ExScript RT Reagent Kit (Takara Bio). The primer pairs used
in the qRT-PCR analysis are listed in Supplementary Table S2.
All qRT-PCR measurements were performed in a C1000 Thermal
Cycler (Bio-Rad) with a Kapa SYBR Fast qPCR Kit (Kapa Biosys‐
tems). The relative expression of the selected genes was calculated
as 2–ΔΔCt using the 16S rRNA gene as a reference. All experiments
were performed for three technical and three biological replicates.

The primers used to assess the expression levels of the various
target genes are listed in Supplementary Table S2.

Root X-Gal staining assay
L. japonicus MG-20 plants were grown for 10 days on 1/2 MS

medium agar plates, and ML033, ML033/pMj-nodD1, or ML033/
pMj-nodD2 suspensions containing approximately 108 cells were
inoculated onto the root surface with low melting point agar
containing 0.02% X-Gal. Low melting point agar containing
0.02% X-Gal without rhizobia cells was used as a mock control.
Blue staining was observed after a 2-days incubation at 25°C.

Results
Screening of compounds for LCO-inducing activity in
rhizobia based on direct LCO detection by UPLC-TQMS

To detect NF production with high sensitivity and repro‐
ducibility, we established an analytical method to detect
LCOs in rhizobial culture media using UPLC-TQMS. When
an authentic LCO sample was analyzed in the SIR mode by
UPLC-TQMS, a major peak appeared with a retention time
of 5–5.5 min and a minor peak appeared after 6 min (Fig.
1a). To monitor an authentic LCO, we set the m/z value to
1502.7 based on the consecutive mass spectra of the major
peak (Fig. 1b), which we presumed to correspond to previ‐
ously reported NodMl-V (C18:1, Me, Cb, AcFuc) (López-
Lara et al., 1995; Niwa et al., 2001; Bek et al., 2010).
The analysis of LCOs extracted from the culture medium
of M. japonicum MAFF303099 carrying the pMP2112 plas‐
mid, which harbored nodD from R. leguminosarum, in the
presence of 1 μM naringenin also revealed a major peak at
5–5.5 min (Fig. 1a).

The established analytical method was used to test
the LCO-inducing activities of 40 phenolic compounds,
including phenylpropanoids, chalcones, flavanones, fla‐
vones, flavonols, isoflavones, an isoflavan, and a coume‐
stan, as well as aldonic acids that were previously reported
to exhibit nod gene-inducing activity (Table 1). LCO induc‐
tion was analyzed by culturing M. japonicum MAFF303099
with 0.3 or 15 mg L–1 of the tested compounds, followed
by n-butanol extraction of the culture medium and UPLC-
TQMS analyses using the SIR mode at m/z 1502.7 (Fig.
1b). LCO was produced in the presence of five phenolic
acids at 15 mg L–1: p-coumaric acid (4), caffeic acid (5),
ferulic acid (6), 5-hydroxyferulic acid (7), and phloretic
acid (13) (Fig. 1c and Table 1). Only ferulic acid (6) pro‐
moted LCO production at 0.3 mg L–1 (Table 1). Among
the 40 compounds tested, the remaining 35 compounds,
including cinnamic acid, produced few or no LCOs (Table
1). We evaluated the reproducibility of LCO-inducing activ‐
ities at various concentrations of these five phenolic acids
employing the SRM mode of UPLC-TQMS and found that
their activity increased in different concentration-dependent
manners up to 100 μM (Fig. 1d). At 1 μM, only ferulic
acid (6) was active, and its activity was the highest among
the five inducers at 10 μM. In contrast, caffeic acid (5)
showed weak activity up to 10 μM, but was the most active
inducer at 100 μM. p-Coumaric acid (4), 5-hydroxyferulic
acid (7), and phloretic acid (13) were only active at 100 μM
(Fig. 1d).

Using the deletion variants of M. japonicum
MAFF303099, we confirmed that the LCO-inducing activi‐
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conjugation, transformants containing pMj-NodD1 or pMj-NodD2
were selected on tryptone–yeast-extract plates containing 100 μg
mL–1 phosphomycin and 50 μg mL–1 kanamycin. Plasmid transfer
was confirmed by PCR.

Culture conditions for M. japonicum MAFF303099 and extraction
of LCOs

M. japonicum MAFF303099 was pre-cultured in TY medium
at 28°C overnight. An aliquot of the culture was diluted with
fresh TY medium (10 mL, OD660=0.001) and supplemented with
the antibiotics and phenolics shown in Table 1. Regarding M.
japonicum MAFF303099 carrying pMP2112, antibiotics and nar‐
ingenin (final concentration, 1 μM) were added to the culture
medium. Diluted cultures were grown at 28°C for 24 h, centri‐
fuged (8,000×g, room temperature, 2 min), and LCOs were then
extracted from the supernatants with n-butanol.

Extraction of root exudates from legume seedlings
The seeds of alfalfa (M. sativa), red clover (Trifolium pratense),

and L. japonicus B-129 Gifu were sterilized with solution
containing 2% (v/v) sodium hypochlorite and 0.02% (v/v)

Tween-20 for 10 min, rinsed five times with sterilized distilled
water, and immersed in sterilized distilled water at room tem‐
perature overnight. They were then sown in a plastic container
containing B&D liquid medium (pH 6.8) and cultivated at 25°C
(16 h light/8 h dark) for 7 days. Media containing seedling
exudates were collected and loaded onto Oasis HLB cartridges
(Waters), and exudate components were eluted with ethanol.

UPLC-TQMS analysis
The butanol extracts of bacterial cultures and the ethanol

extracts of root exudates were concentrated by evaporation,
dissolved in 50% acetonitrile, and filtered through polytetra‐
fluoroethylene membrane filters (Merck). UPLC analyses were
conducted on Quattro Premier XE (Waters). Separation was per‐
formed on an Acquity UPLC BEH C18 column (2.1×100 mm,
Waters) at 40°C and a flow rate of 0.38 mL min–1. Gradient elu‐
tion was performed with 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B) as follows. LCOs: 44% B
(0–4 min), 44–85% B (4–7 min), 85–99.5% B (7–7.1 min), 99.5%
B (7.1–7.2 min); root exudates: 5–15% B (0–7 min), 15–99% B
(7–10 min).

Table 1. NF (LCO)-inducing activities of compounds tested in the present study.
Class Compound PubChem CID Activity*
Phenylpropanoids l-Phenylalanine (1) 6140 –

l-Tyrosine (2) 6057 –
trans-Cinnamic acid (3) 444539 –
p-Coumaric acid (4) 637542 +
Caffeic acid (5) 689043 +
Ferulic acid (6) 445858 ++
5-Hydroxyferulic acid (7) 446834 +
Sinapic acid (8) 637775 –
Coniferyl alcohol (9) 1549095 –
Umbellic acid (10) 446611 –
Umbelliferone (11) 5281426 –
Chlorogenic acid (12) 1794427 –
Phloretic acid (13) 10394 +
o-Coumaric acid (14) 637540 –
m-Coumaric acid (15) 637541 –
3,4-Dimethoxycinnamic acid (16) 717531 –
Isoferulic acid (17) 736186 –
p-Methoxycinnamic acid (18) 699414 –

Chalcones Butein 5281222 –
Isoliquiritigenin 638278 –

Flavanones (2S)-Eriodictyol 440735 –
(2S)-Naringenin 439246 –

Flavones Apigenin 5280443 –
Luteolin 5280445 –

Flavonols Gossypetin 5280647 –
Herbacetin 5280544 –
Isorhamnetin 5281654 –
Kaempferol 5280863 –
Myricetin 5281672 –
Quercetin 5280343 –

Isoflavones Biochanin A 5280373 –
Daidzein 5281708 –
Formononetin 5280378 –
Genistein 5280961 –
Pseudobaptigenin 5281805 –

Isoflavans (3R)-Vestitol 182259 –
Coumestans Coumestrol 5281707 –
Aldonic acids Erythronic acid (lactonized) 5325915 –

Succinic anhydride 7922 –
Tetronic acid (lactonized) 521261 –

*: ++ and + indicate LCO-inducing activity at 0.3 mg L–1 (++) and 15 mg L–1 (+); – no activity.
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Fig. 1. Phenolic acids induce the production of NFs (LCOs) in
Mesorhizobium japonicum MAFF303099. UPLC-TQMS analysis of an
authentic LCO sample and naringenin-induced LCOs in M. japonicum
harboring pMP2112. Chromatograms recorded by the SIR mode at
m/z 1502.7 (a) and the mass spectrum at a retention time of 5.41 min
(b). (c) UPLC-TQMS analysis of LCOs produced in M. japonicum
MAFF303099 after the application of the indicated compounds at
15 mg L–1. (d) LCO production induced by different concentrations
of phenolic acids listed in (c). Error bars show S.E. (n=4).

ties of p-coumaric acid (4), caffeic acid (5), and ferulic acid
(6) depended on the nodA and nodD genes (Supplementary
Fig. S1).

Phenolic acids induce LCO production in native
Mesorhizobium strains

To investigate whether the phenolic acids identified
by screening using M. japonicum MAFF303099 generally
induce LCOs in native L. japonicus rhizobia, we tested three
additional Mesorhizobium strains isolated from native L.
japonicus: Tono (Kawaguchi et al., 2002), Nojimazaki 1-a1,
and Bishamon 1-c2 (the present study). The phenolic acids
tested, namely, p-coumaric acid (4), caffeic acid (5), ferulic
acid (6), and 5-hydroxyferulic acid (7), produced LCOs with
good reproducibility and at levels that were significantly
higher (25- to 60-fold) in all native Mesorhizobium strains
than in M. japonicum MAFF303099 (Fig. 2a). No adverse
effects of these phenolic acids on the growth of rhizobia
were observed at the concentrations used (Fig. 2b).

Biological activities of phenolic acids toward the host plant
L. japonicus

To examine the abilities of the LCOs produced to func‐
tion as NFs for L. japonicus, we assessed their root hair
deformation activities. The root hairs of L. japonicus treated
with 1 nM LCOs, which were induced by 100 μM caffeic
acid, showed bending deformation, and some root hair tips
were curled (Supplementary Fig. S2a, b, and c). The con‐
trol sample had no effect on root hairs (Supplementary
Fig. S2d).

Exogenous nod gene inducers have been shown to
increase the nodule number in pea and soybean (Novák
et al., 2002; Pan et al., 2008); therefore, we tested the
effects of phenolic acids on L. japonicus inoculated with
M. japonicum. The number of mature nodules significantly
increased after 4 weeks in the presence of 10 μM ferulic
acid (Fig. 3a and b) or 10 μM caffeic acid (Fig. 3c).

NodD1 acts as a receptor for phenolic acids
Rhizobia perceive nod gene inducers, such as flavo‐

noids, through their binding to the transcriptional activator
NodD, which up-regulates the expression of nod genes
and the ttsI gene, a regulator of T3SS (Firmin et al.,
1986; Okazaki et al., 2010). To examine transcriptional
responses to the identified phenolic acids, we used M.
japonicum ML033, in which the translational fusion of
lacZ with ttsI was integrated into the chromosome of M.
japonicum MAFF303099 (Okazaki et al., 2010). No signifi‐
cant increases in β-galactosidase activity were detected in
the presence of 1 μM p-coumaric acid (4), caffeic acid
(5), or ferulic acid (6) (Fig. 4a). We then introduced one
of the endogenous nodD genes via a multicopy plasmid,
followed by an analysis using pMP2112 harboring nodD
from R. leguminosarum. We constructed separate multicopy
plasmids harboring nodD1 (pMj-NodD1) or nodD2 (pMj-
NodD2), and transferred them into M. japonicum ML033.

After a 21-h culture with 1 μM p-coumaric acid (4), caf‐
feic acid (5), or ferulic acid (6), β-galactosidase activity
significantly increased in ML033/pMj-NodD1, but not in
ML033/pMj-NodD2 (Fig. 4a). Induction levels were similar
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to that with 1 μM naringenin in ML033/pMP2112 (Fig. 4a),
which carries nodD from R. leguminosarum (López-Lara
et al., 1995). In contrast, cinnamic acid (3), which did not
induce LCO production in the screening described above,
did not induce β-galactosidase activity in any of the strains
(Fig. 4a).

The concentration dependence of β-galactosidase activity
in ML033/pMj-NodD1 induced by each phenolic acid (10
nM to 10 μM) is shown in Fig. 4b. p-Coumaric acid (4)
and ferulic acid (6) both significantly induced activity at the
lowest concentration tested (10 nM), whereas caffeic acid
(5) only induced it at 1 and 100 μM. This concentration
dependence was similar to that observed in the direct detec‐
tion of LCO production (Fig. 1).

We then conducted qRT-PCR to investigate whether phe‐
nolic acids induce the transcriptional activation of the NF
biosynthesis genes nodA and nodB using the ML033/pMj-
NodD1 strain. The nodA gene was significantly induced by
1 μM ferulic acid (6) and caffeic acid (5), while the nodB
gene was significantly induced at both 1 and 10 μM, similar
to the ttsI gene (Fig. 5). Caffeic acid (5) exerted similar
effects to ferulic acid (6) (Fig. 5). As in the β-galactosidase
assay, cinnamic acid (3) did not induce nodA, nodB, or ttsI
expression (data not shown). The above results revealed
that the M. japonicum NodD1 receptor recognizes phenolic
acids, such as ferulic and caffeic acids, and activates the
transcription of the nod genes.

Phenolic acids exuded from legume roots
To elucidate whether phenolic compounds were exuded

from the roots of L. japonicus, we used the SRM mode of
UPLC-TQMS to analyze the components of culture media
7 days after hydroponic cultures of L. japonicus, red clover,
and alfalfa. The levels of five phenolic acids that induce
the production of NFs (p-coumaric acid [4], caffeic acid [5],
ferulic acid [6], 5-hydroxyferulic acid [7], and phloretic acid
[13]) and those of phenolic acids that do not (cinnamic acid
[3] and sinapic acid [8]) were quantified. p-Coumaric acid
(4) and ferulic acid (6) were detected in hydroponic media
from all three plant species, with the levels of p-coumaric
acid (4) being higher in exudates from L. japonicus (Table
2). Cinnamic acid (3) was only secreted by L. japonicus
(Table 2). Trace levels (0.2 nmol g–1 FW plants or 0.6 nmol
mg–1 root exudate) of caffeic acid (5), sinapic acid (8), and
phloretic acid (13) were detected, whereas 5-hydroxyferulic
acid (7) was undetectable (less than 0.2 nmol g–1 FW plant
or 0.6 nmol mg–1 root exudate) in either legume.

To monitor the induction of the ttsI::lacZ fusion in
ML033 series strains in the rhizosphere of L. japonicus,
approximately 108 rhizobial cells were spread on the roots
of 10-day-old seedlings grown on agar medium with X-Gal.
The inoculation with the ML033/pMj-NodD1 strain resulted
in X-gal blue staining on and around the root surface (Sup‐
plementary Fig. S3). The inoculation of the ML033/pMj-
NodD2 strain resulted in X-gal staining only on the root
surface. These results strongly suggest that phenolic acid(s)
activating NodD1 were exuded not only on the root surface,
but also into the rhizosphere of L. japonicus.

Fig. 2. Production of LCOs and growth of Mesorhizobium strains isolated from different locations in the presence of phenolic acids. (a) LCO
production in M. japonicum MAFF303099, Tono, Nojimazaki 1-a1, and Bishamon 1-c2. (b) Growth of the strains tested in panel (a). Error bars
show S.E. (n=3 or 4).
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Fig. 1. Phenolic acids induce the production of NFs (LCOs) in
Mesorhizobium japonicum MAFF303099. UPLC-TQMS analysis of an
authentic LCO sample and naringenin-induced LCOs in M. japonicum
harboring pMP2112. Chromatograms recorded by the SIR mode at
m/z 1502.7 (a) and the mass spectrum at a retention time of 5.41 min
(b). (c) UPLC-TQMS analysis of LCOs produced in M. japonicum
MAFF303099 after the application of the indicated compounds at
15 mg L–1. (d) LCO production induced by different concentrations
of phenolic acids listed in (c). Error bars show S.E. (n=4).

ties of p-coumaric acid (4), caffeic acid (5), and ferulic acid
(6) depended on the nodA and nodD genes (Supplementary
Fig. S1).

Phenolic acids induce LCO production in native
Mesorhizobium strains

To investigate whether the phenolic acids identified
by screening using M. japonicum MAFF303099 generally
induce LCOs in native L. japonicus rhizobia, we tested three
additional Mesorhizobium strains isolated from native L.
japonicus: Tono (Kawaguchi et al., 2002), Nojimazaki 1-a1,
and Bishamon 1-c2 (the present study). The phenolic acids
tested, namely, p-coumaric acid (4), caffeic acid (5), ferulic
acid (6), and 5-hydroxyferulic acid (7), produced LCOs with
good reproducibility and at levels that were significantly
higher (25- to 60-fold) in all native Mesorhizobium strains
than in M. japonicum MAFF303099 (Fig. 2a). No adverse
effects of these phenolic acids on the growth of rhizobia
were observed at the concentrations used (Fig. 2b).

Biological activities of phenolic acids toward the host plant
L. japonicus

To examine the abilities of the LCOs produced to func‐
tion as NFs for L. japonicus, we assessed their root hair
deformation activities. The root hairs of L. japonicus treated
with 1 nM LCOs, which were induced by 100 μM caffeic
acid, showed bending deformation, and some root hair tips
were curled (Supplementary Fig. S2a, b, and c). The con‐
trol sample had no effect on root hairs (Supplementary
Fig. S2d).

Exogenous nod gene inducers have been shown to
increase the nodule number in pea and soybean (Novák
et al., 2002; Pan et al., 2008); therefore, we tested the
effects of phenolic acids on L. japonicus inoculated with
M. japonicum. The number of mature nodules significantly
increased after 4 weeks in the presence of 10 μM ferulic
acid (Fig. 3a and b) or 10 μM caffeic acid (Fig. 3c).

NodD1 acts as a receptor for phenolic acids
Rhizobia perceive nod gene inducers, such as flavo‐

noids, through their binding to the transcriptional activator
NodD, which up-regulates the expression of nod genes
and the ttsI gene, a regulator of T3SS (Firmin et al.,
1986; Okazaki et al., 2010). To examine transcriptional
responses to the identified phenolic acids, we used M.
japonicum ML033, in which the translational fusion of
lacZ with ttsI was integrated into the chromosome of M.
japonicum MAFF303099 (Okazaki et al., 2010). No signifi‐
cant increases in β-galactosidase activity were detected in
the presence of 1 μM p-coumaric acid (4), caffeic acid
(5), or ferulic acid (6) (Fig. 4a). We then introduced one
of the endogenous nodD genes via a multicopy plasmid,
followed by an analysis using pMP2112 harboring nodD
from R. leguminosarum. We constructed separate multicopy
plasmids harboring nodD1 (pMj-NodD1) or nodD2 (pMj-
NodD2), and transferred them into M. japonicum ML033.

After a 21-h culture with 1 μM p-coumaric acid (4), caf‐
feic acid (5), or ferulic acid (6), β-galactosidase activity
significantly increased in ML033/pMj-NodD1, but not in
ML033/pMj-NodD2 (Fig. 4a). Induction levels were similar
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Discussion

The nod gene inducer in L. japonicus–Mesorhizobium
symbiosis has not been identified despite decades of
research. Therefore, we developed a highly sensitive method
to analyze LCOs using UPLC-TQMS. MS was previously
applied to the study of LCOs, mainly for a structural ana‐
lysis (Niwa et al., 2001; Bek et al., 2010). To use MS
for screening, we simplified purification and reduced the
required culture volume, which allowed us to evaluate 40
phenolic compounds. Among them, we identified five phe‐
nolic acids that had the potential to induce LCO production
in M. japonicum MAFF303099. The production of LCOs
was enhanced by increases in the concentrations of each
of these phenolic acids. LCOs produced by M. japonicum
MAFF303099 in the presence of caffeic acid (5) induced
root hair deformation, and nodule numbers in L. japonicus

inoculated with M. japonicum were increased by the addi‐
tion of ferulic acid (6) and caffeic acid (5). These results
clearly identified phenolic compounds, but not flavonoids,
as nod gene inducers. Phenolic acids are produced via shiki‐
mic acid through the phenylpropanoid pathway, and also as
intermediates of the monolignol pathway in vascular plants.
A previous study reported that rhizobia utilized phenolic
acids as carbon sources (Blum et al., 2000). A number of
nod gene inducers have been identified in legumes, and
most of them are (iso)flavonoids (Liu and Murray, 2016); to
the best of our knowledge, this is the first study to demon‐
strate that phenolic acids function as nod gene inducers.

The identified candidate nod gene inducers of L.
japonicus are phenylpropanoids with a carboxylic acid
group, in contrast to coniferyl alcohol (9) and chlorogenic
acid (12) (Fig. 6). A comparison with phenolic acids that
did not induce LCOs (Table 2), i.e. l-phenylalanine (1),

Fig. 3. Promotion of nodulation by phenolic acids. (a) Typical images of 4-week-old Lotus japonicus MG-20 inoculated with Mesorhizobium
japonicum MAFF303099 in the absence or presence of ferulic acid. Scale bars: 1 cm. (b, c) Number of mature nodules in the absence or presence
of (b) ferulic acid or (c) caffeic acid. Error bars show S.E. (n=22–27). Significant differences between the absence (mock) and presence of
phenolic acids were assessed by the Student’s t-test (** P<0.01, * P<0.05, ns, not significant).
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trans-cinnamic acid (3), umbellic acid (10), o-coumaric acid
(14), m-coumaric acid (15), 3,4-dimethoxycinnamic acid
(16), isoferulic acid (17), and p-methoxycinnamic acid (18),
suggested that a hydroxyl at C-4 and a hydrogen at C-2
or C-6 are important for the ability to induce NFs in M.
japonicum (Fig. 6). A single methoxy group did not pre‐
clude LCO-inducing activity, whereas two methoxy groups,
as in sinapic acid (8), did. A double bond between α and β
carbons appears to be important for the induction of LCO
production, but is not essential because weak induction was
detected with phloretic acid (13). Therefore, the basic struc‐
ture of a nod gene inducer appears to be that of p-coumaric
acid (4) with at most a single methoxy group at C-3 or
C-5 and hydrogens at C-2 and C-6. We suggest that the
carboxylic acid group and the C-3, C-4, and C-5 positions of
the phenyl ring were recognized by NodD.

Aldonic acids have been shown to promote LCO bio‐
synthesis in Mesorhizobium strains (Gagnon and Ibrahim,
1998). In our experiments, none of the three aldonic acid
compounds tested induced LCO production at the concen‐
trations at which the five phenolic acids induced it. Gagnon
and Ibrahim (1998) identified aldonic acids in the root
exudates of Lupinus albus by screening based on measure‐
ments of the β-galactosidase activities of Rhizobium lupini
strains harboring nodC::lacZ fusions, and 10 mM tetronic
acid was required to induce detectable LCO production in
M. japonicum R7A. We only tested concentrations up to

100 μM, which may explain why the aldonic acids tested
did not induce LCOs. Since tetronic acid was not detected
in the root exudates or seed metabolites of L. japonicus
(Hashiguchi et al., 2018), aldonic acids cannot be endoge‐
nous nod gene inducers of L. japonicus.

In contrast to aldonic acids, the presence of p-coumaric
acid (4), ferulic acid (6), and trans-cinnamic acid (3) was
confirmed in the root exudates of L japonicus (Table 2). In
addition, p-coumaric acid (4) and ferulic acid (6) are listed
as metabolites in the seeds of experimental and wild acces‐
sions of L. japonicus in LegumeBase, the resource database
of National BioResource Project Lotus/Glycine (Hashiguchi
et al., 2018). Phenolic acids have also been reported in
the root exudates of other legume and non-legume plants
(Mandal et al., 2010). We identified p-coumaric acid (4)
and ferulic acid (6) in the root exudates of T. pratense
and M. sativa (Table 2), and, thus, these phenolic acids do
not appear to contribute to host specificity. Since phenolic
acids are generally present in the rhizosphere, the responses
of Mesorhizobium strains to them may contribute to their
associations with a broad range of plants, including non-
host plants. M. japonicum MAFF303099 associates with
non-host plants, such as Arabidopsis thaliana (Poitout et al.,
2017), as a root epiphyte. T3SS may play a role in this rela‐
tionship, as reported in Bradyrhizobium strains (Piromyou
et al., 2015). In the present study, the expression of ttsI, a
regulator of the T3SS gene cluster, was induced by phenolic

Fig. 4. Effects of phenolic acids on the expression of lacZ-fused ttsI. (a) Effects of harboring pMj-NodD1, the pMj-NodD2 plasmid, or pMP2112
on β-galactosidase induction by the indicated phenolic acids (1 μM). (b) β-Galactosidase activity in Mesorhizobium japonicum MAFF303099
harboring pMj-NodD1 in the presence of different concentrations of the phenolic acids tested in the panel (a). Error bars show S.E. (n=3 or 4).
Significant differences between the absence (mock) and presence of phenolic acids were assessed by the Student’s t-test (** P<0.01).
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Discussion

The nod gene inducer in L. japonicus–Mesorhizobium
symbiosis has not been identified despite decades of
research. Therefore, we developed a highly sensitive method
to analyze LCOs using UPLC-TQMS. MS was previously
applied to the study of LCOs, mainly for a structural ana‐
lysis (Niwa et al., 2001; Bek et al., 2010). To use MS
for screening, we simplified purification and reduced the
required culture volume, which allowed us to evaluate 40
phenolic compounds. Among them, we identified five phe‐
nolic acids that had the potential to induce LCO production
in M. japonicum MAFF303099. The production of LCOs
was enhanced by increases in the concentrations of each
of these phenolic acids. LCOs produced by M. japonicum
MAFF303099 in the presence of caffeic acid (5) induced
root hair deformation, and nodule numbers in L. japonicus

inoculated with M. japonicum were increased by the addi‐
tion of ferulic acid (6) and caffeic acid (5). These results
clearly identified phenolic compounds, but not flavonoids,
as nod gene inducers. Phenolic acids are produced via shiki‐
mic acid through the phenylpropanoid pathway, and also as
intermediates of the monolignol pathway in vascular plants.
A previous study reported that rhizobia utilized phenolic
acids as carbon sources (Blum et al., 2000). A number of
nod gene inducers have been identified in legumes, and
most of them are (iso)flavonoids (Liu and Murray, 2016); to
the best of our knowledge, this is the first study to demon‐
strate that phenolic acids function as nod gene inducers.

The identified candidate nod gene inducers of L.
japonicus are phenylpropanoids with a carboxylic acid
group, in contrast to coniferyl alcohol (9) and chlorogenic
acid (12) (Fig. 6). A comparison with phenolic acids that
did not induce LCOs (Table 2), i.e. l-phenylalanine (1),

Fig. 3. Promotion of nodulation by phenolic acids. (a) Typical images of 4-week-old Lotus japonicus MG-20 inoculated with Mesorhizobium
japonicum MAFF303099 in the absence or presence of ferulic acid. Scale bars: 1 cm. (b, c) Number of mature nodules in the absence or presence
of (b) ferulic acid or (c) caffeic acid. Error bars show S.E. (n=22–27). Significant differences between the absence (mock) and presence of
phenolic acids were assessed by the Student’s t-test (** P<0.01, * P<0.05, ns, not significant).
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acids at higher levels than that of nodA in M. japonicum
MAFF303099 carrying pMj-NodD1 (Fig. 5). Therefore,
phenolic acid recognition by Mesorhizobium strains may
have a function against non-host plants by inducing T3SS.
Regarding host specificity, differences in the concentrations
of phenolic acids in root exudates may affect host specific‐
ity in L. japonicus–Mesorhizobium symbiosis because the
concentration of p-coumaric acid (4) in the root exudates
of L. japonicus was more than ten-fold higher than those
in the root exudates of red clover and alfalfa (Table 2).
The NF receptors of host plants are important for recogni‐
tion that affects the host range in plant–rhizobia symbiotic
interactions (Radutoiu et al., 2007; Bek et al., 2010). We

Fig. 5. qRT-PCR analysis of the expression of nodA, nodB, and
ttsI genes in Mesorhizobium japonicum MAFF303099 harboring pMj-
NodD1 in the absence or presence of (a) ferulic acid or (b) caffeic acid.
Error bars show S.E. (n=3 or 4). Significant differences between the
absence (mock) and presence of phenolic acids were assessed by the
Student’s t-test (** P<0.01, * P<0.05, ns, not significant).

confirmed the function of LCOs induced by caffeic acid (5)
as endogenous NFs for L. japonicus by demonstrating their
ability to induce root hair deformation (Supplementary Fig.
S2). The number of mature nodules was increased by the
addition of phenolic acid-type nod gene inducers together
with an inoculation with M. japonicum (Fig. 3), as previ‐
ously reported in pea and soybean (Novák et al., 2002; Pan
et al., 2008). Therefore, the recognition of phenolic acids by
Mesorhizobium strains may function in two ways: the pro‐
duction of T3SS may contribute to associations with a wide
range of plants, and, at the same time, the production of
LCOs may function in host recognition in symbiotic interac‐
tions.

Although we confirmed LCO production after treatments
with five phenolic acids, we failed to detect the induction of
nod genes by RT-PCR or ttsI expression using its promoter
fused to lacZ in the genome (Fig. 4a). The transcript levels
of genes regulated by NodD may be below the detection
level of normal RT-PCR and a single copy of lacZ in the
genome of M. japonicum MAFF303099; this may explain
our failure to identify nod gene inducers in L. japonicus–
Mesorhizobium symbiosis, even though it has been widely
used as a model of symbiosis in legume plants (Liu and
Murray, 2016). The nodA promoter fused to lacZ in a
multicopy plasmid (pMP220) has been used to detect lacZ
expression in M. japonicum MAFF303099 (Kojima et al.,
2012). We adopted this approach and attempted to increase
the copy number of nodD genes by introducing nodD1 or
nodD2 into a multicopy plasmid. This analysis revealed that
NodD1 was more sensitive to phenolic acids than NodD2,
indicating a functional differentiation between NodD1 and
NodD2 with regards to the perception of phenolic acid
signals. In M. japonicum R7A, NodD1 and NodD2 are
functionally redundant for nodulation, with nodD1 mutants
exhibiting only a slight delay in nodulation (Rodpothong
et al., 2009). Kelly et al. (2018) showed the preferential
activation of NodD1 and NodD2 by different compounds
produced at defined stages of symbiotic infection. NodD1
is primarily involved in the induction of downstream genes
within root hair infection threads. Since phenolic acids are
intermediates in the biosynthesis of a number of phenolic
compounds, such as flavonoids and monolignols, it is rea‐
sonable that they act as nod gene inducers in root hair infec‐
tion threads. However, we detected p-coumaric acid (4) and
ferulic acid (6) in the root exudates of L. japonicus (Table
2) and lacZ gene induction in the rhizosphere using an M.
japonicum strain with the nodD1 plasmid (Supplementary
Fig. S3). Therefore, the nod gene–inducing activities of phe‐
nolic acids are not restricted to root hair infection threads,

Characteristics of hydroponic cultures and phenolic acid contents in root exudates of three leguminous plants. Values
are mean total contents±S.E. (n=4).

Seed germinated
(g DW)

Plant FW
(g)

Root exudates
(mg)

Contents
(nmol g–1 FW plant)

Contents
(nmol mg–1 root exudate)

3 4 6 3 4 6
Lotus japonicus 0.82 1.44 2.7 4.0±0.1 11.9±0.3 2.0±0.0 21.1±0.6 63.2±1.3 10.5±0.1
red clover 0.69 3.38 2.7 n.d. 0.3±0.0 1.7±0.0 n.d. 4.0±0.0 21.6±0.1
alfalfa 2.07 10.21 8.2 n.d. 0.4±0.0 0.6±0.0 n.d. 5.0±0.0 8.0±0.1

FW, fresh weight. 3, trans-cinnamic acid; 4, p-coumaric acid; 6, ferulic acid; n.d., not detected.

Table 2.
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they may also be involved in a wide range of associations in
the rhizosphere.

In the present study, we used the direct detection of
LCOs to screen for nod gene inducers in L. japonicus–
Mesorhizobium symbiosis. We identified five candidate
compounds in the group of phenolic acids, and detected two
in the root exudates of L. japonicus. By increasing the copy
number of one of the two nodD genes in M. japonicum,
we revealed that phenolic acids as nod gene inducers were
mainly recognized by NodD1. Overall, we propose that phe‐
nolic acids are a novel type of nod gene inducer in the
L. japonicus–Mesorhizobium symbiosis system. Therefore,
substances that act as mutual symbiotic signals from both
sides, L. japonicus and M. japonicum, are now revealed.
The present results will accelerate the elucidation of the
regulatory mechanisms in this symbiotic system.
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acids at higher levels than that of nodA in M. japonicum
MAFF303099 carrying pMj-NodD1 (Fig. 5). Therefore,
phenolic acid recognition by Mesorhizobium strains may
have a function against non-host plants by inducing T3SS.
Regarding host specificity, differences in the concentrations
of phenolic acids in root exudates may affect host specific‐
ity in L. japonicus–Mesorhizobium symbiosis because the
concentration of p-coumaric acid (4) in the root exudates
of L. japonicus was more than ten-fold higher than those
in the root exudates of red clover and alfalfa (Table 2).
The NF receptors of host plants are important for recogni‐
tion that affects the host range in plant–rhizobia symbiotic
interactions (Radutoiu et al., 2007; Bek et al., 2010). We

Fig. 5. qRT-PCR analysis of the expression of nodA, nodB, and
ttsI genes in Mesorhizobium japonicum MAFF303099 harboring pMj-
NodD1 in the absence or presence of (a) ferulic acid or (b) caffeic acid.
Error bars show S.E. (n=3 or 4). Significant differences between the
absence (mock) and presence of phenolic acids were assessed by the
Student’s t-test (** P<0.01, * P<0.05, ns, not significant).

confirmed the function of LCOs induced by caffeic acid (5)
as endogenous NFs for L. japonicus by demonstrating their
ability to induce root hair deformation (Supplementary Fig.
S2). The number of mature nodules was increased by the
addition of phenolic acid-type nod gene inducers together
with an inoculation with M. japonicum (Fig. 3), as previ‐
ously reported in pea and soybean (Novák et al., 2002; Pan
et al., 2008). Therefore, the recognition of phenolic acids by
Mesorhizobium strains may function in two ways: the pro‐
duction of T3SS may contribute to associations with a wide
range of plants, and, at the same time, the production of
LCOs may function in host recognition in symbiotic interac‐
tions.

Although we confirmed LCO production after treatments
with five phenolic acids, we failed to detect the induction of
nod genes by RT-PCR or ttsI expression using its promoter
fused to lacZ in the genome (Fig. 4a). The transcript levels
of genes regulated by NodD may be below the detection
level of normal RT-PCR and a single copy of lacZ in the
genome of M. japonicum MAFF303099; this may explain
our failure to identify nod gene inducers in L. japonicus–
Mesorhizobium symbiosis, even though it has been widely
used as a model of symbiosis in legume plants (Liu and
Murray, 2016). The nodA promoter fused to lacZ in a
multicopy plasmid (pMP220) has been used to detect lacZ
expression in M. japonicum MAFF303099 (Kojima et al.,
2012). We adopted this approach and attempted to increase
the copy number of nodD genes by introducing nodD1 or
nodD2 into a multicopy plasmid. This analysis revealed that
NodD1 was more sensitive to phenolic acids than NodD2,
indicating a functional differentiation between NodD1 and
NodD2 with regards to the perception of phenolic acid
signals. In M. japonicum R7A, NodD1 and NodD2 are
functionally redundant for nodulation, with nodD1 mutants
exhibiting only a slight delay in nodulation (Rodpothong
et al., 2009). Kelly et al. (2018) showed the preferential
activation of NodD1 and NodD2 by different compounds
produced at defined stages of symbiotic infection. NodD1
is primarily involved in the induction of downstream genes
within root hair infection threads. Since phenolic acids are
intermediates in the biosynthesis of a number of phenolic
compounds, such as flavonoids and monolignols, it is rea‐
sonable that they act as nod gene inducers in root hair infec‐
tion threads. However, we detected p-coumaric acid (4) and
ferulic acid (6) in the root exudates of L. japonicus (Table
2) and lacZ gene induction in the rhizosphere using an M.
japonicum strain with the nodD1 plasmid (Supplementary
Fig. S3). Therefore, the nod gene–inducing activities of phe‐
nolic acids are not restricted to root hair infection threads,

Characteristics of hydroponic cultures and phenolic acid contents in root exudates of three leguminous plants. Values
are mean total contents±S.E. (n=4).

Seed germinated
(g DW)

Plant FW
(g)

Root exudates
(mg)

Contents
(nmol g–1 FW plant)

Contents
(nmol mg–1 root exudate)

3 4 6 3 4 6
Lotus japonicus 0.82 1.44 2.7 4.0±0.1 11.9±0.3 2.0±0.0 21.1±0.6 63.2±1.3 10.5±0.1
red clover 0.69 3.38 2.7 n.d. 0.3±0.0 1.7±0.0 n.d. 4.0±0.0 21.6±0.1
alfalfa 2.07 10.21 8.2 n.d. 0.4±0.0 0.6±0.0 n.d. 5.0±0.0 8.0±0.1

FW, fresh weight. 3, trans-cinnamic acid; 4, p-coumaric acid; 6, ferulic acid; n.d., not detected.

Table 2.
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Clone libraries of bacterial 16S rRNA genes (a total of 1,980 clones) were constructed from the leaf blades, petioles,
taproots, and lateral roots of sugar beet (Beta vulgaris L.) grown under different fertilization conditions. A principal
coordinate analysis revealed that the structures of bacterial communities in above- and underground tissues were largely
separated by PC1 (44.5%). The bacterial communities of above-ground tissues (leaf blades and petioles) were more tightly
clustered regardless of differences in the tissue types and fertilization conditions than those of below-ground tissues
(taproots and lateral roots). The bacterial communities of below-ground tissues were largely separated by PC2 (26.0%). To
survey plant growth-promoting bacteria (PGPBs), isolate collections (a total of 665 isolates) were constructed from the
lateral roots. As candidate PGPBs, 44 isolates were selected via clustering analyses with the combined 16S rRNA gene
sequence data of clone libraries and isolate collections. The results of inoculation tests using sugar beet seedlings showed
that eight isolates exhibited growth-promoting effects on the seedlings. Among them, seven isolates belonging to seven
genera (Asticcacaulis, Mesorhizobium, Nocardioides, Sphingobium, Sphingomonas, Sphingopyxis, and Polaromonas) were
newly identified as PGPBs for sugar beet at the genus level, and two isolates belonging to two genera (Asticcacaulis and
Polaromonas) were revealed to exert growth-promoting effects on the plant at the genus level for the first time. These results
suggest that a community analysis-based selection strategy will facilitate the isolation of novel PGPBs and extend the
potential for the development of novel biofertilizers.

Key words: 16S rRNA gene, biofertilizer, community analysis, plant growth-promoting bacteria, sugar beet

Approximately 20% of the world’s sucrose production is
derived from sugar beet (Beta vulgaris L.), the most impor‐
tant crop in temperate regions for sugar production
(Godshall, 2012). Although the initial growth of sugar beet
seedlings is often inhibited by environmental stress, such as
nutrient deficiency and frost damage, sugar beet grows well
under harsh environmental conditions once initial growth is
established (Steingrobe, 2001; 2005). Sugar beet has
recently been attracting attention as a source of bioenergy
(Koga, 2008) because of its higher biomass production than
other temperate crops (de Vries et al., 2010). However, the
mechanisms underlying the high productivity and stress tol‐
erance of sugar beet have not yet been elucidated in detail.
One possible explanation for these features may be the colo‐
nization of plant growth-promoting bacteria (PGPBs),
which confer stress tolerance and growth-promoting effects
in the seedling stage (Steingrobe, 2005; Toyota and
Watanabe, 2013). To date, a number of bacterial species
have been reported as PGPBs for sugar beet, including
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Acinetobacter (Shi et al., 2009, 2010), Bacillus (Çakmakçi
et al., 1999, 2001; Shi et al., 2009, 2010), Burkholderia
(Çakmakçi et al., 2001), Chryseobacterium (Shi et al., 2009,
2010), Pseudomonas (Kloepper et al., 1980; Dunne et al.,
1998; Çakmakçi et al., 2001, 2006), Paenibacillus
(Çakmakçi et al., 2006), Rhodobacter (Çakmakçi et al.,
2006), and Stenotrophomonas spp. (Dunne et al., 1998).
However, the phylogenetic diversity of these PGPBs is
limited to a certain range of taxonomic groups when consid‐
ering the entire phylogenetic diversity of sugar beet-
associated bacteria, as revealed in our previous studies
(Okazaki et al., 2014; Tsurumaru et al., 2015). Surveys of
PGPBs have frequently been conducted on the basis of
plant growth-promoting traits (PGPTs), including 1-
aminocyclopropane-1-carboxylic acid deaminase produc‐
tion, indole acetic acid (IAA) production, N2 fixation,
phosphate solubilization, pyrroloquinoline quinone produc‐
tion, siderophore production, and plant disease suppression
(Dunne et al., 1998; Çakmakçi et al., 2001; Ahmad et al.,
2008; Shi et al., 2009; Kumar et al., 2012; Tani et al., 2012;
Bal et al., 2013; Gupta et al., 2014). However, assays for
these traits are both time- and labor-intensive, which limits
large-scale surveys on PGPBs. Recent studies revealed that
a single PGPT is not a fully reliable marker for selecting
PGPBs; multiple PGPTs are considered to contribute to the
beneficial effects of a PGPB (Ahmad et al., 2008; Kumar et
al., 2012; Quecine et al., 2012). In addition, bacterial iso‐
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lates selected using known PGPTs often fail to produce the
desired growth-promoting effects when they are inoculated
onto plants even under experimental conditions, such as a
growth chamber or greenhouse. Therefore, screening using
known PGPTs is not currently considered to be an efficient
strategy for identifying PGPBs. One possible explanation
for this failure is the insufficient consideration of the coloni‐
zation ability of PGPBs on plant tissue (Lugtenberg and
Kamilova, 2009; Compant et al., 2010).

It is conceivable that the colonization ability of a plant-
associated microorganism is reflected in its abundance in
the tissue of a plant species. Therefore, a community
analysis-based screening of PGPBs may be an ecologically
reasonable and powerful strategy for identifying and
selecting novel PGPBs that are highly compatible with a
plant (tissue). The diversity of plant-associated bacteria is
also markedly affected by fertilization conditions in several
major crops (Ikeda et al., 2014; Unno et al., 2015; Masuda
et al., 2016). Stable colonization on and in plant tissues
under diverse environmental conditions is regarded as a
favorite characteristic of PGPBs for their use in agricultural
practice under field conditions. A metagenomic analysis of
the phylogenetic diversity and functionality of taproot-
associated bacterial community in sugar beet (Tsurumaru et
al., 2015) revealed the dominance of Alphaproteobacteria in
taproot tissue, which is consistent with the findings of Shi et
al. (2014), revealing the potential importance of the func‐
tionality of this bacterial group for high biomass production
by sugar beet. Collectively, these findings suggest that
Alphaproteobacteria is a promising candidate group for
screening PGPBs for sugar beet.

To obtain a more detailed understanding of the role of
plant-associated bacteria in the growth of sugar beet, the
present study aimed to (i) reveal dominant bacterial groups
in the above- and underground tissues of sugar beet under
different fertilization conditions via a clone library analysis,
(ii) build bacterial isolate collections as a resource for sur‐
veying PGPBs, and (iii) conduct a large-scale screening of
PGPBs for sugar beet by employing the combined data of
16S rRNA gene sequences derived from clone libraries and
isolate collections. As a result, a subset of novel PGPBs
were efficiently selected and identified for sugar beet at the
genus and species levels, indicating that a community
analysis-based screening strategy is a powerful tool for sur‐
veying and selecting novel PGPBs for practical agricultural
use.

Materials and Methods

Plant materials and sampling
Seeds of the sugar beet cultivar “Amahomare” were sown in

pots (paper pot no. 1; Nippon Beet Sugar Manufacturing) under
greenhouse conditions on March 16, 2010 and grown for 41 days.
They were planted in a plot with standard fertilization (NPK plot),
only P and K fertilization (PK plot, no N fertilization), or only K
fertilization (K plot, no N or P fertilization). All plots were 31.2 m2

in size, and planting was performed on April 26, 2010 in a long-
term experimental field in Japan (42°89′20″N, 143°07′70″E, 94 m
a.s.l.) that had been maintained under the rotation of upland crops
with potato, maize, sugar beet, or soybean grown during the
summer and no cultivation during the winter since 1994 at the

Memuro Research Station of the Hokkaido Agricultural Research
Center (Memuro, Hokkaido, Japan). Ammonium sulfate (150 kg of
N hectare–1 for the NPK plot), calcium superphosphate (250 kg of
P2O5 hectare–1 for the NPK and PK plots), and potassium sulfate
(160 kg of K2O kg hectare–1 for the NPK, PK, and K plots) were
applied as basal fertilizers. On July 12, 2010, based on visual
inspections, nine healthy plants were randomly sampled from the
NPK, PK, and K plots. They were carefully washed with tap water
to remove loosely adhering soil and organic debris, rinsed with
sterilized water, and individually separated into taproots, lateral
roots, leaf blades, and petioles. Lateral roots on a taproot were col‐
lected using forceps. These tissues were stored at –30°C until used
for the construction of a clone library or bacterial isolate collec‐
tion. Soil samples from the NPK, PK, and K plots were also taken
from between plants using an auger (between 5 and 15 cm in
depth) at the time of sampling, and the chemical characteristics of
these soils were elucidated by the Tokachi Nokyoren Agricultural
Research Institute (Obihiro, Hokkaido, Japan). The analysis of
each chemical characteristic was conducted using the following
methods: pH (H2O); pH meter, P2O5; Truog’s method, K2O, MgO,
CaO, and CEC; Schollenberger’s method, total nitrogen; dry com‐
bustion method, NO3-N; hydrazine reduction method, NH4-N;
indophenol method, Phosphate absorption coefficient; SPAD sim‐
ple method, according to Nakatsu et al. (2012).

Construction of 16S rRNA gene clone libraries from sugar beet-
associated bacteria

The 16S rRNA gene clone libraries of sugar beet-associated bac‐
teria were constructed using the leaf blades, petioles, taproots, and
lateral roots of sugar beet grown in the NPK, PK, and K plots. Bac‐
terial cells were individually extracted from the leaf blades,
petioles, taproots, and lateral roots of nine plants, as previously
reported (Ikeda et al., 2009). Briefly, 25 g of leaf blades or petioles
were collected from a plant and homogenized in a blender with
250 mL of bacterial cell extraction buffer. Taproots were cut into
several pieces, and 100 g of tissue was homogenized in a blender
with 500 mL of bacterial cell extraction buffer. Lateral roots
(approximately 1 g) were ground in liquid nitrogen with a mortar
and pestle and homogenized in a blender with 250 mL of bacterial
cell extraction buffer. The metagenomic DNA of extracted bacte‐
rial cells was prepared according to the protocol of Ikeda et al.
(2004). DNA samples were used as the template for the PCR
amplification of the 16S rRNA gene. PCR amplification was per‐
formed using the universal primers 27F (5′-AGAGTTTGATCMTG
GCTCAG-3′) and 1525R (5′-AAGGAGGTGWTCCARCC-3′), as
previously reported (Someya et al., 2013). After electrophoresis of
the PCR products on a 1% agarose gel, amplicons of the expected
size (approximately 1,500 bp) were purified using NucleoSpin
Extract II (Macherey-Nagel). Equal amounts of amplicons derived
from each of the nine plants were combined for each tissue and
then cloned using the pGEM-T Easy TA cloning vector (Promega).
A partial sequence of the 16S rRNA gene (corresponding to bases
109–665 of the gene in Escherichia coli) for each clone of the
library was elucidated using the 27F primer by Takara Bio.

Construction of bacterial isolate collections of lateral root-
associated bacteria

Lateral root-associated bacteria were isolated from the lateral
roots of sugar beet grown in the PK or K plots based on the pre‐
sumption of the proliferation of beneficial bacteria for plant growth
as a compensatory effect under nutrient-limited conditions. Lateral
roots derived from three plants grown in a plot (1 g from each
plant, approximately 3 g in total) were homogenized in a mortar
and pestle with 30 mL of 67 mM phosphate buffer (pH 7.0). The
homogenate was filtered through a layer of Miracloth (Calbio‐
chem), and an aliquot (100 μL) of the filtrate was spread onto a
R2A (Becton, Dickinson, and Company) or tryptic soy agar (TSA;
Becton, Dickinson, and Company) plate containing cycloheximide
(50 mg mL–1; Wako Pure Chemical Industries) as the antifungal
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Clone libraries of bacterial 16S rRNA genes (a total of 1,980 clones) were constructed from the leaf blades, petioles,
taproots, and lateral roots of sugar beet (Beta vulgaris L.) grown under different fertilization conditions. A principal
coordinate analysis revealed that the structures of bacterial communities in above- and underground tissues were largely
separated by PC1 (44.5%). The bacterial communities of above-ground tissues (leaf blades and petioles) were more tightly
clustered regardless of differences in the tissue types and fertilization conditions than those of below-ground tissues
(taproots and lateral roots). The bacterial communities of below-ground tissues were largely separated by PC2 (26.0%). To
survey plant growth-promoting bacteria (PGPBs), isolate collections (a total of 665 isolates) were constructed from the
lateral roots. As candidate PGPBs, 44 isolates were selected via clustering analyses with the combined 16S rRNA gene
sequence data of clone libraries and isolate collections. The results of inoculation tests using sugar beet seedlings showed
that eight isolates exhibited growth-promoting effects on the seedlings. Among them, seven isolates belonging to seven
genera (Asticcacaulis, Mesorhizobium, Nocardioides, Sphingobium, Sphingomonas, Sphingopyxis, and Polaromonas) were
newly identified as PGPBs for sugar beet at the genus level, and two isolates belonging to two genera (Asticcacaulis and
Polaromonas) were revealed to exert growth-promoting effects on the plant at the genus level for the first time. These results
suggest that a community analysis-based selection strategy will facilitate the isolation of novel PGPBs and extend the
potential for the development of novel biofertilizers.
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Approximately 20% of the world’s sucrose production is
derived from sugar beet (Beta vulgaris L.), the most impor‐
tant crop in temperate regions for sugar production
(Godshall, 2012). Although the initial growth of sugar beet
seedlings is often inhibited by environmental stress, such as
nutrient deficiency and frost damage, sugar beet grows well
under harsh environmental conditions once initial growth is
established (Steingrobe, 2001; 2005). Sugar beet has
recently been attracting attention as a source of bioenergy
(Koga, 2008) because of its higher biomass production than
other temperate crops (de Vries et al., 2010). However, the
mechanisms underlying the high productivity and stress tol‐
erance of sugar beet have not yet been elucidated in detail.
One possible explanation for these features may be the colo‐
nization of plant growth-promoting bacteria (PGPBs),
which confer stress tolerance and growth-promoting effects
in the seedling stage (Steingrobe, 2005; Toyota and
Watanabe, 2013). To date, a number of bacterial species
have been reported as PGPBs for sugar beet, including
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Acinetobacter (Shi et al., 2009, 2010), Bacillus (Çakmakçi
et al., 1999, 2001; Shi et al., 2009, 2010), Burkholderia
(Çakmakçi et al., 2001), Chryseobacterium (Shi et al., 2009,
2010), Pseudomonas (Kloepper et al., 1980; Dunne et al.,
1998; Çakmakçi et al., 2001, 2006), Paenibacillus
(Çakmakçi et al., 2006), Rhodobacter (Çakmakçi et al.,
2006), and Stenotrophomonas spp. (Dunne et al., 1998).
However, the phylogenetic diversity of these PGPBs is
limited to a certain range of taxonomic groups when consid‐
ering the entire phylogenetic diversity of sugar beet-
associated bacteria, as revealed in our previous studies
(Okazaki et al., 2014; Tsurumaru et al., 2015). Surveys of
PGPBs have frequently been conducted on the basis of
plant growth-promoting traits (PGPTs), including 1-
aminocyclopropane-1-carboxylic acid deaminase produc‐
tion, indole acetic acid (IAA) production, N2 fixation,
phosphate solubilization, pyrroloquinoline quinone produc‐
tion, siderophore production, and plant disease suppression
(Dunne et al., 1998; Çakmakçi et al., 2001; Ahmad et al.,
2008; Shi et al., 2009; Kumar et al., 2012; Tani et al., 2012;
Bal et al., 2013; Gupta et al., 2014). However, assays for
these traits are both time- and labor-intensive, which limits
large-scale surveys on PGPBs. Recent studies revealed that
a single PGPT is not a fully reliable marker for selecting
PGPBs; multiple PGPTs are considered to contribute to the
beneficial effects of a PGPB (Ahmad et al., 2008; Kumar et
al., 2012; Quecine et al., 2012). In addition, bacterial iso‐
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agent. After 1 week of cultivation at 24°C in the dark, colonies
were randomly selected and subjected to single colony isolation
twice. These isolates were suspended into R2A or tryptic soy broth
liquid medium containing 15% glycerol and stored at –80°C until
later use for DNA extraction and inoculation tests.

The sequencing of 16S rRNA genes for isolate collections was
also conducted. Isolates were cultivated on R2A or TSA plates,
and a portion of each colony was used for genomic DNA extrac‐
tion as previously described by Okazaki et al. (2014). In addition, a
partial sequence of the 16S rRNA gene for each isolate of the col‐
lections was elucidated using the 27F primer as previously descri‐
bed for the sequencing of clone libraries. Nearly the full length of
the 16S rRNA gene sequence was elucidated for growth-promoting
or growth-inhibiting bacteria using the r1L (5′-GTATTACCGCGG
CTGCTGG-3′), 926f (5′-AAACTCAAAGGAATTGACGG-3′), and
f2L (5′-CCAGCAGCCGCGGTAATAG-3′) primers by Takara Bio.

Clustering analysis of 16S rRNA gene sequences
Clustering analyses of 16S rRNA gene sequences were per‐

formed with the combined data of clone libraries and isolate col‐
lections. The sequence orientation and presence of non-16S rRNA
gene sequences in the libraries were examined using Orientation‐
Checker (Ashelford et al., 2006). Chimeric sequences in the libra‐
ries were removed using MALLARD (Ashelford et al., 2006). Any
sequence identified at the 99.9% threshold was discarded as a chi‐
mera. The remaining sequences were aligned using CLUSTAL W
(Thompson et al., 1994). Based on the alignment, a distance matrix
was constructed using the DNADIST program from PHYLIP ver.
3.66 (http://evolution.genetics.washington.edu/phylip.html) with
the default parameters. The resulting matrices were used as the
input for the Mothur program (Schloss et al., 2009) to create
operational taxonomic units (OTUs) with a threshold value of 97%
sequence identity and calculate the diversity indices of clone libra‐
ries and isolate collections. Library coverage was calculated as
described by Kemp and Aller (2004).

Principal coordinate analysis (PCoA) of 16S rRNA gene clone
libraries

The UniFrac program (Lozupone et al., 2006) was applied to
examine the similarities in community structures between clone
libraries. A tree file generated by CLUSTAL W and an environ‐
ment file that links a file to the library were used as the input for
UniFrac to conduct PCoA with the abundance-weighted option.

Phylogenetic analysis of 16S rRNA gene sequences
The phylogenetic compositions (the relative abundance of taxa)

in clone libraries and isolate collections were analyzed using the
Classifier program in the Ribosomal Database Project (RDP; Wang
et al., 2007) with a confidence threshold of 80%. Statistical com‐
parisons among clone libraries were conducted using the Library
Compare program in RDP (Cole et al., 2014).

Selection of sugar beet growth-promoting bacteria
To select sugar beet growth-promoting bacteria, OTUs in isolate

collections were selected based on their phylogenetic novelty (less
than 97% identity with the closest known species), tissue specific‐
ity (restricted presence in taproots or lateral roots), persistence
among libraries or collections (stable presence regardless of fertil‐
izer application conditions), or high abundance in a tissue (more
than 1% relative abundance in a clone library or isolate collection)
in taproots or lateral roots. In addition, OTUs exhibiting high iden‐
tity to the 16S rRNA gene sequences of known PGPBs reported in
previous studies were selected. From a practical viewpoint, OTUs
displaying high identity to a plant, animal, or human pathogen
were eliminated in the selection process of the present study.

One isolate was selected from each of the OTUs matching the
criteria described above as an inoculum and cultivated on an R2A
or TSA plate at 24°C for 3 days in the dark, and colonies were sus‐
pended in sterilized water. The bacterial cell suspension was

washed and adjusted to an optical density at 660 nm of 0.1 with
sterilized water as an inoculant.

Sugar beet seedlings were prepared as follows. Sugar beet seeds
(cultivar “Rycka”) were sterilized via soaking in 70% ethanol for
1 min followed by 1% sodium hypochlorite (containing 0.01%
Tween 20) for 15 min. After rinsing with sterilized water, surface-
sterilized seeds were covered with wet filter paper. They were
placed in a sterile Petri dish and germinated at 25°C for 1 day in
the dark. Commercial soil (Pot-ace N; Katakura & Co-op Agri
Corporation, 200 mg N L–1, 800 mg P L–1, 200 mg K L–1, 60 mg
Mg L–1) for nursing seedlings was sterilized via autoclaving at
121°C for 5 min, and 80 mL of soil was added to a pot
(41×41×43.5 mm3; Cell box, Meiwa). Two germinated seeds were
planted in a pot and covered with 20 mL of soil. One milliliter of
the bacterial inoculant was applied to a pot. Control seeds were
inoculated with sterilized water. Seedlings were then grown in a
plant growth chamber (16 h of light at 25°C and 8 h of darkness at
20°C) (NK system E5ZS-34; Nippon Medical & Chemical Instru‐
ments), and distilled water was supplied as needed to maintain the
moisture content. After 1 week of cultivation, seedlings were thin‐
ned to one plant per pot. After 4 weeks of cultivation, a whole
seedling was sampled and separated into shoots and roots. These
tissues were air-dried at 80°C for 3 days and dry matter weight was
measured. Twelve seedlings in a tray were used in an inoculation
test with each isolate, and this test was repeated three or four times
at different dates to ensure the reproducibility of PGP effects. In
order to correct data variations among repeated tests at different
dates, data for PGP effects were evaluated by Welch’s t-tests (two-
tailed) using the ratio data of dry weight relative to a control.

Phylogenetic tree analysis
In the phylogenetic tree analysis, sequences were aligned using

the CLUSTAL W program. The neighbor-joining method was used
to build the trees (Saitou and Nei, 1987). The PHYLIP format tree
output was applied using the bootstrapping procedure with 1,000
replicates (Felsenstein, 1985). Trees were constructed with Tree‐
View software (Page, 1996).

Statistical analysis
Welch’s t-tests (two-tailed) were performed using JMP software

version 12 (SAS Institute). A P value <0.05 was considered to be
significant.

Accession numbers of nucleotide sequences
Nucleotide sequences were deposited into the DDBJ/EMBL/

GenBank database. The sequence data for clone libraries and iso‐
late collections were deposited under the accession nos.
LC038237–LC040216 and LC040217–LC040864, respectively
(Table S1). The nearly full length of the 16S rRNA gene sequences
(approximately 1,400 bp) for sugar beet growth-promoting and
growth-inhibiting bacteria were deposited under the accession nos.
LC040865–LC040881 and LC602158–LC602165.

Results and Discussion

Clone library analyses of sugar beet-associated bacteria
under different fertilization conditions

The effects of fertilization conditions on the chemical
characteristics of soil in the NPK, PK, and K plots are sum‐
marized in Table S2. Although a statistical analysis was not
performed due to the lack of replications at the plot level in
field experiments, the following changes were generally
observed. N levels in soils were similar among the plots.
However, the shoot length and number of leaves in the PK
and K plots was markedly shorter and smaller, respectively,
than those in the NPK plot (Fig. 1).

Plant Growth-promoting Bacteria for Sugar Beet
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Library coverages were lower in the libraries for below-
ground tissues (61.5–76.4%) than in those for above-ground
tissues (88.3–93.3%; Table 1). As expected, the Chao1,
ACE, and Shannon indices were higher in the libraries for
below-ground tissues than in those for above-ground tissues
(Table 1). The numbers of OTUs and the Shannon and
Simpson indices were similar between leaf blades and
petioles under the same fertilization conditions. Although
these diversity indices for leaf blades and petioles were
lower in response to the degree of deterioration in fertiliza‐
tion conditions in the PK and K plots than in the NPK plot,
the same indices for taproots and lateral roots were both sta‐
ble under all field conditions. These results suggest that the
bacterial diversity of above-ground tissues is more sensitive
to fertilization management than that of below-ground tis‐
sues. PCoA revealed that the diversity of sugar beet-
associated bacteria was mainly clustered into three groups
(above-ground tissues, taproots, and lateral roots; Fig. 2).
The size of these clusters also suggested that the bacterial
diversity of above-ground tissues was more sensitive to fer‐
tilization management than that of below-ground tissues in
terms of the phylogenetic composition. Fluctuations in the
relative abundance of many taxa strongly depended on fer‐
tilization management (Tables 2 and 3). As a result of the

deterioration of plant nutrition in the PK and K plots, bacte‐
rial diversity in the above-ground tissues decreased. The rel‐
ative abundance and number of OTUs belonging to
Firmicutes decreased in the PK and K plots (Tables 2 and
S3). In isolate collections, Firmicutes bacteria were rarely
isolated on R2A medium. A high nutritional condition
medium may be preferred for the efficient isolation of this
bacterial group, or some pretreatment, such as heat shock, to
break their dormancy may be required under nutrient-
deficient condition. These results most likely reflect the dif‐
ferences in nutrient conditions for bacterial communities
between above- and below-ground plant tissues. Therefore,
above-ground plant tissue-associated bacteria almost totally
depended on most of their nutrients through plant metabo‐
lism, while below-ground tissue-associated bacteria, such as
some bacterial groups living on roots, depended on their
nutrients through not only plant metabolism, but also soil.

Clusters of the bacterial communities of above-ground
tissues were separated from those of below-ground tissues
along PC1 (44.5%), whereas those of taproots and lateral
roots were separated more clearly along PC2 (26.0%) than
those for leaf blades and petioles, indicating that taproots
and lateral roots harbor unique and distinct bacterial diver‐
sity.
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Fig. 1. Shoot length and number of leaves on sugar beet plants at the time of sampling. NPK, PK, and K denote plots with standard fertilization,
only P and K fertilization (no N fertilization), and only K fertilization (no fertilization with N or P), respectively. Each value indicates the mean
±standard deviation of 10 individual plants. Double asterisks indicate a significant difference from NPK by Welch’s t-test (two-tailed) at P<0.01.

Alpha diversity indices of 16S rRNA gene sequences for clone libraries and isolate collections derived from sugar beet-associated
bacteria

Libraries/Collections Clone libraries Isolate collections
Tissues Leaf blade (LB) Petiole (PE) Tap root (TR) Lateral root (LR) Lateral root (LR)
Experimental fields NPK PK K NPK PK K NPK PK K NPK PK K PK K
Isolation media — — — — — — — — — — — — R2A TSA R2A TSA

Library/collection names LB-
NPK

LB-
PK

LB-
K

PE-
NPK

PE-
PK

PE-
K

TR-
NPK

TR-
PK

TR-
K

LR-
NPK

LR-
PK

LR-
K

LR-
PK-R

LR-
PK-T

LR-
K-R

LR-
K-T

Statistics
 No. of sequences 175 177 167 145 178 178 152 164 178 180 135 151 171 148 180 166
 No. of OTUsa 42 37 35 40 35 31 70 72 71 97 75 85 52 48 54 48
 No. of singletons 20 14 16 17 18 12 47 49 42 61 52 58 28 24 30 28
 Library coverage (%)b 88.6 92.1 90.4 88.3 89.9 93.3 69.1 70.1 76.4 66.1 61.5 61.6 83.6 83.8 83.3 83.1
Diversity indexes
 Chao1 63 48 55 59 73 44 224 170 133 199 186 212 115 73 163 86
 ACE 105 49 76 59 90 52 164 291 197 318 300 378 124 102 148 97
 Shannon index (H’) 3.1 2.9 2.9 3.2 2.9 2.6 3.7 3.6 3.7 4.3 4.0 4.2 3.4 3.3 3.5 3.1
 Simpson index (1/D) 15.3 12.5 11.9 17.9 13.6 8.0 25.8 16.1 25.1 79.0 54.8 67.0 21.3 15.5 26.1 11.8

a OTUs were defined at 97% sequence identity.
b Library coverage Cx was calculated as follows: Cx=1–(n/N), where n is the number of singletons that are encountered only once in a library or
collection, and N is the total number of clones or isolates.

Table 1.
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agent. After 1 week of cultivation at 24°C in the dark, colonies
were randomly selected and subjected to single colony isolation
twice. These isolates were suspended into R2A or tryptic soy broth
liquid medium containing 15% glycerol and stored at –80°C until
later use for DNA extraction and inoculation tests.

The sequencing of 16S rRNA genes for isolate collections was
also conducted. Isolates were cultivated on R2A or TSA plates,
and a portion of each colony was used for genomic DNA extrac‐
tion as previously described by Okazaki et al. (2014). In addition, a
partial sequence of the 16S rRNA gene for each isolate of the col‐
lections was elucidated using the 27F primer as previously descri‐
bed for the sequencing of clone libraries. Nearly the full length of
the 16S rRNA gene sequence was elucidated for growth-promoting
or growth-inhibiting bacteria using the r1L (5′-GTATTACCGCGG
CTGCTGG-3′), 926f (5′-AAACTCAAAGGAATTGACGG-3′), and
f2L (5′-CCAGCAGCCGCGGTAATAG-3′) primers by Takara Bio.

Clustering analysis of 16S rRNA gene sequences
Clustering analyses of 16S rRNA gene sequences were per‐

formed with the combined data of clone libraries and isolate col‐
lections. The sequence orientation and presence of non-16S rRNA
gene sequences in the libraries were examined using Orientation‐
Checker (Ashelford et al., 2006). Chimeric sequences in the libra‐
ries were removed using MALLARD (Ashelford et al., 2006). Any
sequence identified at the 99.9% threshold was discarded as a chi‐
mera. The remaining sequences were aligned using CLUSTAL W
(Thompson et al., 1994). Based on the alignment, a distance matrix
was constructed using the DNADIST program from PHYLIP ver.
3.66 (http://evolution.genetics.washington.edu/phylip.html) with
the default parameters. The resulting matrices were used as the
input for the Mothur program (Schloss et al., 2009) to create
operational taxonomic units (OTUs) with a threshold value of 97%
sequence identity and calculate the diversity indices of clone libra‐
ries and isolate collections. Library coverage was calculated as
described by Kemp and Aller (2004).

Principal coordinate analysis (PCoA) of 16S rRNA gene clone
libraries

The UniFrac program (Lozupone et al., 2006) was applied to
examine the similarities in community structures between clone
libraries. A tree file generated by CLUSTAL W and an environ‐
ment file that links a file to the library were used as the input for
UniFrac to conduct PCoA with the abundance-weighted option.

Phylogenetic analysis of 16S rRNA gene sequences
The phylogenetic compositions (the relative abundance of taxa)

in clone libraries and isolate collections were analyzed using the
Classifier program in the Ribosomal Database Project (RDP; Wang
et al., 2007) with a confidence threshold of 80%. Statistical com‐
parisons among clone libraries were conducted using the Library
Compare program in RDP (Cole et al., 2014).

Selection of sugar beet growth-promoting bacteria
To select sugar beet growth-promoting bacteria, OTUs in isolate

collections were selected based on their phylogenetic novelty (less
than 97% identity with the closest known species), tissue specific‐
ity (restricted presence in taproots or lateral roots), persistence
among libraries or collections (stable presence regardless of fertil‐
izer application conditions), or high abundance in a tissue (more
than 1% relative abundance in a clone library or isolate collection)
in taproots or lateral roots. In addition, OTUs exhibiting high iden‐
tity to the 16S rRNA gene sequences of known PGPBs reported in
previous studies were selected. From a practical viewpoint, OTUs
displaying high identity to a plant, animal, or human pathogen
were eliminated in the selection process of the present study.

One isolate was selected from each of the OTUs matching the
criteria described above as an inoculum and cultivated on an R2A
or TSA plate at 24°C for 3 days in the dark, and colonies were sus‐
pended in sterilized water. The bacterial cell suspension was

washed and adjusted to an optical density at 660 nm of 0.1 with
sterilized water as an inoculant.

Sugar beet seedlings were prepared as follows. Sugar beet seeds
(cultivar “Rycka”) were sterilized via soaking in 70% ethanol for
1 min followed by 1% sodium hypochlorite (containing 0.01%
Tween 20) for 15 min. After rinsing with sterilized water, surface-
sterilized seeds were covered with wet filter paper. They were
placed in a sterile Petri dish and germinated at 25°C for 1 day in
the dark. Commercial soil (Pot-ace N; Katakura & Co-op Agri
Corporation, 200 mg N L–1, 800 mg P L–1, 200 mg K L–1, 60 mg
Mg L–1) for nursing seedlings was sterilized via autoclaving at
121°C for 5 min, and 80 mL of soil was added to a pot
(41×41×43.5 mm3; Cell box, Meiwa). Two germinated seeds were
planted in a pot and covered with 20 mL of soil. One milliliter of
the bacterial inoculant was applied to a pot. Control seeds were
inoculated with sterilized water. Seedlings were then grown in a
plant growth chamber (16 h of light at 25°C and 8 h of darkness at
20°C) (NK system E5ZS-34; Nippon Medical & Chemical Instru‐
ments), and distilled water was supplied as needed to maintain the
moisture content. After 1 week of cultivation, seedlings were thin‐
ned to one plant per pot. After 4 weeks of cultivation, a whole
seedling was sampled and separated into shoots and roots. These
tissues were air-dried at 80°C for 3 days and dry matter weight was
measured. Twelve seedlings in a tray were used in an inoculation
test with each isolate, and this test was repeated three or four times
at different dates to ensure the reproducibility of PGP effects. In
order to correct data variations among repeated tests at different
dates, data for PGP effects were evaluated by Welch’s t-tests (two-
tailed) using the ratio data of dry weight relative to a control.

Phylogenetic tree analysis
In the phylogenetic tree analysis, sequences were aligned using

the CLUSTAL W program. The neighbor-joining method was used
to build the trees (Saitou and Nei, 1987). The PHYLIP format tree
output was applied using the bootstrapping procedure with 1,000
replicates (Felsenstein, 1985). Trees were constructed with Tree‐
View software (Page, 1996).

Statistical analysis
Welch’s t-tests (two-tailed) were performed using JMP software

version 12 (SAS Institute). A P value <0.05 was considered to be
significant.

Accession numbers of nucleotide sequences
Nucleotide sequences were deposited into the DDBJ/EMBL/

GenBank database. The sequence data for clone libraries and iso‐
late collections were deposited under the accession nos.
LC038237–LC040216 and LC040217–LC040864, respectively
(Table S1). The nearly full length of the 16S rRNA gene sequences
(approximately 1,400 bp) for sugar beet growth-promoting and
growth-inhibiting bacteria were deposited under the accession nos.
LC040865–LC040881 and LC602158–LC602165.

Results and Discussion

Clone library analyses of sugar beet-associated bacteria
under different fertilization conditions

The effects of fertilization conditions on the chemical
characteristics of soil in the NPK, PK, and K plots are sum‐
marized in Table S2. Although a statistical analysis was not
performed due to the lack of replications at the plot level in
field experiments, the following changes were generally
observed. N levels in soils were similar among the plots.
However, the shoot length and number of leaves in the PK
and K plots was markedly shorter and smaller, respectively,
than those in the NPK plot (Fig. 1).
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Phylogenetic composition analyses revealed that
Proteobacteria, particularly Alpha- and Gammaproteobacteria,
largely dominated the entire phytosphere of sugar beet
(Table 2). In Alphaproteobacteria, Rhizobiales was exclu‐
sively found in the leaf blades, petioles, and taproots, fol‐
lowed by Sphingomonadales with less abundance. Two
genera, namely, Methylobacterium and Phyllobacterium,
were mainly responsible for the high abundance of
Rhizobiales in above-ground tissues (Table 3). The high
abundance of Methylobacterium in above-ground tissues
(approximately 15–46%) was also observed in other plant
species (Delmotte et al., 2009; Someya et al., 2013; Okubo
et al., 2014; Minami et al., 2016; Hara et al., 2019).
Devosia, Mesorhizobium, and unclassified Bradyrhizobiaceae
bacteria were uniquely found in below-ground tissues.
Including these genera, the dominance of Rhizobiales in tap‐
roots (28–39%; Table 2) was demonstrated in our previous
metagenome analysis of taproots (Tsurumaru et al., 2015).
At the genus level, Rhizobium was a common taxonomic
group throughout the entire phytosphere of sugar beet, as
previously reported for other plant species, such as
Arabidopsis (Bodenhausen et al., 2013) and potato (Someya
et al., 2013; Unno et al., 2015). The high persistency of this
genus in various tissues of diverse plant species suggests an
unknown ecological role for Rhizobium in the phytosphere.

In Sphingomonadales, Sphingomonas and Novosphingobium
were dominantly present in sugar beet tissues (Table 3).
Sphingomonas was mainly found in above-ground tissues.
In contrast, Novosphingobium was exclusively present in
below-ground tissues, particularly in taproots as the most
dominant genus. The distribution patterns of these two gen‐
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Fig. 2. Principal coordinate analysis (PCoA) of 16S rRNA gene
sequences of sugar beet-associated bacteria. The library name is
indicated on the right side of each symbol. Circles, squares, diamonds,
and triangles denote leaf blade (LB)-, petiole (PE)-, taproot (TR)-, and
lateral root (LR)-derived libraries, respectively. NPK, PK, and K
denote plots with standard fertilization, only P and K fertilization (no
N fertilization), and only K fertilization (no fertilization with N or P),
respectively.

era in the sugar beet phytosphere suggested an equivalent
ecological role for these genera in the above- and below-
ground tissues of sugar beet. The presence of
Novosphingobium in taproots was reported in our previous
metagenome analysis (Tsurumaru et al., 2015); however, the
relative abundance of Novosphingobium was small (approx‐
imately 3%) and the most dominant taxon in taproots was
Mesorhizobium (14%). These differences between previous
findings and the present results may be attributed to the lack
of sufficient genomic data for the genus Novosphingobium.
Alternately, the abundance of dominant taxa may be mark‐
edly affected by differences in the methodologies employed,
climate conditions, growth stages (a single time point for
sampling), and cultivars of sugar beet.

Gammaproteobacteria in sugar beet tissues mainly con‐
sisted of three taxonomic groups (Enterobacteriaceae,
Xanthomonadaceae, and Pseudomonadaceae). Enterobacteriaceae
and Xanthomonadaceae were exclusively found in above-
ground tissues and lateral roots, respectively, whereas
Pseudomonadaceae was detected in all tissues as a domi‐
nant genus (Table 2). Verrucomicrobia and Planctomycetes
were mainly observed in below-ground tissues under all fer‐
tilization conditions. Acidobacteria and Bacteroidetes were
only detected in lateral roots. The high abundance of
Niastella in lateral roots is one of the unique characteristics
of the sugar beet phytosphere (Table 3). Niastella was
recently reported to be more abundant in sugarcane roots
than in bulk soils (Yeoh et al., 2016). Niastella sp. may be
aggressively attracted to the rhizospheres of high sugar-
accumulating crops.

Isolate collections of lateral root-associated bacteria
Bacteria were isolated from the lateral roots of sugar beet

grown in the PK or K plot using R2A or TSA medium, and
four isolate collections were constructed with 665 isolates
(Table 1). Alpha diversity indices for the isolate collections
revealed that all indices were higher in the isolate collec‐
tions derived from R2A medium (LR-PK-R and LR-K-R)
than in those derived from TSA medium (LR-PK-T and LR-
K-T). Marked differences were observed between the LR-
K-R and LR-K-T isolate collections. These results suggest
that R2A medium is more suitable for isolating phylogeneti‐
cally diverse bacteria than TSA medium, as reported in our
previous studies (Okubo et al., 2009; Okazaki et al., 2014).
For example, Mesorhizobium, Neorhizobium, Nocardioides,
Polaromonas, and Sphingomonas were exclusively isolated
with R2A medium, but not with TSA medium, whereas
Pantoea was isolated with TSA medium only (Table 3).
Low concentrations of carbon sources or NaCl in R2A
medium may contribute to enhancing the propagation of oli‐
gotrophic bacteria. Nutrient-rich media, such as TSA and
NA media, most of which were developed in medical sci‐
ence, appear to preferentially enhance the propagation of
copiotrophic bacteria, such as Pantoea.

The results of the phylogenetic composition analysis
(Table 3) suggested that the greatest difference between
clone libraries and isolate collections was the relative abun‐
dance of Niastella bacteria. All currently known species in
this genus have been isolated from soil, and may be grown
on R2A agar plates (Weon et al., 2006; Zhang et al., 2010;
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Table 2. Relative abundance of major taxa for clone libraries or isolate collections derived from sugar beet-associated bacteriaa

Libraries/Collections Clone libraries (%) Isolate collections (%)
Tissues Leaf blade Petiole Tap root Lateral root Lateral root
Experimental fields NPK PK K NPK PK K NPK PK K NPK PK K PK K
Isolation medium — — — — — — — — — — — — R2A TSA R2A TSA

Library/collection name LB-
NPK

LB-
PK

LB-
K

PE-
NPK

PE-
PK

PE-
K

TR-
NPK

TR-
PK

TR-
K

LR-
NPK

LR-
PK

LR-
K

LR-
PK-R

LR-
PK-T

LR-
K-R

LR-
K-T

Phylum
 Acidobacteria — — — — — — — — — 3.9 2.2 4.0 — — — —
 Actinobacteria 5.1 7.9 5.4 9.7 2.2 2.8 7.2 6.1 3.9 6.7 1.5 4.6 34.5 52.0 14.4 42.2
 Bacteroidetes — — — — — — — — — 26.1 19.3 19.2 1.2 — 3.9 —
 Firmicutes 6.9 4.0 1.2 8.3 2.2 1.1 2.6 0.6 1.1 0.6 — 1.3 — 3.4 0.6 3.6
 Planctomycetes — 0.6 0.6 — — — 4.6 4.3 6.7 2.8 0.7 1.3 — — — —
 Proteobacteria 88.0 87.6 92.2 81.4 95.5 94.4 79.6 86.0 83.1 56.1 69.6 61.6 64.3 44.6 81.1 54.2
 Verrucomicrobia — — — — — — 4.6 2.4 2.2 1.7 1.5 4.0 — — — —
 Others — — 0.6 0.7 — 1.7 1.3 0.6 2.8 2.2 5.2 4.0 — — — —
Class
 Actinobacteria 5.1 7.9 5.4 9.7 2.2 2.8 7.2 6.1 3.9 6.7 1.5 4.6 34.5 52.0 14.4 42.2
 Alphaproteobacteria 29.1 41.2 22.8 57.2 58.4 69.7 46.7 59.8 59.6 15.6 25.9 23.2 52.0 29.7 61.1 27.7
 Bacilli 6.9 2.8 1.2 8.3 2.2 1.1 2.6 0.6 1.1 — — 0.7 — 3.4 0.6 3.6
 Betaproteobacteria 2.9 1.1 10.2 9.0 2.8 2.2 13.2 6.7 9.6 13.3 9.6 14.6 1.8 2.7 9.4 —
 Deltaproteobacteria — — — — — — — 1.2 0.6 3.9 1.5 2.0 — — — —
Gammaproteobacteria 56.0 45.2 59.3 15.2 34.3 22.5 19.7 17.7 11.8 22.8 31.9 21.2 10.5 12.2 10.6 26.5
 Planctomycetia — 0.6 0.6 — — — 4.6 4.3 6.7 2.8 0.7 1.3 — — — —
 Spartobacteria — — — — — — 3.9 1.8 1.1 — — 0.7 — — — —
 Sphingobacteriia — — — — — — — — — 23.3 17.8 16.6 1.2 — 1.1 —
 Others — 1.1 0.6 0.7 — 1.7 2.0 1.8 5.6 11.7 11.1 15.2 — — 2.8 —
Order
 Actinomycetales 5.1 7.9 5.4 9.7 1.1 2.8 7.2 6.1 3.9 6.7 0.7 4.6 34.5 52.0 14.4 42.2
 Bacillales 4.6 0.6 — 7.6 0.6 1.1 2.6 0.6 1.1 — — 0.7 — 3.4 0.6 3.6
 Burkholderiales 2.9 1.1 10.2 9.0 2.8 2.2 13.2 6.7 9.6 12.2 8.1 12.6 1.8 2.7 9.4 —
 Caulobacterales — — — — — — 0.7 0.6 0.6 2.2 2.2 1.3 4.7 1.4 1.1 —
 Enterobacteriales 33.1 28.8 41.3 9.0 19.1 12.9 0.7 — 1.1 1.1 — 1.3 0.6 1.4 2.2 19.9
 Legionellales — — — — — 0.6 3.9 3.0 0.6 — — — — — — —
 Planctomycetales — 0.6 0.6 — — — 4.6 4.3 6.7 2.8 0.7 1.3 — — — —
 Pseudomonadales 22.3 15.8 15.0 4.8 10.1 6.7 2.6 2.4 2.8 8.9 11.1 7.9 2.9 4.7 4.4 3.6
 Rhizobiales 25.1 36.7 21.0 44.8 48.9 63.5 28.3 35.4 38.8 8.3 11.9 11.3 28.1 25.7 33.3 26.5
 Sphingobacteriales — — — — — — — — — 23.3 17.8 16.6 1.2 0.0 1.1 —
 Sphingomonadales 4.0 2.8 1.8 11.7 9.6 4.5 16.4 23.2 18.5 3.9 11.1 9.9 19.3 2.7 25.0 1.2
 Xanthomonadales 0.6 0.6 2.4 1.4 4.5 1.7 2.0 0.6 1.1 4.4 14.8 3.3 7.0 6.1 3.9 3.0
 Unclassified Gammaproteobacteria — — 0.6 — 0.6 0.6 10.5 11.6 6.2 5.6 5.9 7.9 — — — —
 Others 2.3 5.1 1.8 2.1 2.8 3.4 7.2 5.5 9.0 20.6 15.6 21.2 — — 4.4 —
Family
 Bacillaceae 1 3.4 — — 2.8 — 1.1 1.3 — 0.6 — — 0.7 — 2.7 0.6 3.0
 Bradyrhizobiaceae — — 0.6 — 0.6 — 7.2 7.9 15.7 1.7 3.0 1.3 1.8 1.4 2.2 3.0
 Burkholderiaceae — — 4.8 2.1 — — 4.6 2.4 1.7 2.2 0.7 0.0 1.2 — — —
 Caulobacteraceae — — — — — — 0.7 0.6 0.6 2.2 2.2 1.3 4.7 1.4 1.1 —
 Chitinophagaceae — — — — — — — — — 21.1 17.0 15.2 — — 0.6 —
 Comamonadaceae 1.1 1.1 4.8 6.2 2.8 2.2 3.3 1.8 1.7 4.4 3.0 8.6 — 0.7 8.9 —
 Enterobacteriaceae 33.1 28.8 41.3 9.0 19.1 12.9 0.7 — 1.1 1.1 — 1.3 0.6 1.4 2.2 19.9
 Hyphomicrobiaceae — — — 0.7 — — 1.3 1.2 4.5 1.7 0.7 2.0 4.1 8.1 5.0 7.8
 Methylobacteriaceae 15.4 29.9 14.4 24.1 32.6 45.5 — — 0.6 — — — — — — —
 Microbacteriaceae 1.1 2.8 0.6 0.7 — — 0.7 0.6 0.6 — — — 8.8 18.9 1.1 3.0
 Micrococcaceae 3.4 2.8 4.2 4.8 0.6 2.2 — — — — — — 1.2 0.7 1.1 3.0
 Mycobacteriaceae 0.6 — 0.6 2.8 0.6 0.0 2.6 1.8 1.7 — — — 1.2 — — 1.2
 Nocardioidaceae — 1.1 — — — 0.6 — — — — — — 4.1 0.7 1.1 —
 Oxalobacteraceae 1.7 — 0.6 0.7 — — 3.3 1.8 5.6 5.6 4.4 4.0 — — 0.6 —
 Phyllobacteriaceae 5.1 2.8 0.6 13.8 10.1 9.6 3.3 6.7 7.3 0.6 0.0 2.0 10.5 6.1 6.7 1.2
 Planctomycetaceae — 0.6 0.6 — — — 4.6 4.3 6.7 2.8 0.7 1.3 — — — —
 Pseudomonadaceae 21.7 15.8 15.0 4.8 9.6 6.7 2.6 2.4 2.8 8.9 11.1 7.9 2.9 4.7 4.4 3.6
 Rhizobiaceae 2.3 3.4 5.4 5.5 3.4 6.7 15.8 17.1 9.6 3.9 6.7 4.6 11.1 9.5 18.3 13.9
 Sphingomonadaceae 4.0 2.8 1.8 11.7 9.6 4.5 16.4 23.2 18.5 3.9 11.1 9.9 19.3 2.7 24.4 1.2
 Staphylococcaceae — — — 4.1 0.6 — — — — — — — — — — —
 Streptomycetaceae — — — — — — 2.6 2.4 1.1 5.0 0.7 4.6 16.4 25.7 9.4 33.1
 Xanthomonadaceae 0.6 0.6 2.4 1.4 4.5 1.7 2.0 0.6 1.1 4.4 14.1 3.3 7.0 6.1 3.9 3.0
 Others 6.3 7.3 2.4 4.8 6.2 6.2 27.0 25.0 18.5 30.6 24.4 31.8 5.3 9.5 8.3 3.0

a Gray indicates the taxa with a significant difference (P<0.05) to the NPK field library in each tissue.
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Phylogenetic composition analyses revealed that
Proteobacteria, particularly Alpha- and Gammaproteobacteria,
largely dominated the entire phytosphere of sugar beet
(Table 2). In Alphaproteobacteria, Rhizobiales was exclu‐
sively found in the leaf blades, petioles, and taproots, fol‐
lowed by Sphingomonadales with less abundance. Two
genera, namely, Methylobacterium and Phyllobacterium,
were mainly responsible for the high abundance of
Rhizobiales in above-ground tissues (Table 3). The high
abundance of Methylobacterium in above-ground tissues
(approximately 15–46%) was also observed in other plant
species (Delmotte et al., 2009; Someya et al., 2013; Okubo
et al., 2014; Minami et al., 2016; Hara et al., 2019).
Devosia, Mesorhizobium, and unclassified Bradyrhizobiaceae
bacteria were uniquely found in below-ground tissues.
Including these genera, the dominance of Rhizobiales in tap‐
roots (28–39%; Table 2) was demonstrated in our previous
metagenome analysis of taproots (Tsurumaru et al., 2015).
At the genus level, Rhizobium was a common taxonomic
group throughout the entire phytosphere of sugar beet, as
previously reported for other plant species, such as
Arabidopsis (Bodenhausen et al., 2013) and potato (Someya
et al., 2013; Unno et al., 2015). The high persistency of this
genus in various tissues of diverse plant species suggests an
unknown ecological role for Rhizobium in the phytosphere.

In Sphingomonadales, Sphingomonas and Novosphingobium
were dominantly present in sugar beet tissues (Table 3).
Sphingomonas was mainly found in above-ground tissues.
In contrast, Novosphingobium was exclusively present in
below-ground tissues, particularly in taproots as the most
dominant genus. The distribution patterns of these two gen‐
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Fig. 2. Principal coordinate analysis (PCoA) of 16S rRNA gene
sequences of sugar beet-associated bacteria. The library name is
indicated on the right side of each symbol. Circles, squares, diamonds,
and triangles denote leaf blade (LB)-, petiole (PE)-, taproot (TR)-, and
lateral root (LR)-derived libraries, respectively. NPK, PK, and K
denote plots with standard fertilization, only P and K fertilization (no
N fertilization), and only K fertilization (no fertilization with N or P),
respectively.

era in the sugar beet phytosphere suggested an equivalent
ecological role for these genera in the above- and below-
ground tissues of sugar beet. The presence of
Novosphingobium in taproots was reported in our previous
metagenome analysis (Tsurumaru et al., 2015); however, the
relative abundance of Novosphingobium was small (approx‐
imately 3%) and the most dominant taxon in taproots was
Mesorhizobium (14%). These differences between previous
findings and the present results may be attributed to the lack
of sufficient genomic data for the genus Novosphingobium.
Alternately, the abundance of dominant taxa may be mark‐
edly affected by differences in the methodologies employed,
climate conditions, growth stages (a single time point for
sampling), and cultivars of sugar beet.

Gammaproteobacteria in sugar beet tissues mainly con‐
sisted of three taxonomic groups (Enterobacteriaceae,
Xanthomonadaceae, and Pseudomonadaceae). Enterobacteriaceae
and Xanthomonadaceae were exclusively found in above-
ground tissues and lateral roots, respectively, whereas
Pseudomonadaceae was detected in all tissues as a domi‐
nant genus (Table 2). Verrucomicrobia and Planctomycetes
were mainly observed in below-ground tissues under all fer‐
tilization conditions. Acidobacteria and Bacteroidetes were
only detected in lateral roots. The high abundance of
Niastella in lateral roots is one of the unique characteristics
of the sugar beet phytosphere (Table 3). Niastella was
recently reported to be more abundant in sugarcane roots
than in bulk soils (Yeoh et al., 2016). Niastella sp. may be
aggressively attracted to the rhizospheres of high sugar-
accumulating crops.

Isolate collections of lateral root-associated bacteria
Bacteria were isolated from the lateral roots of sugar beet

grown in the PK or K plot using R2A or TSA medium, and
four isolate collections were constructed with 665 isolates
(Table 1). Alpha diversity indices for the isolate collections
revealed that all indices were higher in the isolate collec‐
tions derived from R2A medium (LR-PK-R and LR-K-R)
than in those derived from TSA medium (LR-PK-T and LR-
K-T). Marked differences were observed between the LR-
K-R and LR-K-T isolate collections. These results suggest
that R2A medium is more suitable for isolating phylogeneti‐
cally diverse bacteria than TSA medium, as reported in our
previous studies (Okubo et al., 2009; Okazaki et al., 2014).
For example, Mesorhizobium, Neorhizobium, Nocardioides,
Polaromonas, and Sphingomonas were exclusively isolated
with R2A medium, but not with TSA medium, whereas
Pantoea was isolated with TSA medium only (Table 3).
Low concentrations of carbon sources or NaCl in R2A
medium may contribute to enhancing the propagation of oli‐
gotrophic bacteria. Nutrient-rich media, such as TSA and
NA media, most of which were developed in medical sci‐
ence, appear to preferentially enhance the propagation of
copiotrophic bacteria, such as Pantoea.

The results of the phylogenetic composition analysis
(Table 3) suggested that the greatest difference between
clone libraries and isolate collections was the relative abun‐
dance of Niastella bacteria. All currently known species in
this genus have been isolated from soil, and may be grown
on R2A agar plates (Weon et al., 2006; Zhang et al., 2010;
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Kim et al., 2015). The genus Niastella comprises six spe‐
cies, two of which (Niastella koreensis and Niastella
yeongjuensis) were isolated from soil cultivated with gin‐
seng (Weon et al., 2006). However, Vendan et al. (2010)
failed to isolate a Niastella bacterium from ginseng tissue.
These findings and the present results suggest that plant-
associated Niastella is recalcitrant to isolation with standard
R2A medium.

Clustering analysis of 16S rRNA gene sequences of clones
and isolates and selection of sugar beet growth-promoting
bacteria

A total of 2,645 sequences of the 16S rRNA gene from
culture-independent clones (1,980 clones) and culture-
dependent isolates (665 isolates) were clustered into 456
OTUs at a sequence identity of 97% (Table S3). Among 279
lateral root-relating OTUs, 93 consisted of only isolates,
while 30 contained both clone and isolate sequences.
Among the remaining 156 OTUs, no isolates were obtained
in the present study (Table S3). Based on the criteria for the
selection of OTUs, such as the specificity and stability of
colonization to a tissue and phylogenetic novelty, the repre‐
sentative isolates of 44 OTUs were selected (Table S4) as
candidate PGPBs and inoculated onto the seedlings of sugar

beet. The results obtained revealed eight and six isolates as
plant growth-promoting and growth-inhibiting bacteria,
respectively (Fig. 3 and S1). BLAST search analyses using
16S rRNA gene sequences indicated that two isolates exert‐
ing plant growth-promoting effects (Asticcacaulis sp.
RK043 and Mesorhizobium sp. TP027) are potential novel
species based on their identity to known species (Table 4).
Furthermore, phylogenetic tree analyses suggested that three
isolates (Asticcacaulis sp. RK043, Mesorhizobium sp.
TP027, and Rhizobacter sp. RK021) are novel species based
on their phylogenetic positions (Fig. S2, S3, and S4).

Variovorax are typical phylogenetic groups of PGPBs for
a wide range of plant species, including sugar beet (Zhou et
al., 2017). Seven genera (Asticcacaulis, Mesorhizobium,
Nocardioides, Sphingobium, Sphingomonas, Sphingopyxis,
and Polaromonas) were newly identified as PGPBs for
sugar beet, and two (Asticcacaulis and Polaromonas) were
demonstrated to exert growth-promoting effects on a plant
for the first time.

The selection of PGPBs has often been conducted based
on known PGPTs, such as nitrogen fixation and IAA pro‐
duction. However, the examination of known PGPTs is a
time-consuming and laborious task that has been the bottle‐
neck for the large-scale selection of PGPBs. More impor‐

Table 3. Relative abundance of major genera for clone libraries or isolate collections derived from sugar beet-associated bacteriaa

Libraries/Collections Clone libraries (%) Isolate collections (%)
Tissues Leaf blade Petiole Tap root Lateral root Lateral root
Experimental fields NPK PK K NPK PK K NPK PK K NPK PK K PK K
Isolation media — — — — — — — — — — — — R2A TSA R2A TSA

Library/collection names LB-
NPK

LB-
PK

LB-
K

PE-
NPK

PE-
PK

PE-
K

TR-
NPK

TR-
PK

TR-
K

LR-
NPK

LR-
PK

LR-
K

LR-
PK-R

LR-
PK-T

LR-
K-R

LR-
K-T

Genus
 Arthrobacter 2.9 2.8 4.2 4.8 0.6 2.2 — — — — — — 0.6 — 0.6 3.0
 Bacillus 2.9 — — 2.8 — 1.1 1.3 — 0.6 — — 0.7 — 2.7 0.6 3.0
 Curtobacterium — 2.8 — — — — — — — — — — — — — —
 Devosia — — — — — — 1.3 1.2 4.5 1.1 0.7 2.0 4.1 8.1 5.0 7.8
 Enterobacter — — 3.0 — — — — — — — — — — — — —
 Mesorhizobium — — — — — — 2.6 5.5 6.7 — — 2.0 6.4 — 6.1 —
 Methylobacterium 15.4 29.9 14.4 24.1 32.6 45.5 — — 0.6 — — — — — — —
 Microbacterium 0.6 — — — — — — 0.6 — — — — 5.3 16.9 1.1 1.8
 Mycobacterium 0.6 — 0.6 2.8 0.6 — 2.6 1.8 1.7 — — — 1.2 — — 1.2
 Neorhizobium — — — — — — — 1.2 1.7 2.2 3.7 2.0 2.9 — 7.8 —
 Niastella — — — — — — — — — 11.7 11.1 7.9 — — — —
 Nocardioides — — — — — 0.6 — — — — — — 4.1 — 1.1 —
 Novosphingobium — — — — 0.6 — 15.8 22.0 14.0 3.3 8.1 4.6 1.8 2.0 10.6 1.2
 Pantoea 5.1 2.3 6.6 2.8 — 5.6 — — 1.1 1.1 — 0.7 — 1.4 — 4.8
 Phyllobacterium 5.1 2.8 0.6 13.8 10.1 9.6 — 1.2 0.6 — — — 0.6 2.7 — 0.6
 Polaromonas — — — — — — 2.6 1.2 0.6 2.2 1.5 3.3 — — 7.2 —
 Pseudomonas 21.7 15.8 15.0 4.8 9.6 6.7 2.6 2.4 2.8 7.2 7.4 6.0 2.9 4.7 3.9 3.0
 Ralstonia — — 3.6 1.4 — — — — — — — — — — — —
 Rhizobium 2.3 3.4 4.8 5.5 3.4 6.7 15.1 15.2 7.9 1.7 3.0 2.6 7.0 9.5 9.4 13.3
 Sphingomonas 4.0 2.8 1.8 11.7 9.0 4.5 — — — 0.6 1.5 1.3 13.5 — 7.2 —
 Streptomyces — — — — — — 2.6 2.4 1.1 5.0 0.7 4.6 16.4 24.3 9.4 33.1
 Variovorax 1.1 1.1 4.8 6.2 2.8 1.7 0.7 0.6 0.6 1.7 — — — 0.7 1.1 —
 Yersinia 2.9 — — — — — — — — — — — — — — —
 Unclassified Bradyrhizobiaceae — — — — — — 0.7 1.2 5.1 — 1.5 0.7 — — 0.6 —
 Unclassified Chitinophagaceae — — — — — — — — — 7.2 2.2 6.0 — — — —
 Unclassified Enterobacteriaceae 22.3 20.9 28.1 4.1 16.9 5.1 0.7 — — — — 0.7 — — 1.1 10.8
 Others 13.1 15.3 12.6 15.2 14.0 10.7 51.3 43.3 50.6 55.0 58.5 55.0 33.3 27.0 27.2 16.3

a Gray highlight indicates taxa with a significant difference (P<0.05) from the NPK field library in each tissue.
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tantly, possession of the activity of a known PGPT does not
always guarantee that a PGPB will exert growth-promoting
effects in inoculation tests (Barazani and Friedman, 1999;
Cardinale et al., 2015). In contrast, in the present study,
large-scale isolate collections were initially constructed
from target tissues via random isolation, and the candidate
isolates of PGPBs were then selected based on 16S rRNA
gene sequence data. Clustering analyses using the combined
sequence data of clone libraries and isolate collections pro‐
posed four criteria (the novelty of the sequence, relative
abundance and persistence in a target tissue, and its identity
to known beneficial or nonpathogenic bacteria) as an indica‐
tion for selecting candidate isolates of PGPB (Table S4).
The ability to colonize a plant tissue is an important trait for
PGPBs (Lugtenberg and Kamilova, 2009; Quecine et al.,

Aerial Part
R

el
at

iv
e 

dr
y 

w
ei

gh
t (

%
)

Actinobacteria
Bacilli

Alphaproteobacteria

1 2 144 13123 115 6 87 9 10
Betaproteobacteria 

Gammaproteobacteria

Root

Whole Plant

**
*

* *

* ***

*
**

*
*

*
* ***

Fig. 3. Inoculation effects of sugar beet lateral root-associated
bacteria on sugar beet seedling growth. Lateral root-associated bacteria
were inoculated onto sugar beet seedlings grown in a pot, and the dry
weights of seedlings were measured after 4 weeks of cultivation.
Control plants were inoculated with sterilized water. Twelve seedlings
in a tray were used in an inoculation test with each isolate, and this test
was repeated three or four times at different dates to ensure the
reproducibility of PGP effects. The dry weights of inoculated seedlings
were compared to those of control seedlings (non-inoculated seedlings)
by Welch’s t-test (two-tailed). Error bars indicate the standard
deviation. Single and double asterisks indicate a significant difference
at P<0.05 and P<0.01, respectively. Bacterial isolates: 1, Nocardioides
sp. RP110; 2, Streptomyces sp. TP071; 3, Bacillus sp. TP182; 4,
Asticcacaulis sp. RK043; 5, Mesorhizobium sp. TP027; 6,
Neorhizobium sp. RK064; 7, Sphingobium sp. RK166; 8,
Sphingomonas sp. RP195; 9, Sphingopyxis sp. RK106; 10, Tardiphaga
sp. RK140; 11, Polaromonas sp. RK103; 12, Variovorax sp. RK170;
13, Pantoea sp. RK126; 14, Rhizobacter sp. RK021.

2012), and the relative abundance of an OTU in a tissue is
considered to reflect its compatibility and persistence in a
plant tissue.

In addition, deleterious bacteria for sugar beet seedlings
were identified as growth-inhibiting bacteria in the present
study (Bacillus sp. TP182, Neorhizobium sp. RK064, Pantoea
sp. RK126. Rhizobacter sp. RK021, Tardiphaga sp. RK140,
and Streptomyces sp. TP071 in Table 4). Bacillus spp. are
generally considered to be beneficial bacteria because of
their growth-promoting effects on many plants, including
sugar beet (Çakmakçi et al., 2006; Shi et al., 2010; Park et
al., 2017). The present results and previous findings
revealed the difficulty of selecting PGPB based solely on
phylogenetic information, and indicate the importance of an
inoculation test to screen PGPBs on plants. Based on the
relative abundance of OTUs in root tissues, deleterious bac‐
teria are considered to exhibit a competitive colonization
ability relative to PGPBs (Table 5). The characterization and
ecological control of deleterious bacteria are also important
for maximizing the effects of PGPBs. Deleterious bacteria
may have the ability to interfere with the beneficial effects
of PGPBs on plant tissue, and in addition to several physio‐
chemical factors and the genetic background of crops, this
interference may partially explain why the effects of PGPBs
are often unstable, even under practical field conditions
(Timmusk et al., 2005).

Conclusion

The present study revealed some of the characteristics of
the phylogenetic composition of sugar beet-associated bac‐
teria and identified eight isolates of novel PGPBs and six
isolates of deleterious bacteria for sugar beet at the species
level. The majority of these PGPBs belonging to seven gen‐
era (Nocardioides, Asticcacaulis, Mesorhizobium, Sphingobium,
Sphingomonas, Sphingopyxis, and Polaromonas) were
newly identified as PGPBs for sugar beet at the genus level,
and two isolates belonging to two genera (Asticcacaulis and
Polaromonas) were identified as PGPBs on a plant at the
genus level for the first time. These results demonstrated
that a community analysis-based selection is a highly effi‐
cient strategy for the initial selection of PGPBs in combina‐
tion with large-scale isolate collections that increases the
likelihood of identifying novel PGPBs. Further analyses of
the biochemical and ecological characteristics of beneficial/
deleterious bacteria isolated in the present study will pro‐
vide a more detailed understanding of plant-microbe interac‐
tions under field conditions and possibly facilitate the
utilization of these beneficial bacteria in agricultural prac‐
tice for reducing chemical use in sugar beet production.
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Kim et al., 2015). The genus Niastella comprises six spe‐
cies, two of which (Niastella koreensis and Niastella
yeongjuensis) were isolated from soil cultivated with gin‐
seng (Weon et al., 2006). However, Vendan et al. (2010)
failed to isolate a Niastella bacterium from ginseng tissue.
These findings and the present results suggest that plant-
associated Niastella is recalcitrant to isolation with standard
R2A medium.

Clustering analysis of 16S rRNA gene sequences of clones
and isolates and selection of sugar beet growth-promoting
bacteria

A total of 2,645 sequences of the 16S rRNA gene from
culture-independent clones (1,980 clones) and culture-
dependent isolates (665 isolates) were clustered into 456
OTUs at a sequence identity of 97% (Table S3). Among 279
lateral root-relating OTUs, 93 consisted of only isolates,
while 30 contained both clone and isolate sequences.
Among the remaining 156 OTUs, no isolates were obtained
in the present study (Table S3). Based on the criteria for the
selection of OTUs, such as the specificity and stability of
colonization to a tissue and phylogenetic novelty, the repre‐
sentative isolates of 44 OTUs were selected (Table S4) as
candidate PGPBs and inoculated onto the seedlings of sugar

beet. The results obtained revealed eight and six isolates as
plant growth-promoting and growth-inhibiting bacteria,
respectively (Fig. 3 and S1). BLAST search analyses using
16S rRNA gene sequences indicated that two isolates exert‐
ing plant growth-promoting effects (Asticcacaulis sp.
RK043 and Mesorhizobium sp. TP027) are potential novel
species based on their identity to known species (Table 4).
Furthermore, phylogenetic tree analyses suggested that three
isolates (Asticcacaulis sp. RK043, Mesorhizobium sp.
TP027, and Rhizobacter sp. RK021) are novel species based
on their phylogenetic positions (Fig. S2, S3, and S4).

Variovorax are typical phylogenetic groups of PGPBs for
a wide range of plant species, including sugar beet (Zhou et
al., 2017). Seven genera (Asticcacaulis, Mesorhizobium,
Nocardioides, Sphingobium, Sphingomonas, Sphingopyxis,
and Polaromonas) were newly identified as PGPBs for
sugar beet, and two (Asticcacaulis and Polaromonas) were
demonstrated to exert growth-promoting effects on a plant
for the first time.

The selection of PGPBs has often been conducted based
on known PGPTs, such as nitrogen fixation and IAA pro‐
duction. However, the examination of known PGPTs is a
time-consuming and laborious task that has been the bottle‐
neck for the large-scale selection of PGPBs. More impor‐

Table 3. Relative abundance of major genera for clone libraries or isolate collections derived from sugar beet-associated bacteriaa

Libraries/Collections Clone libraries (%) Isolate collections (%)
Tissues Leaf blade Petiole Tap root Lateral root Lateral root
Experimental fields NPK PK K NPK PK K NPK PK K NPK PK K PK K
Isolation media — — — — — — — — — — — — R2A TSA R2A TSA

Library/collection names LB-
NPK

LB-
PK

LB-
K

PE-
NPK

PE-
PK

PE-
K

TR-
NPK

TR-
PK

TR-
K

LR-
NPK

LR-
PK

LR-
K

LR-
PK-R

LR-
PK-T

LR-
K-R

LR-
K-T

Genus
 Arthrobacter 2.9 2.8 4.2 4.8 0.6 2.2 — — — — — — 0.6 — 0.6 3.0
 Bacillus 2.9 — — 2.8 — 1.1 1.3 — 0.6 — — 0.7 — 2.7 0.6 3.0
 Curtobacterium — 2.8 — — — — — — — — — — — — — —
 Devosia — — — — — — 1.3 1.2 4.5 1.1 0.7 2.0 4.1 8.1 5.0 7.8
 Enterobacter — — 3.0 — — — — — — — — — — — — —
 Mesorhizobium — — — — — — 2.6 5.5 6.7 — — 2.0 6.4 — 6.1 —
 Methylobacterium 15.4 29.9 14.4 24.1 32.6 45.5 — — 0.6 — — — — — — —
 Microbacterium 0.6 — — — — — — 0.6 — — — — 5.3 16.9 1.1 1.8
 Mycobacterium 0.6 — 0.6 2.8 0.6 — 2.6 1.8 1.7 — — — 1.2 — — 1.2
 Neorhizobium — — — — — — — 1.2 1.7 2.2 3.7 2.0 2.9 — 7.8 —
 Niastella — — — — — — — — — 11.7 11.1 7.9 — — — —
 Nocardioides — — — — — 0.6 — — — — — — 4.1 — 1.1 —
 Novosphingobium — — — — 0.6 — 15.8 22.0 14.0 3.3 8.1 4.6 1.8 2.0 10.6 1.2
 Pantoea 5.1 2.3 6.6 2.8 — 5.6 — — 1.1 1.1 — 0.7 — 1.4 — 4.8
 Phyllobacterium 5.1 2.8 0.6 13.8 10.1 9.6 — 1.2 0.6 — — — 0.6 2.7 — 0.6
 Polaromonas — — — — — — 2.6 1.2 0.6 2.2 1.5 3.3 — — 7.2 —
 Pseudomonas 21.7 15.8 15.0 4.8 9.6 6.7 2.6 2.4 2.8 7.2 7.4 6.0 2.9 4.7 3.9 3.0
 Ralstonia — — 3.6 1.4 — — — — — — — — — — — —
 Rhizobium 2.3 3.4 4.8 5.5 3.4 6.7 15.1 15.2 7.9 1.7 3.0 2.6 7.0 9.5 9.4 13.3
 Sphingomonas 4.0 2.8 1.8 11.7 9.0 4.5 — — — 0.6 1.5 1.3 13.5 — 7.2 —
 Streptomyces — — — — — — 2.6 2.4 1.1 5.0 0.7 4.6 16.4 24.3 9.4 33.1
 Variovorax 1.1 1.1 4.8 6.2 2.8 1.7 0.7 0.6 0.6 1.7 — — — 0.7 1.1 —
 Yersinia 2.9 — — — — — — — — — — — — — — —
 Unclassified Bradyrhizobiaceae — — — — — — 0.7 1.2 5.1 — 1.5 0.7 — — 0.6 —
 Unclassified Chitinophagaceae — — — — — — — — — 7.2 2.2 6.0 — — — —
 Unclassified Enterobacteriaceae 22.3 20.9 28.1 4.1 16.9 5.1 0.7 — — — — 0.7 — — 1.1 10.8
 Others 13.1 15.3 12.6 15.2 14.0 10.7 51.3 43.3 50.6 55.0 58.5 55.0 33.3 27.0 27.2 16.3

a Gray highlight indicates taxa with a significant difference (P<0.05) from the NPK field library in each tissue.
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BlastN search results with nearly the full sequence of the 16S rRNA gene of growth-promoting and -inhibiting bacteria for sugar beet
seedlings

OTU No. Isolate name Inoculation
effecta

BlastN search resultsb

Closest known species Identity (%)
Actinobacteria

OTU-301  Nocardioides sp. RP110 (LC040866)c + Nocardioides cavernae (NR_156135) 100
OTU-272  Streptomyces sp. TP071 (LC602158) – Streptomyces mirabilis (EF371431) 100

Bacilli
OTU-329  Bacillus sp. TP182 (LC602159) – Bacillus gibsonii (FJ937920) 100

Alphaproteobacteria
OTU-226  Asticcacaulis sp. RK043 (LC040869) + Asticcacaulis benevestitus (NR_042433) 98
OTU-170  Mesorhizobium sp. TP027 (LC040873) + Mesorhizobium chacoense (NR_025411) 98
OTU-166  Neorhizobium sp. RK064 (LC602160) – Neorhizobium galegae (HG938355) 100
OTU-189  Sphingobium sp. RK166 (LC602162) + Sphingobium aromaticiconvertens (MF101093) 100
OTU-191  Sphingomonas sp. RP195 (LC602164) + Sphingomonas asaccharolytica (NR_029327) 100
OTU-199  Sphingopyxis sp. RK106 (LC602163) + Sphingopyxis taejonensis (NR_024999) 100
OTU-218  Tardiphaga sp. RK140 (LC602161) – Tardiphaga robiniae (CP050292) 99

Betaproteobacteria
OTU-87  Polaromonas sp. RK103 (LC040879) + Polaromonas ginsengisoli (AB245355) 100
OTU-86  Variovorax sp. RK170 (LC040880) + Variovorax paradoxus (CP002417) 100

Gammaproteobacteria
OTU-69  Pantoea sp. RK126 (LC602165) – Pantoea ananatis (CP020943) 100
OTU-96  Rhizobacter sp. RK021 (LC040878) – Methylibium petroleiphilum (CP000555) 99

a “+” and “–” indicate growth-promoting and -inhibiting bacteria, respectively.
b Results with approximately 1,400 bp using the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) are shown.
c The numbers in parentheses indicate the accession number.

Table 4.

Table 5. Relative abundance of OTUs in clone libraries of 16S rRNA genes derived from sugar beet-associated bacteria
Tissues Leaf blade Petiole Tap root Lateral root

Isolation
Experimental fields NPK PK K NPK PK K NPK PK K NPK PK K
Growth-inhibiting bacteria
OTU-69 — — — — — — — — — — — — Pantoea sp. RK126 (LC602165)
OTU-96 — — — — — — — — — 0.6 4.4 2.0 Rhizobacter sp. RK021 (LC040878)
OTU-166 — — — — — — — 1.2 1.7 2.2 3.7 2.0 Neorhizobium sp. RK064 (LC602160)
OTU-218 — — — — — — 2.6 1.8 4.5 0.6 0.7 — Tardiphaga sp. RK140 (LC602161)
OTU-272 — — — — — — — — — 1.7 0.7 0.7 Streptomyces sp. TP071 (LC602158)
OTU-329 1.7 — — 2.8 — — 1.3 — 0.6 — — — Bacillus sp. TP182 (LC602159)
Growth-promoting bacteria
OTU-86 1.1 1.1 4.8 6.2 2.8 1.7 0.7 0.6 0.6 1.7 — — Variovorax sp. RK170 (LC040880)
OTU-87 — — — — — — 2.6 1.2 0.6 2.2 1.5 3.3 Polaromonas sp. RK103 (LC040879)
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seedlings
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b Results with approximately 1,400 bp using the NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) are shown.
c The numbers in parentheses indicate the accession number.

Table 4.

Table 5. Relative abundance of OTUs in clone libraries of 16S rRNA genes derived from sugar beet-associated bacteria
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OTU-329 1.7 — — 2.8 — — 1.3 — 0.6 — — — Bacillus sp. TP182 (LC602159)
Growth-promoting bacteria
OTU-86 1.1 1.1 4.8 6.2 2.8 1.7 0.7 0.6 0.6 1.7 — — Variovorax sp. RK170 (LC040880)
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OTU-226 — — — — — — — — — — 0.7 — Asticcacaulis sp. RK043 (LC040869)
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Intestinal Colonization by a Lachnospiraceae Bacterium Contributes  
to the Development of Diabetes in Obese Mice
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The aim of the present study was to identify bacteria that may contribute to the onset of metabolic dysfunctions. We isolated 
and identified a candidate bacterium belonging to Lachnospiraceae (strain AJ110941) in the feces of hyperglycemic obese 
mice. The colonization of germ-free ob/ob mice by AJ110941 induced significant increases in fasting blood glucose levels as 
well as liver and mesenteric adipose tissue weights, and decreases in plasma insulin levels and HOMA-β values. These results 
indicated that the specific gut commensal bacterium AJ110941 influenced the development of obesity and diabetes in ob/ob 
mice with genetic susceptibility for obesity.

Key words: gut microbiota, diabetes, T-RFLP, gnotobiotic mouse, Lachnospiraceae

The gut microbiota has been shown to influence host 
energy homeostasis, metabolism, and inflammation; thus, 
microbial communities within the gut are now recognized as 
an important environmental factor in the onset of obesity and 
type 2 diabetes (T2D) (5, 7, 12, 14, 23). As a consequence, 
interest in the development of methods to target gut microbiota 
as a therapy for T2D is increasing (2, 12, 18, 21).

Several studies have conducted metagenomic analyses in 
an attempt to identify members of the gut microbial commu-
nity that contribute most significantly to the progression of 
T2D. Qin et al. performed a metagenomic analysis on fecal 
samples obtained from 345 Chinese men and women with or 
without T2D (19). Karlsson et al. also conducted a metage-
nomic analysis to compare microbial communities in fecal 
samples collected from 145 European women who had either 
T2D, impaired glucose metabolism, or were healthy (13). 
Both of these studies reported that butyrate-producing 
Roseburia species and Faecalibacterium prauznitzii were 
rarer in subjects with T2D; however, the identified bacteria 
that existed in high population in T2D subjects differed between  
these studies (8). Cani et al. proposed that lipopolysaccharide 
(LPS), a cell wall component of almost all Gram-negative 
bacteria, may be a key substance responsible for metabolic 
endotoxemia, low-grade systemic inflammation, and insulin 
resistance in mouse models (1, 3). In support of this, a  
previous study reported that experimental endotoxemia 
induced adipose inflammation and insulin resistance in 
human subjects (17).

We herein searched for the specific gut commensal bacte-
rium related to metabolic syndrome using the terminal 
restriction fragment length polymorphism (T-RFLP) analysis 
of fecal samples from a mouse model of T2D. In this study, a 
comparison of homozygous db/db (diabetic) with hetero-
zygous db/+ (non-diabetic) mice revealed that a specific 

fragment of the T-RFLP analysis was present at significantly 
higher levels in db/db mice than in db/+ mice. Even though 
ob/ob obese mice gain weight rapidly and show the symp-
toms of insulin resistance, most of the obese mice do not 
develop severe hyperglycemia compared with db/db mice 
(22). However, one of the ob/ob mice in the present study 
showed an abnormally high fasting blood glucose (FBG) 
level similar to db/db mice. The specific fragment observed in 
db/db mice was also the most prominent in the abnormally 
hyperglycemic ob/ob mouse. We hypothesized that the spe-
cific bacterium harboring the fragment may have contributed 
to the progression of T2D; therefore, we isolated and cultured 
the bacterium (strain AJ110941). We then determined that 
colonization by the isolate with the LPS producer E. coli 
induced hyperglycemia and the accumulation of adipose  
tissue in the gnotobiotic ob/ob mouse model.

All experimental procedures were reviewed and approved 
by the Animal Care Committee of Ajinomoto Co., Inc.  
Male 5-week-old homozygous BKS.Cg-Dock7m +/+Leprdb/J  
(db/db, diabetic) mice, heterozygous control (db/+, non- 
diabetic) mice, and homozygous B6.V-Lepob/J (ob/ob, obese) 
mice were obtained from Charles River Japan (Yokohama, 
Japan). Male 5-week-old germ-free ob/ob mice were obtained 
from Sankyo Lab Service (Tokyo, Japan). These mice were 
housed in a controlled environment (on a 12-h light/dark 
cycle with lights turning off at 19:00) with free access to 
standard chow CRF-1 (Oriental Yeast, Tokyo, Japan) and 
water and kept in specific pathogen-free (SPF) or germ- 
free/gnotobiotic conditions throughout the experimental 
period. Fresh feces and blood were collected from 5- and 
11-week-old mice after fasting for 16 h.

Blood glucose (FBG) levels were determined using  
DRI-CHEM 7000V (Fujifilm, Tokyo, Japan). Plasma insulin  
levels were determined using an ultrasensitive mouse insulin 
kit (Morinaga Institute of Biological Science, Yokohama, 
Japan). Plasma glucagon levels were determined using the * Corresponding author. E-mail: keishi_kameyama@ajinomoto.com
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Glucagon ELISA Kit Wako (Wako Pure Chemical Industries, 
Osaka, Japan). Insulin resistance (HOMA-IR) and β-cell 
function (HOMA-β) were both calculated on the basis of the 
fasting levels of plasma glucose and insulin according to the 
homeostasis model assessment (HOMA) method (16).

Fresh fecal samples were collected from mice, added to 
99% ethanol, and stored at −30°C. Bacterial DNA was 
extracted from the fecal samples using the FastDNA spin kit 
for soil (MP Biomedicals, Santa Ana, CA) using the FastPrep 
instrument (MP Biomedicals). T-RFLP analyses of the mouse  
gut microbiota were performed as previously described (10). 
Two universal primers, 27F labeled with 6-carboxyfluorescein  
(FAM): 5'-FAM-AGAGTTTGATCCTGGCTCAG-3' and 
1492R: 5'-GGTTACCTTGTTACGACTT-3' were used in 
PCR to amplify the 16S rRNA gene coding region. Purified 
PCR products of the 16S rRNA gene were digested with MspI 
(Takara Bio, Otsu, Japan).

To isolate and culture the bacterium, fresh feces were  
collected and immediately weighed and transferred to an 
anaerobic chamber. The feces were homogenized with a 
50-fold volume (v/w) of an anaerobic diluent, serially diluted, 
and then plated on Eggerth-Gagnon (EG) agar plates (11). 
The agar plates were incubated at 37°C for 4 d in the  
anaerobic chamber. All of the colonies were identified by 
their fragment size, and a target colony with a fragment size 
of 282 bp was then selected. The colony was passaged onto 
new EG agar plates, and the bacterial purity of the isolate was 
ensured by re-streaking and microscopic observations. The 
16S rRNA gene sequence of the isolated bacterium was 
determined as previously described (15). The sequence was 
assembled using GENETYX version 7 (GENETYX, Tokyo, 
Japan). The identification and phylogenic tree analysis of the 
16S rRNA gene sequence were carried out using the 
Ribosomal Database Project (RDP) (6).

When the mice were 8 weeks old, germ-free ob/ob mice 
were separated into 3 groups for the germ-free/gnotobiotic 
experiment: Group-1 (n=4), germ-free; Group-2 (n=4),  
colonization by the non-pathogenic Escherichia coli strain 
E-17, which had been isolated from SPF mice; Group-3 
(n=4), colonization by AJ110941 with E. coli E-17. Groups-2 
and -3 were then orally inoculated with E. coli E-17 or 
AJ110941 with E. coli E-17 (approximately 1×108 cells sus-
pended in anaerobic PBS, respectively). Group-1 was orally 
administered PBS only. These mice were maintained under 
the germ-free or gnotobiotic conditions for 8 weeks.

We compared differences in gut microbiota patterns 
between db/+ and db/db mice. Hyperglycemia was observed 
in 11-week-old, but not in 5-week-old mice (Fig. S1). The 
282 bp fragment was significantly higher in db/db than db/+ 
mice at both 5 and 11 weeks old (Fig. S2). We then evaluated 
the presence of the 282 bp fragment in another metabolic 
syndrome model, the ob/ob mouse. The highest FBG level 
observed among all ob/ob mice was in Mouse Number 4 (Fig. 
S3). The 282 bp fragment was also more prominent in hyper-
glycemic Mouse Number 4 than in the normal glycemic  
ob/ob mouse at both 5 and 11 weeks old (Fig. S4). Based on 
these db/db and ob/ob mice results, we focused on this 282 bp 
fragment bacteria.

We isolated a colony harboring the 282 bp fragment and 
established an axenic strain (strain AJ110941). The isolate 
was determined to be closely related to the genus Anaerostipes 
in the family Lachnospiraceae (Fig. 1).

We then generated gnotobiotic ob/ob mice colonized by 
AJ110941 with E. coli. Eight weeks after the inoculation, the 
cecum, liver, adipose tissue, and blood were collected after a 
16-h fast. The gut microbiota of the cecal contents from the 
three groups was determined by T-RFLP analysis. No PCR 
amplicon was detected in Group-1. Only a single fragment 
(488 bp) that corresponded to E. coli was detected in Group-
2. Only two fragments (282 bp and 488 bp) were detected in 
Group-3. These results clearly indicated that germ-free or 
gnotobiotic conditions were maintained during the experi-
mental period. The weights of the liver and mesenteric  
adipose tissue significantly increased in Group-3, whereas no 
significant difference was observed in body weights between 
the three groups. FBG and plasma glucagon levels were  
significantly higher in Group-3, while plasma insulin levels 
were significantly lower. On the other hand, no significant 
differences were observed in these parameters between 
Groups-1 and -2. The homeostasis model assessment was 
calculated from FBG and plasma insulin levels as an index of 
insulin resistance (HOMA-IR) and pancreatic β cell function 
(HOMA-β). HOMA-β was significantly lower in Group-3, 
whereas no significant differences were noted in HOMA-IR 
between the three groups (Table 1). These results suggested 
that colonization by AJ110941 may have promoted the  
dysfunction of pancreatic β-cells.

Therefore, AJ110941 should be regarded as one of the 
important causative gut bacteria for the induction of T2D. A 
previous study reported that the relative abundance of the 

Fig. 1. Phylogenetic tree based on the 16S rRNA gene constructed by Weighbor, the weighted neighbor-joining tree building algorithm, showing 
AJ110941 and other strains of the family Lachnospiraceae. Clostridium perfringens ATCC13124T was used as an outgroup. The numbers close to 
the nodes represent bootstrap values (n=100 replicates). The scale bar represents 0.05 substitutions per nucleotide position.
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taxonomic family Lachnospiraceae was increased by early- 
life subtherapeutic antibiotic treatments in an obese mouse 
model (4). Additionally, a metagenomic study indicated that 
the taxonomic family Lachnospiraceae may be associated 
with T2D (19). However, it remains unclear whether bacteria 
belonging to the family Lachnospiraceae actually affect 
obesity and FBG levels in vivo. Therefore, we generated 
gnotobiotic ob/ob mice colonized by AJ110941 with E. coli 
to reveal a possible causal relationship. In a preliminary 
examination, we microscopically observed that AJ110941 
did not singly colonize the intestinal tract of ob/ob germ-free 
mice. E. coli, which is a facultative anaerobe, may be needed 
to maintain an oxygen-free environment in the intestinal tract 
because AJ110941 needs strict anaerobic conditions for 
growth. In our study, a mono-association with the LPS  
producer E. coli induced neither hyperglycemia nor the  
accumulation of adipose tissues. In contrast, LPS derived 
from Gram-negative bacteria in the gastrointestinal tract was 
previously identified as one of the most important factors 
inducing the development of T2D (1, 3). Our results indicated 
that the presence of LPS in the intestinal tract was necessary, 
but not sufficient for the pathogenesis of diabetes. We specu-
lated that AJ110941 may have assisted with the translocation 
of LPS into the blood from the intestinal tract. We are  
currently investigating the effects of AJ110941 on LPS  
translocation in in vitro/vivo models.

Regarding the particular gut bacterium involved in meta-
bolic syndrome, Methanobrevibacter smithii and Bacteroides 
thetaiotaomicron were previously shown to enhance host 
energy storage in di-associated mice (20). Furthermore, Fei 
and Zhao reported that the strain Enterobacter cloacae B29, 
which was isolated from an obese human subject, induced 
obesity and insulin resistance accompanied by serum endo-
toxemia in mono-associated mice (9).

This is the first study to have successfully identified a  
specific Lachnospiraceae bacterium involved in metabolic 
disorders. Future studies are needed to elucidate the molecu-
lar mechanisms underlying the adverse effects of AJ110941 
on glucose and lipid metabolism in mouse models. It remains 
unclear whether AJ110941 or its closely-related species 
inhabits the human intestinal tract. We intend to perform a 
preliminary epidemiological study on obese and diabetic 
subjects to address this question.

The 16S rRNA gene sequence of the isolated bacterium 
(strain AJ110941) is available in the DDBJ/EMBL/GenBank 
databases under the accession number AB861470.
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16S rRNA gene sequence of the isolated bacterium was 
determined as previously described (15). The sequence was 
assembled using GENETYX version 7 (GENETYX, Tokyo, 
Japan). The identification and phylogenic tree analysis of the 
16S rRNA gene sequence were carried out using the 
Ribosomal Database Project (RDP) (6).

When the mice were 8 weeks old, germ-free ob/ob mice 
were separated into 3 groups for the germ-free/gnotobiotic 
experiment: Group-1 (n=4), germ-free; Group-2 (n=4),  
colonization by the non-pathogenic Escherichia coli strain 
E-17, which had been isolated from SPF mice; Group-3 
(n=4), colonization by AJ110941 with E. coli E-17. Groups-2 
and -3 were then orally inoculated with E. coli E-17 or 
AJ110941 with E. coli E-17 (approximately 1×108 cells sus-
pended in anaerobic PBS, respectively). Group-1 was orally 
administered PBS only. These mice were maintained under 
the germ-free or gnotobiotic conditions for 8 weeks.

We compared differences in gut microbiota patterns 
between db/+ and db/db mice. Hyperglycemia was observed 
in 11-week-old, but not in 5-week-old mice (Fig. S1). The 
282 bp fragment was significantly higher in db/db than db/+ 
mice at both 5 and 11 weeks old (Fig. S2). We then evaluated 
the presence of the 282 bp fragment in another metabolic 
syndrome model, the ob/ob mouse. The highest FBG level 
observed among all ob/ob mice was in Mouse Number 4 (Fig. 
S3). The 282 bp fragment was also more prominent in hyper-
glycemic Mouse Number 4 than in the normal glycemic  
ob/ob mouse at both 5 and 11 weeks old (Fig. S4). Based on 
these db/db and ob/ob mice results, we focused on this 282 bp 
fragment bacteria.

We isolated a colony harboring the 282 bp fragment and 
established an axenic strain (strain AJ110941). The isolate 
was determined to be closely related to the genus Anaerostipes 
in the family Lachnospiraceae (Fig. 1).

We then generated gnotobiotic ob/ob mice colonized by 
AJ110941 with E. coli. Eight weeks after the inoculation, the 
cecum, liver, adipose tissue, and blood were collected after a 
16-h fast. The gut microbiota of the cecal contents from the 
three groups was determined by T-RFLP analysis. No PCR 
amplicon was detected in Group-1. Only a single fragment 
(488 bp) that corresponded to E. coli was detected in Group-
2. Only two fragments (282 bp and 488 bp) were detected in 
Group-3. These results clearly indicated that germ-free or 
gnotobiotic conditions were maintained during the experi-
mental period. The weights of the liver and mesenteric  
adipose tissue significantly increased in Group-3, whereas no 
significant difference was observed in body weights between 
the three groups. FBG and plasma glucagon levels were  
significantly higher in Group-3, while plasma insulin levels 
were significantly lower. On the other hand, no significant 
differences were observed in these parameters between 
Groups-1 and -2. The homeostasis model assessment was 
calculated from FBG and plasma insulin levels as an index of 
insulin resistance (HOMA-IR) and pancreatic β cell function 
(HOMA-β). HOMA-β was significantly lower in Group-3, 
whereas no significant differences were noted in HOMA-IR 
between the three groups (Table 1). These results suggested 
that colonization by AJ110941 may have promoted the  
dysfunction of pancreatic β-cells.

Therefore, AJ110941 should be regarded as one of the 
important causative gut bacteria for the induction of T2D. A 
previous study reported that the relative abundance of the 

Fig. 1. Phylogenetic tree based on the 16S rRNA gene constructed by Weighbor, the weighted neighbor-joining tree building algorithm, showing 
AJ110941 and other strains of the family Lachnospiraceae. Clostridium perfringens ATCC13124T was used as an outgroup. The numbers close to 
the nodes represent bootstrap values (n=100 replicates). The scale bar represents 0.05 substitutions per nucleotide position.
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Isolated RNA viruses mainly parasitize eukaryotes. RNA viruses either expand horizontally by infecting hosts (acute
type) or coexist with the host and are vertically inherited (persistent type). The significance of persistent-type RNA viruses
in environmental viromes (the main hosts are expected to be microbes) was only recently reported because they had
previously been overlooked in virology. In this review, we summarize the host-virus relationships of eukaryotic microbial
RNA viruses. Picornavirales and Reoviridae are recognized as representative acute-type virus families, and most of the
microbial viruses in Narnaviridae, Totiviridae, and Partitiviridae are categorized as representative persistent-type viruses.
Acute-type viruses have only been found in aquatic environments, while persistent-type viruses are present in various
environments, including aquatic environments. Moreover, persistent-type viruses are potentially widely spread in the RNA
viral sequence space. This emerging evidence provides novel insights into RNA viral diversity, host-virus relationships, and
their history of co-evolution.

Key words: aquatic, RNA virus, eukaryote

An RNA virus has single- or double-stranded RNA as
its genome. The genome sizes of RNA viruses range from
several kb to several tens of kb, and some harbor segmented
genomes depending on the virus group/species (King et al.,
2012; Koonin et al., 2020). To date, most RNA viruses
have been isolated from eukaryotes, and more than 50% of
isolated viruses from eukaryotes are RNA viruses (Nasir et
al., 2014). Since the majority of eukaryotes are expected to
be infected by RNA viruses, RNA viruses and eukaryotes
likely have a long history of co-evolution (Koonin et al.,
2015). In contrast, no or very few RNA virus families have
been isolated from archaea and bacteria, respectively; how‐
ever, the diversity of prokaryotic RNA viruses was very
recently expanded by metatranscriptomics and subsequent
in silico analyses (Callanan et al., 2020; Neri, U., et
al. 2022. A five-fold expansion of the global RNA
virome reveals multiple new clades of RNA bacteriophages.
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Historically, RNA viruses have been detected as infec‐

tious causative agents in humans and economically impor‐
tant plants and animals (Beijerinck, 1898; Loeffler and
Frosch, 1898; Reed and Carroll, 1901). However, in the
last several decades, fungal RNA viruses that persistently
infect their hosts without causing clear phenotypic changes
have been discovered, although a few have been found
in edible mushrooms and pathogenic fungi that cause phe‐
notypic symptoms (Nuss, 2005; Roossinck, 2014). More‐
over, similar “cryptic” RNA viruses are widely present in
plants (Roossinck et al., 2010). To obtain a more detailed
understanding of RNA viruses, Roossinck categorized the
lifestyles of plant/fungal viruses into two types, persistent
and acute (Roossinck, 2010, 2012, 2015). Briefly, viruses
with a persistent lifestyle are transmitted vertically via cell
division, while viruses with an acute lifestyle are most fre‐
quently transmitted horizontally (Fig. 1). This classification
is completely different from “acute infection”, “persistent
(latent) infection”, and “chronic infection” in human infec‐
tions. These clinical categories indicate the course of viral
dose/activity or the state of disease in humans. For example,
hepatitis C virus (HCV), a positive-sense single-stranded
RNA virus, sometimes establishes a chronic infection after
an acute infection. However, this does not represent a
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change in the viral lifestyle. HCV is categorized as an acute-
type RNA virus by Roossinck’s criteria because it mainly
spreads by horizontal transmission.

The acute and persistent types have both been identified
in eukaryotic microbial lineages of fungi and protists. Fur‐
thermore, viral metagenomics enables us to identify diverse
RNA viruses and infer their lifestyles. To date, a large
diversity of RNA viruses has been revealed in soil and
aquatic microbial ecosystems (Culley et al., 2006; Suttle,
2016; Urayama et al., 2018a; Starr et al., 2019; Wolf et al.,
2020; Edgar et al., 2022; Zayed et al., 2022), in addition
to biological samples from organisms, such as invertebrates,
deep-sea animals, and microbial consortia associated with
sponges, macroalgae, and lichens (Shi et al., 2016; Urayama
et al., 2018b, 2020a, 2020b; Chiba et al., 2020). In this
review, we summarize eukaryotic microbial RNA viruses
based on their lifestyles and discuss their significance in
microbial ecosystems. This review focuses on RNA viruses
excluding retroviruses. Retroviruses are distinct from other
RNA viruses in their life cycle because they are embedded
into the host genome, whereas other RNA viruses are not.
Retroviruses have a mixed strategy of vertical and horizon‐
tal transmission and change their strategy depending on the
life stage.

Microbial RNA viruses have two life cycle strategies

We define acute- and persistent-type life cycles in
microbial RNA viruses based on Roossinck’s definition
(Roossinck, 2010) (Fig. 1). Acute-type viruses are mainly
transmitted horizontally via extracellular viral particles.
These viruses have the ability to enter host cells from the
outside and exit host cells to the outside. During the viral
life cycle, acute-type viruses often cause “disease” as rep‐
resented by cell lysis (Tomaru et al., 2004). In contrast,
persistent-type viruses are mainly transmitted vertically via
the cell division of their host without cell lysis (Nuss, 2005).
These viruses remain associated with their hosts for many
generations with nearly 100% vertical transmission, and
sometimes lack the ability to enter and exit host cells. In
addition, some persistent-type RNA viruses lack capsid pro‐

Fig. 1. Schematic of transmission routes of microbial RNA viruses.

teins (Dolja and Koonin, 2012). No gene is shared only in
persistent-type RNA viruses. Persistence and vertical trans‐
mission in viruses has been suggested to correlate with com‐
mensal or mutualistic lifestyles (Roossinck, 2011; Marquez
and Roossinck, 2012).

The host cell phenotype is an attractive subject in
virology, and persistent- and acute-type lifestyles over‐
lap with symbiosis and antagonism, respectively. How‐
ever, difficulties are associated with the classification of
viruses according to the phenotype of the host organism
because the host-virus relationship changes depending on
the surrounding conditions (Xu et al., 2008). Furthermore,
we cannot test all environmental conditions that may affect
the host phenotype. Therefore, we defined the two types of
viruses based on the viral transmission route in this review.

Heterosigma akashiwo RNA virus (HaRNAV) (Tai et
al., 2003; Lang et al., 2004) is a well-known acute-type
RNA virus associated with microbial eukaryotes in aquatic
ecosystems. HaRNAV was isolated from a Heterosigma
akashiwo culture that showed the lysis of host cells after
the inoculation of a virus particle fraction from seawater. To
maintain HaRNAV in lab conditions, a 0.22-μm filtered cell
lysate including HaRNAV is inoculated into H. akashiwo
cultures, and after cell lysis, the lysate is used as an inoc‐
ulum. In this case, since the host is re-infected with the
daughter virus obtained by filter filtration from the lytic
solution, we defined the RNA virus as an acute-type virus.
Based on the genome sequence of HaRNAV, it belongs to
Marnaviridae (Lang et al., 2021), which includes several
acute-type microbial RNA viral genera, such as Marnavirus
and Labyrnavirus (Lang et al., 2004; Takao et al., 2006).

Among persistent-type RNA viruses, Saccharomyces cer‐
evisiae virus L-A (ScV-L-A) (Wickner, 1996) is a repre‐
sentative strain. The presence of RNA viruses may be
confirmed by long cellular dsRNA because it only consists
of dsRNA viral genomes and/or replicative intermediates
of non-retro ssRNA viruses (Morris and Dodds, 1979).
ScV-L-A does not confer a detectable phenotype upon its
host (yeast) cells (Schmitt and Breinig, 2002), and viral
dsRNA is maintained in the host cell and transmitted to
daughter cells via cell division. ScV-L-A may be maintained
and amplified in S. cerevisiae cells under laboratory condi‐
tions. In this case, since the RNA virus is maintained by a
host sub-culture, we define the RNA virus as a persistent-
type virus. ScV-L-A belongs to the family Totiviridae,
which includes other known totiviruses isolated from pro‐
tists (Goodman et al., 2011).

The definitions of acute- and persistent-type viruses are
not applicable in some exceptional cases. For example, fun‐
gal persistent-type RNA viruses are mainly transmitted to
daughter cells, but may also be transmitted between closely
related fungal strains through anastomosis (Liu et al., 2003;
Vainio et al., 2011). On a geological time scale, the trans‐
mission of RNA viruses between plants and fungi may also
have occurred (Nibert et al., 2014; Roossinck, 2019; Bian et
al., 2020).

Isolated microbial RNA viruses

We herein summarized and grouped isolated microbial
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RNA viruses based on the infection type (Table S1). Micro‐
bial RNA viruses with acute-type lifestyles have been
obtained from aquatic host strains (Sadeghi et al., 2021).
Among them, ssRNA viruses that lyse host cells have
been reported, such as Heterosigma akashiwo RNA virus
(HaRNAV) (Picornavirales), which infects the toxic bloom-
forming raphidophyte Heterosigma akashiwo (Raphidophy‐
ceae) (Tai et al., 2003); Heterocapsa circularisquama RNA
virus 01 (Alvernaviridae), which infects the bivalve-killing
dinoflagellate Heterocapsa circularisquama (Dinophyceae)
(Tomaru et al., 2004); and Aurantiochytrium single-stranded
RNA virus 01 (Picornavirales), which infects the marine
fungoide Schizochytrium sp. (Thraustochytriaceae) (Takao
et al., 2005). The dsRNA virus, Micromonas pusilla reovi‐
rus (Reoviridae), which infects and lyses the marine pho‐
tosynthetic protist Micromonas pusilla (Mamiellophyceae)
(Brussaard et al., 2004), has also been isolated.

In contrast, microbial RNA viruses with persistent-type
lifestyles have mainly been identified using intracellular
dsRNA (a molecular biomarker) or RNA-seq technology.
This type of RNA virus has been exclusively studied and
identified in fungi (Ghabrial et al., 2015; Kotta-Loizou and
Coutts, 2017). To date, identified dsRNA viruses include
unclassified RNA viruses that infect the cultivated mush‐
room Agaricus bisporus (van der Lende et al., 1994); Pen‐
icillium chrysogenum virus (Chrysoviridae), which infects
the penicillin-producing strains of Penicillium chrysogenum
(Banks et al., 1969); and Saccharomyces cerevisiae virus
L-A (Totiviridae), which infects the budding yeast S.
cerevisiae (Wickner, 1996). Oomycetes (Oomycota) have
also been subject to dsRNA-based surveillance, and the
plant pathogens Phytophthora infestans and Asparagus
officinalis are known to harbor Phytophthora infestans RNA
virus 3 (unclassified) and Phytophthora endornavirus 2
(and 3) (Endornaviridae), respectively (Cai et al., 2013;
Uchida et al., 2021). In addition, protozoans, such as
Trichomonas, Leishmania, and Giardia, harbor persistent-
type RNA viruses (Wang and Wang, 1986; Stuart et al.,
1992; Khoshnan and Alderete, 1994); however, the presence
of extracellular infection routes has been suggested (Wang
and Wang, 1986; Torrecilhas et al., 2020).

RNA viruses with acute-type lifestyles have been
detected in aquatic environments, while those with
persistent-type lifestyles have been found in terrestrial
environments. However, ssRNA and dsRNA viruses with
persistent-type lifestyles have both been recently iden‐
tified from a marine oomycete strain in the genus
Halophytophthora (Botella et al., 2020) and a marine fun‐
gal strain isolated from the seagrass Posidonia oceanica
(Nerva et al., 2016). The identification of these strains
was based on high-throughput sequencing methods, while
culture-dependent isolation has typically been used to iden‐
tify viruses in aquatic research. However, in terrestrial envi‐
ronments, few attempts have been made to obtain acute-type
RNA viruses. We cannot exclude the possibility that the
different distribution pattern observed between the two life‐
style types is a result of methodological bias in virus detec‐
tion and isolation; however, acute-type RNA viruses may
have advantages in dispersal via viral particles to access
new host cells in aquatic environments. In the case of DNA

phages, a number of theories have been proposed, including
Kill-the-Winner and Piggyback-the-Winner (Obeng et al.,
2016; Pratama and van Elsas, 2018). Theoretical modeling
in addition to further studies will provide more detailed
insights into the distribution of acute- and persistent-type
RNA viruses under diverse environmental conditions.

Persistent and acute RNA viruses in the RNA viral
sequence space

To visualize the richness of persistent-type RNA
viruses in the sequence space, RNA viruses isolated
from eukaryotic microorganisms were classified into acute-
or persistent-types based on culture-dependent laboratory
observations (Table S1), as described above. In total, 96%
(304/314) of eukaryotic microbial RNA viruses were recog‐
nized as persistent types (Fig. 2), while we were unable
to exclude the possibility of experimental biases in culture-
dependent analyses to obtain acute-type RNA viruses in
eukaryotic microorganisms. To predict the distribution of
persistent-type RNA viruses in the total RNA virome
sequence space, we used this list as an operational reference
virus list because of the lack of knowledge on persistent-
type RNA viruses in other host organisms and limited meta‐
genomic data. Based on the operational reference virus list,
RNA viral clusters including all known viral RdRp sequen‐
ces were analyzed, and clusters including RNA viruses
related to microbial persistent-type viruses (>50% amino
acid similarity) were distinguished from those of acute-type
viruses (Fig. 3). In our current analysis, more than 1/3 of

Fig. 2. A total of 293 isolated acute- and persistent-type microbial
RNA viruses in sequence-based clusters. Colored circles indicate
the lifestyle of each RNA virus: red, acute; blue, persistent. In
total, 315 isolated microbial eukaryotic RNA viruses were collected
from the manually curated Virus-Host database (Mihara et al., 2016)
downloaded on 2021.12.09. Sequences were clustered at 70% amino
acid identity. Representative sequences were applied to a network ana‐
lysis with MOCASSIN-prot (Keel et al., 2018).
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change in the viral lifestyle. HCV is categorized as an acute-
type RNA virus by Roossinck’s criteria because it mainly
spreads by horizontal transmission.

The acute and persistent types have both been identified
in eukaryotic microbial lineages of fungi and protists. Fur‐
thermore, viral metagenomics enables us to identify diverse
RNA viruses and infer their lifestyles. To date, a large
diversity of RNA viruses has been revealed in soil and
aquatic microbial ecosystems (Culley et al., 2006; Suttle,
2016; Urayama et al., 2018a; Starr et al., 2019; Wolf et al.,
2020; Edgar et al., 2022; Zayed et al., 2022), in addition
to biological samples from organisms, such as invertebrates,
deep-sea animals, and microbial consortia associated with
sponges, macroalgae, and lichens (Shi et al., 2016; Urayama
et al., 2018b, 2020a, 2020b; Chiba et al., 2020). In this
review, we summarize eukaryotic microbial RNA viruses
based on their lifestyles and discuss their significance in
microbial ecosystems. This review focuses on RNA viruses
excluding retroviruses. Retroviruses are distinct from other
RNA viruses in their life cycle because they are embedded
into the host genome, whereas other RNA viruses are not.
Retroviruses have a mixed strategy of vertical and horizon‐
tal transmission and change their strategy depending on the
life stage.

Microbial RNA viruses have two life cycle strategies

We define acute- and persistent-type life cycles in
microbial RNA viruses based on Roossinck’s definition
(Roossinck, 2010) (Fig. 1). Acute-type viruses are mainly
transmitted horizontally via extracellular viral particles.
These viruses have the ability to enter host cells from the
outside and exit host cells to the outside. During the viral
life cycle, acute-type viruses often cause “disease” as rep‐
resented by cell lysis (Tomaru et al., 2004). In contrast,
persistent-type viruses are mainly transmitted vertically via
the cell division of their host without cell lysis (Nuss, 2005).
These viruses remain associated with their hosts for many
generations with nearly 100% vertical transmission, and
sometimes lack the ability to enter and exit host cells. In
addition, some persistent-type RNA viruses lack capsid pro‐

Fig. 1. Schematic of transmission routes of microbial RNA viruses.

teins (Dolja and Koonin, 2012). No gene is shared only in
persistent-type RNA viruses. Persistence and vertical trans‐
mission in viruses has been suggested to correlate with com‐
mensal or mutualistic lifestyles (Roossinck, 2011; Marquez
and Roossinck, 2012).

The host cell phenotype is an attractive subject in
virology, and persistent- and acute-type lifestyles over‐
lap with symbiosis and antagonism, respectively. How‐
ever, difficulties are associated with the classification of
viruses according to the phenotype of the host organism
because the host-virus relationship changes depending on
the surrounding conditions (Xu et al., 2008). Furthermore,
we cannot test all environmental conditions that may affect
the host phenotype. Therefore, we defined the two types of
viruses based on the viral transmission route in this review.

Heterosigma akashiwo RNA virus (HaRNAV) (Tai et
al., 2003; Lang et al., 2004) is a well-known acute-type
RNA virus associated with microbial eukaryotes in aquatic
ecosystems. HaRNAV was isolated from a Heterosigma
akashiwo culture that showed the lysis of host cells after
the inoculation of a virus particle fraction from seawater. To
maintain HaRNAV in lab conditions, a 0.22-μm filtered cell
lysate including HaRNAV is inoculated into H. akashiwo
cultures, and after cell lysis, the lysate is used as an inoc‐
ulum. In this case, since the host is re-infected with the
daughter virus obtained by filter filtration from the lytic
solution, we defined the RNA virus as an acute-type virus.
Based on the genome sequence of HaRNAV, it belongs to
Marnaviridae (Lang et al., 2021), which includes several
acute-type microbial RNA viral genera, such as Marnavirus
and Labyrnavirus (Lang et al., 2004; Takao et al., 2006).

Among persistent-type RNA viruses, Saccharomyces cer‐
evisiae virus L-A (ScV-L-A) (Wickner, 1996) is a repre‐
sentative strain. The presence of RNA viruses may be
confirmed by long cellular dsRNA because it only consists
of dsRNA viral genomes and/or replicative intermediates
of non-retro ssRNA viruses (Morris and Dodds, 1979).
ScV-L-A does not confer a detectable phenotype upon its
host (yeast) cells (Schmitt and Breinig, 2002), and viral
dsRNA is maintained in the host cell and transmitted to
daughter cells via cell division. ScV-L-A may be maintained
and amplified in S. cerevisiae cells under laboratory condi‐
tions. In this case, since the RNA virus is maintained by a
host sub-culture, we define the RNA virus as a persistent-
type virus. ScV-L-A belongs to the family Totiviridae,
which includes other known totiviruses isolated from pro‐
tists (Goodman et al., 2011).

The definitions of acute- and persistent-type viruses are
not applicable in some exceptional cases. For example, fun‐
gal persistent-type RNA viruses are mainly transmitted to
daughter cells, but may also be transmitted between closely
related fungal strains through anastomosis (Liu et al., 2003;
Vainio et al., 2011). On a geological time scale, the trans‐
mission of RNA viruses between plants and fungi may also
have occurred (Nibert et al., 2014; Roossinck, 2019; Bian et
al., 2020).

Isolated microbial RNA viruses

We herein summarized and grouped isolated microbial
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the clusters (including five or more sequences) were pre‐
dicted to include persistent-type viruses. Since the number
of isolated persistent-type RNA viruses is limited, the true
richness of persistent-type RNA viruses needs to be higher
than that estimated.

Microbial RNA viruses in metagenomic data

Metagenomics is a powerful tool for identifying DNA
viromes in nature (Breitbart et al., 2002; Edwards and
Rohwer, 2005; Suttle, 2016), and its use for RNA viromes
has markedly increased (Culley et al., 2006, 2010; Steward
et al., 2013; Wolf et al., 2020; Edgar et al., 2022; Zayed
et al., 2022). RNA virome research is conducted as either
metagenomics (metatranscriptomics) of RNA virus parti‐
cles or as cellular transcriptomics. RNA virus particles in
extracellular environments are expected to predominantly
be acute-type viruses, and cellular RNA may harbor viral
RNA from both acute- and persistent-type viruses (Fig.
1). Accordingly, cellular RNA-specific viruses are expected
to be of the persistent type. In addition, dsRNA-seq for
cellular RNA has also been used to detect cellular viral
RNA sequences in some studies in order to more efficiently
retrieve RNA viral sequences (Decker and Parker, 2014;
Decker et al., 2019; Izumi et al., 2021).

In aquatic environments, most of the acute-type RNA
viruses identified from extracellular viral particles belong
to specific RNA viral lineages, such as Picornavirales
(ssRNA) and Reoviridae (dsRNA) (Culley et al., 2006,
2014; Djikeng et al., 2009; Steward et al., 2013; Culley,
2017; Urayama et al., 2018a; Wolf et al., 2020). In addition,
Picobirnaviridae (dsRNA) viruses that may infect bacterial
hosts were identified as a dominant RNA virus population
(Ghosh and Malik, 2021; Neri, U., et al. 2022. bioRxiv
https://doi.org/10.1101/2022.02.15.480533.). The contribu‐
tion of Picornavirales to viral lysis via their acute life‐
style and subsequent release of organic matter (previously
defined as the virus shunt in DNA virus studies [Wilhelm
and Suttle, 1999; Zimmerman et al., 2020]) was suggested
based on the correlation between the relative abundance
of transcripts related to Picornavirales and the amount of
particulate organic carbon in pelagic ecosystems (Kaneko
et al., 2021). These findings are also consistent with the
results of culture-dependent isolation experiments as descri‐
bed above.

Based on pelagic microbial cellular RNA, in addition to
Picornavirales, Reoviridae, and Picobirnaviridae, a wide
range of RNA virus groups has been identified (Urayama
et al., 2016, 2018a). Among them, the dominant mem‐
bers belong to Narnaviridae (ssRNA) and Partitiviridae

Fig. 3. RdRp sequences of known RNA viruses obtained from the Identical Protein Groups resource (https://www.ncbi.nlm.nih.gov/ipg) with
keywords “rna dependent rna polymerase” and “viruses”. After the removal of short (<200 aa) sequences, RdRp sequences were clustered at
70% using CD-HIT (Huang et al., 2010). Representative sequences were applied to a network analysis with MOCASSIN-prot (Keel et al., 2018).
Colored circles indicate percent identity to persistent- or acute-type microbial RNA viruses: blue 100% to persistent; sky blue >70% to persistent;
green >50% to persistent; red 100% to acute (>70 and 50% to acute were not identified).
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(dsRNA), which have been recognized as persistent-type
RNA viruses associated with fungi and plants/eukaryotic
microorganisms, respectively (Hillman and Cai, 2013;
Nibert et al., 2014). Moreover, RNA virome studies
have been conducted on macrocolonies of eukaryotic
microorganisms, such as Delisea pulchra (red algae) and
Scytosiphon lomentaria (brown algae). An association with
Totiviridae (dsRNA) viral genomes, which are a persis‐
tent type, is generally observed; however, diverse RNA
virus groups constitute the viromes (Lachnit et al., 2016;
Urayama et al., 2016; Chiba et al., 2020). In contrast,
Leviviridae (ssRNA bacteriophage) and Narnaviridae virus
operational taxonomic units (OTUs) have been identified as
the predominant populations in soil RNA viromes, although
the physical separation of cellular and viral particles has not
been examined (Starr et al., 2019).

We previously compared viral dsRNA in extracellular
virus particle fractions and cellular dsRNA from surface
seawater (Urayama et al., 2018a). We showed 3.7- to 14.9-
fold more dsRNA viral OTUs in cellular dsRNA metatran‐
scriptomes than in extracellular dsRNA metatranscriptomes.
Although we cannot rule out the possibility that some
dsRNA virus particles were lost during sample processing,
cellular dsRNA viruses, presumed to be of the persistent
type, were abundant in the aquatic environment. In the
present and related studies, we used a combination of frag‐
mented and primer-ligated dsRNA sequencing (FLDS) and
genome reconstruction in silico to identify viral sequences
that are distinct from those in public databases. FLDS is a
sequencing method that is applicable to long dsRNAs and
enables the retrieval of the complete genomic sequences
of both dsRNA and ssRNA viruses (Urayama et al., 2016;
Fukasawa et al., 2020; Hirai et al., 2021; Uehara-Ichiki
et al., 2021). In this technique, the terminal sequences of
an RNA virus genome or genome segment may both be
identified by sequence read mapping (Fig. 4). Therefore,

it may be used to reconstruct multi-segmented RNA viral
genomes based on terminally conserved sequences among
segments (Fig. 5). In other words, a group of contigs
sharing either/both terminal end sequences may represent
a multi-segmented RNA virus genome. Moreover, if an
RdRp gene or other virus proteins in any one of the seg‐
ments in a reconstructed genome is identified based on
sequence-dependent methods, all of the segments in the
reconstructed genome may subsequently be identified as

Fig. 4. Differences in conventional RNA-seq and FLDS for resultant
contigs. In a de novo analysis, terminal sequence positions were not
defined by RNA-seq data. However, FLDS data enabled us to identify
terminal sequence positions because FLDS sequence reads included
RACE (Rapid Amplification of cDNA Ends), which is widely used
to assess the terminal sequences of RNA molecules (Urayama et
al., 2016).

Fig. 5. Concept of RNA viral genome reconstruction based on conserved terminal sequences in segmented RNA virus genomes. Many
segmented RNA viruses have conserved 5′- and 3′-terminal sequences (colored boxes). FLDS enabled us to obtain full-length RNA sequences,
which are difficult to obtain with conventional RNA-seq technologies (Fig. 2). Based on terminal sequences, we reconstructed RNA viral
genomes. If RdRp is identified in a potential RNA viral genome, we predict that other RNA sequences, which do not show significant similarity to
known RNA viruses, will be segments of the RNA virus.
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the clusters (including five or more sequences) were pre‐
dicted to include persistent-type viruses. Since the number
of isolated persistent-type RNA viruses is limited, the true
richness of persistent-type RNA viruses needs to be higher
than that estimated.

Microbial RNA viruses in metagenomic data

Metagenomics is a powerful tool for identifying DNA
viromes in nature (Breitbart et al., 2002; Edwards and
Rohwer, 2005; Suttle, 2016), and its use for RNA viromes
has markedly increased (Culley et al., 2006, 2010; Steward
et al., 2013; Wolf et al., 2020; Edgar et al., 2022; Zayed
et al., 2022). RNA virome research is conducted as either
metagenomics (metatranscriptomics) of RNA virus parti‐
cles or as cellular transcriptomics. RNA virus particles in
extracellular environments are expected to predominantly
be acute-type viruses, and cellular RNA may harbor viral
RNA from both acute- and persistent-type viruses (Fig.
1). Accordingly, cellular RNA-specific viruses are expected
to be of the persistent type. In addition, dsRNA-seq for
cellular RNA has also been used to detect cellular viral
RNA sequences in some studies in order to more efficiently
retrieve RNA viral sequences (Decker and Parker, 2014;
Decker et al., 2019; Izumi et al., 2021).

In aquatic environments, most of the acute-type RNA
viruses identified from extracellular viral particles belong
to specific RNA viral lineages, such as Picornavirales
(ssRNA) and Reoviridae (dsRNA) (Culley et al., 2006,
2014; Djikeng et al., 2009; Steward et al., 2013; Culley,
2017; Urayama et al., 2018a; Wolf et al., 2020). In addition,
Picobirnaviridae (dsRNA) viruses that may infect bacterial
hosts were identified as a dominant RNA virus population
(Ghosh and Malik, 2021; Neri, U., et al. 2022. bioRxiv
https://doi.org/10.1101/2022.02.15.480533.). The contribu‐
tion of Picornavirales to viral lysis via their acute life‐
style and subsequent release of organic matter (previously
defined as the virus shunt in DNA virus studies [Wilhelm
and Suttle, 1999; Zimmerman et al., 2020]) was suggested
based on the correlation between the relative abundance
of transcripts related to Picornavirales and the amount of
particulate organic carbon in pelagic ecosystems (Kaneko
et al., 2021). These findings are also consistent with the
results of culture-dependent isolation experiments as descri‐
bed above.

Based on pelagic microbial cellular RNA, in addition to
Picornavirales, Reoviridae, and Picobirnaviridae, a wide
range of RNA virus groups has been identified (Urayama
et al., 2016, 2018a). Among them, the dominant mem‐
bers belong to Narnaviridae (ssRNA) and Partitiviridae

Fig. 3. RdRp sequences of known RNA viruses obtained from the Identical Protein Groups resource (https://www.ncbi.nlm.nih.gov/ipg) with
keywords “rna dependent rna polymerase” and “viruses”. After the removal of short (<200 aa) sequences, RdRp sequences were clustered at
70% using CD-HIT (Huang et al., 2010). Representative sequences were applied to a network analysis with MOCASSIN-prot (Keel et al., 2018).
Colored circles indicate percent identity to persistent- or acute-type microbial RNA viruses: blue 100% to persistent; sky blue >70% to persistent;
green >50% to persistent; red 100% to acute (>70 and 50% to acute were not identified).
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viral genome segments. We previously identified approxi‐
mately 800 novel RNA viral genes that did not show sig‐
nificant (e-value less than 1×10–5) similarities to known
protein sequences (Urayama et al., 2018a). Therefore, FLDS
provides opportunities for deep surveys of RdRp and the
identification of novel genes that are distinct from the viral
genes in public databases.

Function of microbial RNA viruses in aquatic ecosystems

Knowledge on the ecological functions of acute-type
microbial RNA viruses is based on the effects of host cell
lysis. For example, previous studies suggested the contribu‐
tion of RNA viruses to the virus shunt in pelagic zones
(Kaneko et al., 2021) and soil environments (Starr et al.,
2019). In addition, a sequence match between a CRISPR
spacer and a bacterial RNA virus was reported (Wolf et al.,
2020). In contrast, their impacts on the evolution of micro‐
bial hosts have not yet been revealed. In the case of animals,
RNA viral sequences incorporated into the host genome
protect the host organism from related RNA viral infections
(Suzuki et al., 2020). However, a similar system has not
been reported for microbes infected with RNA viruses. The
ability to mediate horizontal gene transfer, which is often
reported for DNA viruses, has also not been reported.

In contrast, persistent-type microbial RNA viruses have
a wide range of effects through the manipulation of their
host organisms. For example, fungi with an RNA virus
may induce thermal tolerance to plants, while those without
the RNA virus do not (Marquez et al., 2007). Persistent-
type RNA viruses also influence biological interactions
between hosts and other organisms by changing secondary
metabolites and pathogenicity (Chiba et al., 2009; Zhang
et al., 2014; Aihara et al., 2018; Okada et al., 2018;
Takahashi-Nakaguchi et al., 2019; Ninomiya et al., 2020).
In some cases, persistent-type RNA viruses provide advan‐
tages to their hosts under specific conditions (Okada et al.,
2018). Therefore, these viruses may affect the adaptation of
microbes to environmental challenges (Bao and Roossinck,
2013). Many of these are examples in fungi, which serve
as model systems for persistent-type RNA viral research;
however, their functions in aquatic environments remain
largely unknown. Nevertheless, the host-virus relationship
and the impact of persistent-type RNA viral infection on
the physiology of their hosts in terrestrial ecosystems imply
that persistent-type RNA viruses in aquatic ecosystems also
influence host physiology and subsequent ecological func‐
tions, including the niche adaptation of their host organisms.

Climate change due to global warming and ocean acid‐
ification, is an important issue for our planet. These envi‐
ronmental changes are expected to affect pelagic microbial
ecosystems, and other impacts on marine microbial ecosys‐
tems and subsequent biogeochemical cycles may also accel‐
erate environmental changes. Therefore, observations of the
marine microbial community are essential for understanding
microbial responses to a changing ocean. Furthermore, cur‐
rent updates in our understanding of the RNA virome sug‐
gest that acute- and persistent-type microbial RNA viruses
both play a significant role in biogeochemical cycles via
the viral shunt and the regulation of host physiology.

Accordingly, we need to pay close attention to marine
RNA viromes in the changing ocean even though pelagic
RNA viromes have so far been overlooked in marine micro‐
bial ecology.
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viral genome segments. We previously identified approxi‐
mately 800 novel RNA viral genes that did not show sig‐
nificant (e-value less than 1×10–5) similarities to known
protein sequences (Urayama et al., 2018a). Therefore, FLDS
provides opportunities for deep surveys of RdRp and the
identification of novel genes that are distinct from the viral
genes in public databases.

Function of microbial RNA viruses in aquatic ecosystems

Knowledge on the ecological functions of acute-type
microbial RNA viruses is based on the effects of host cell
lysis. For example, previous studies suggested the contribu‐
tion of RNA viruses to the virus shunt in pelagic zones
(Kaneko et al., 2021) and soil environments (Starr et al.,
2019). In addition, a sequence match between a CRISPR
spacer and a bacterial RNA virus was reported (Wolf et al.,
2020). In contrast, their impacts on the evolution of micro‐
bial hosts have not yet been revealed. In the case of animals,
RNA viral sequences incorporated into the host genome
protect the host organism from related RNA viral infections
(Suzuki et al., 2020). However, a similar system has not
been reported for microbes infected with RNA viruses. The
ability to mediate horizontal gene transfer, which is often
reported for DNA viruses, has also not been reported.

In contrast, persistent-type microbial RNA viruses have
a wide range of effects through the manipulation of their
host organisms. For example, fungi with an RNA virus
may induce thermal tolerance to plants, while those without
the RNA virus do not (Marquez et al., 2007). Persistent-
type RNA viruses also influence biological interactions
between hosts and other organisms by changing secondary
metabolites and pathogenicity (Chiba et al., 2009; Zhang
et al., 2014; Aihara et al., 2018; Okada et al., 2018;
Takahashi-Nakaguchi et al., 2019; Ninomiya et al., 2020).
In some cases, persistent-type RNA viruses provide advan‐
tages to their hosts under specific conditions (Okada et al.,
2018). Therefore, these viruses may affect the adaptation of
microbes to environmental challenges (Bao and Roossinck,
2013). Many of these are examples in fungi, which serve
as model systems for persistent-type RNA viral research;
however, their functions in aquatic environments remain
largely unknown. Nevertheless, the host-virus relationship
and the impact of persistent-type RNA viral infection on
the physiology of their hosts in terrestrial ecosystems imply
that persistent-type RNA viruses in aquatic ecosystems also
influence host physiology and subsequent ecological func‐
tions, including the niche adaptation of their host organisms.

Climate change due to global warming and ocean acid‐
ification, is an important issue for our planet. These envi‐
ronmental changes are expected to affect pelagic microbial
ecosystems, and other impacts on marine microbial ecosys‐
tems and subsequent biogeochemical cycles may also accel‐
erate environmental changes. Therefore, observations of the
marine microbial community are essential for understanding
microbial responses to a changing ocean. Furthermore, cur‐
rent updates in our understanding of the RNA virome sug‐
gest that acute- and persistent-type microbial RNA viruses
both play a significant role in biogeochemical cycles via
the viral shunt and the regulation of host physiology.

Accordingly, we need to pay close attention to marine
RNA viromes in the changing ocean even though pelagic
RNA viromes have so far been overlooked in marine micro‐
bial ecology.
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The ecosystem of the human gastrointestinal (GI) tract traverses a number of environmental, chemical, and physical conditions 
because it runs from the oral cavity to the anus. These differences in conditions along with food or other ingested substrates 
affect the composition and density of the microbiota as well as their functional roles by selecting those that are the most 
suitable for that environment. Previous studies have mostly focused on Bacteria, with the number of studies conducted on 
Archaea, Eukarya, and Viruses being limited despite their important roles in this ecosystem. Furthermore, due to the challenges 
associated with collecting samples directly from the inside of humans, many studies are still exploratory, with a primary focus 
on the composition of microbiomes. Thus, mechanistic studies to investigate functions are conducted using animal models. 
However, differences in physiology and microbiomes need to be clarified in order to aid in the translation of animal model 
findings into the context of humans. This review will highlight Bacteria, Archaea, Fungi, and Viruses, discuss differences 
along the GI tract of healthy humans, and perform comparisons with three common animal models: rats, mice, and pigs.
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Researchers have been investigating the ecology of the 
intestinal microbiota for decades (120, 165) in order to identify, 
characterize, and count their numbers. These extensive efforts 
are due to the important roles the intestinal microbiota play in 
digestion, the production of essential vitamins, and protection 
of the gastrointestinal (GI) tract from pathogen colonization 
(141). In the past few decades, molecular techniques targeting 
the 16S rRNA gene and other genetic markers have been 
developed to characterize and analyze bacterial communities. 
These methods have been used to reveal the important roles 
played by microbes in the GI tract (23, 180, 183, 184, 189, 
212). In healthy individuals, the microbiome (microbial 
community) and host have a mutualistic relationship in which 
both partners benefit; however, pathogens may invade and 
cause disease under certain conditions. The initial aim of 
most studies was to elucidate the role of the microbiome in 
disease. More recently, surveys have been performed on 
healthy individuals in order to assess the contribution of the 
microbiota to health, particularly in response to dietary 
changes/supplementation with probiotics and/or prebiotics.

The human GI tract is a complex system that starts from 
the oral cavity, continues through the stomach and intestines, 
and finally ends at the anus (Fig. 1). The density and composition 
of the microbiome change along the GI tract, with major 
populations being selected by the functions performed at the 
various locations. Bacteria along the GI tract have several 
possible functions, many of which are beneficial for health 
including vitamin production, the absorption of ions (Ca, Mg, 
and Fe), protection against pathogens, histological development, 
enhancement of the immune system, and the fermentation of 
“non-digestible foods” to short chain fatty acids (SCFA) and 

other metabolites (19, 58, 63, 77, 138). The roles of fungi and 
viruses have not been examined in as much detail; however, 
they are known to play important roles in microbiota dynamics 
and host physiology/immunity related to health and disease 
(45, 94, 133).

Food passes through the GI tract and the absorption rate of 
nutrients is largely dependent on the activities of various 
enzymes in the digestive system, such as amylase in saliva, 
pepsin in the stomach, and pancreatic enzymes in the small 
intestine. These mechanisms have been extensively examined 
(61, 62), particularly in the stomach. However, many food 
components cannot be digested in the upper GI tract and are 
passed into the lower intestinal tract, in which they are fermented 
by microbes. Functional studies commonly use animal models 
in order to obtain a better understanding of the processes in 
the GI tract that may lead to better health or decrease disease. 
However, information from animal models may not be directly 
translatable to humans. Therefore, researchers need to consider 
the limitations of the selected animal model when extrapolating 
findings to humans.

Although microbiome studies often include an ecological 
component, most of the research performed to date has 
focused on Bacteria and not all of the biota. This represents a 
logical approach because Bacteria comprise most of the 
microbiome. However, even biota representing a small pro-
portion of the microbiome may play important roles in the 
ecosystem (133). Therefore, researchers need to start shifting 
their approach to include eukaryotic, prokaryotic, and viral 
(33, 133) interactions in efforts to elucidate the roles of all 
components of the microbiome.

In recent years, a number of reviews have summarized 
findings from the increasing number of studies being performed 
in this field (36, 73, 176, 188). While most studies have focused 
on disease, the microbiome is also important for maintaining 
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health. We herein highlight differences in the microbiome 
(Bacteria, Archaea, Fungi, and Viruses) along the GI tract of 
healthy humans, and how it compares to those of typical animal 
models used in research. One finding that is consistent to 
most studies is that the microbiome of healthy individuals is 
unique; however, there are still some generalities that will be 
discussed in this review.

Microbiome diversity

Many factors contribute to the diversity of microbiomes, 
and most studies have demonstrated the individuality of 
microbiomes among subjects. Previous findings support micro-
bial communities being more similar in subjects that are 
genetically related (191), of a similar age (135, 213), or with 
common diets (including the influences of ethnicity and 
geography) (63). Diseases will also have an impact on micro-
biome diversity, including autoimmune and neoplastic diseases, 
such as inflammatory bowel disease, diabetes, obesity, car-
diovascular diseases, allergies, and cancer (37, 121). Treatments 
for diseases may also affect a patient’s gut microbiota, and 
the consequences of antibiotic use have been intensively 
investigated (22, 95).

The host genotype has been shown to influence the devel-

opment of the gut microbiota, and the immune system has 
been identified as a contributing factor (188). Crosstalk 
between the microbiome and human immune system occurs 
in response to a number of environmental factors, such as 
diet, xenobiotics, and pathogens. Microbial host interactions 
occur in the gut, mainly in the epithelial cell layer, myeloid 
cells, and innate lymphoid cells, in which crosstalk and feed-
back loops contribute to the microbiome composition, host 
physiology, and disease susceptibility. These interactions 
contribute not only to the bacterial community along the GI 
tract, but also to the other microbiota (Fungi, Archaea, and 
Viruses). Our understanding of the immunology associated 
with Fungi (150) and Archaea is currently limited. Transkingdom 
commensal relationships among microbiota (including Viruses) 
are considered to form from infancy (29, 30, 106, 200) and 
several co-occurring relationships have been identified (35, 
75, 76, 85, 214).

Bacteria. A more complete picture of human-associated 
bacterial communities obtained using molecular techniques 
has revealed that their diversity is greater than initially 
considered through cultivation (9, 20, 56, 90, 113). Using 
almost full-length 16S rRNA gene sequences, predicted taxa 
numbers range from 100–300 (20, 56), while pyrosequencing 
suggests there are 1000s of phylotypes (38, 49). Most of the 

Fig. 1. Microbiome composition of Bacteria (1, 5, 20, 21, 43, 147, 156, 223), Eukarya (52, 85, 114, 126, 182, 197), and Viruses (45, 134, 151, 
215) among the physiological niches of the human gastrointestinal (GI) tract. Phylum level compositional data are presented where available along 
with the most common genera in each GI tract location. The colors on the doughnut plots correspond to the legend in the lower left corner; the GI 
tract is colored according to the pH scale shown at the bottom of Fig. 1. (* Malassezia was very abundant in one study and was not detected in another 
study. ** The abundance of Helicobacter may vary greatly between individuals. *** Proportions of these and other colon genera vary with age, diet, 
& geographical location.)
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common diets (including the influences of ethnicity and 
geography) (63). Diseases will also have an impact on micro-
biome diversity, including autoimmune and neoplastic diseases, 
such as inflammatory bowel disease, diabetes, obesity, car-
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for diseases may also affect a patient’s gut microbiota, and 
the consequences of antibiotic use have been intensively 
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are considered to form from infancy (29, 30, 106, 200) and 
several co-occurring relationships have been identified (35, 
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numbers range from 100–300 (20, 56), while pyrosequencing 
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study. ** The abundance of Helicobacter may vary greatly between individuals. *** Proportions of these and other colon genera vary with age, diet, 
& geographical location.)
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gut bacteria identified by 16S rRNA gene sequencing belong 
to the five phyla originally identified by cultivation, namely, 
Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and 
Verrucomicrobia (90), and, at lower proportions, Fusobacteria, 
Tenericutes, Spirochaetes, Cyanobacteria, and TM7 (189). 
At lower levels of the taxonomic classification, microbiome 
compositions vary with each individual. Attempts have been 
made to identify a single core microbiome of Bacteria in the 
GI tract. Although this has not been possible in the lower GI 
tract (mainly using fecal samples) based on taxonomy, it 
appears there are core microbial functions (152, 189, 191). It 
is possible to identify some core microbiota in the oral cavity, 
esophagus, and stomach (148). Although extensive efforts 
have been made to cultivate representative gut microbiota in 
an attempt to gain a better understanding of the relationship 
between taxa and function (156), there are still many undescribed 
taxa with unknown functional roles in the gut.

As the price of sequencing decreases, it is becoming more 
common to use a metagenomic approach that provides infor-
mation on all microbiota and potential functions (3, 70, 167, 
189). This provides a means to go beyond Bacteria and 
obtain information on eukaryotic microbes (mainly fungi) 
and viruses. Although Fungi, Archaea, and Viruses in the 
microbiome are a part of the ‘rare biosphere’ (organisms that 
comprise <0.1% of the microbiome) (173), they still have a 
significant impact on host health.

Fungi

Fungi are considered to comprise approximately 0.03% of 
the fecal microbiome (143); making them approximately 
3,300-fold less abundant than Bacteria. Fungal diversity in 
the human gut is also lower than that of Bacteria (143, 166), 
although more taxa are being found as the number of individuals 
being studied using next generation sequencing is increasing 
(44, 126, 166, 182). In 2015, a review of 36 fungal gut micro-
biome studies revealed that there have been at least 267 dis-
tinct fungi identified in the human gut (181), while another 
study reported 221 (72). Despite the number of taxa that have 
been reported, most fungi are highly variable among individuals, 
with few appearing to be common to all.

Cultivation-based analyses have typically identified Candida 
as the most common fungal genus (166), and it is also fre-
quently identified using non-cultivation-based methods, whereas 
the other taxa identified have been variable, which may be 
because of the analytical method used and/or subject variability. 
For example, 66 genera of fungi were found using pyrose-
quencing when 98 individuals were examined, with the genera 
Saccharomyces, Candida, and Cladosporium being the most 
prevalent (85). Mucor was common in Spanish individuals 
(126) and the most common fungi in 16 vegetarians were 
Fusarium, Malassezia, Penicillium, and Aspergillus (182). 
These studies suggested that some taxa, e.g., Penicillium and 
Aspergillus, are not resident in the gut and enter through 
environmental sources, such as food and water, in which they 
are commonly found. This may account for some of the 
variability in taxa reported in various studies and for the 
increasing number of fungi being identified as more studies 
are being performed, even those based on cultivation (71). 
Under certain conditions, some fungi may flourish and become 

pathogenic including Candida, Aspergillus, Fusarium, and 
Cryptococcus (44, 84, 140, 143). More information on fungal 
interactions and diseases is available in a review by Wang et 
al. (204).

Despite their low abundance, fungi appear to have devel-
oped in mammalian guts along with the rest of the body from 
infancy (106, 169). Although there is no consensus of a core 
mycobiome, Candida, Saccharomyces, and Malassezia have 
been commonly reported (72). Most of the fungal species 
detected appear to be either transient or environmental fungi 
that cannot colonize the gut and are often found in a single 
study and/or one host only. A previous study indicated that 
the fungal community is unstable; only 20% of the initially 
identified fungi were detected again 4 months later (78). 
More studies on the stability of the mycobiome are needed in 
order to establish the ecological roles of the components of 
the mycobiome. Many non-bacterial organisms have been 
found in numerous mammalian systems, which indicates that 
they play an important role that has been largely overlooked 
and may lead to important discoveries and understanding in 
the coming years.

Archaea

The most commonly reported genus of Archaea that has 
been found in the GI tract is Methanobrevibacter (51, 55, 66, 
85, 109). Other genera that have also been detected are 
Methanosphaera (51), Nitrososphaera, Thermogynomonas, 
and Thermoplasma (85) and the new candidate species, 
Methanomethylophilus alvus (27, 131). Although Archaea 
comprise a very small proportion of the microbiota, 
Methanobrevibacter species are important contributors to 
methanogenesis (66). Differences in Archaea in microbiome 
samples may be due to the method used (51) and/or 
complex relationships with other microbiota. For example, 
Methanobrevibacter and Nitrososphaera were previously 
shown to be mutually exclusive and potentially related to 
carbohydrate intake (85). More studies are needed in order to 
clarify the interaction between Archaea and other microbiota 
groups, which may contribute to our understanding of their fitness 
and function (beyond methanogenesis) in the microbiome.

Viruses

Viruses in the human microbiome have also been under-
studied and available information is limited (161); the majority 
of data are related primarily to disease and do not address the 
commensal virome (34, 40). The majority of viral reads in 
studies that have been performed cannot be assigned to a 
known group; this has contributed to the difficulties associated 
with assessing their roles in the GI tract (124, 160). A number 
of teams have made extensive efforts in order to advance 
human virome studies (157, 161). In the last ten years, the 
number of identified polyomaviruses has increased from 4 to 
13 species (some that cause disease and some that do not) 
(47), and the accuracy of identification techniques has been 
improved to identify taxa at the genus level (199) and use 
metagenomic information for viral taxonomy (172). Viral 
communities are mainly comprised of bacteria-infecting 
phage families (~90%), while eukaryotic viruses (~10%) are 
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in lower abundance (157, 161). Metagenomic analyses have 
suggested that the new bacteriophage, crAssphage associated 
with Bacteroides, is potentially common in humans (53). The 
greatest diversity of phages is considered to occur in infants 
and decreases with age, in contrast to increases in bacterial 
diversity (116, 117, 162). With the availability of methods to 
enrich viruses in samples (41), and with more metagenomic 
sequences and bioinformatics tools to identify viral sequences 
(53, 139), more information will be obtained on viral diver-
sity and associated physiological factors in humans.

Similar to the microbiota, considerable variability appears 
to exist in the viral taxa found among subjects (133). Limited 
information is currently available on the functional roles of 
most viruses in the human GI tract. However, some possible 
functions are: to increase bacterial fitness as sources of genetic 
information (e.g., the source of antibiotic resistance genes), to 
increase the immunity of bacteria or the human host, and to 
protect against pathogens (40, 64, 157). The general consensus 
is that the presence of bacteria is beneficial for viruses that are 
increasingly trying to evade the immune system. This rela-
tionship may also be beneficial to bacteria as viruses may be 
sources of potentially advantageous genes (resistance or tol-
erance to stress environments). Researchers are now examining 
the ecological and evolutionary influences of phages on bac-
terial ecosystems (102), and the findings obtained may provide 
insights into the important roles played by phages in the gut 
microbiome.

The GI tract

Many challenges are associated with studying the micro-
bial ecology of the GI tract because it is composed of chemi-
cally and physically diverse microhabitats stretching from 
the esophagus to the rectum, providing a surface area of 
150–200 m2 for colonization or transient occupation by 
microbes (16). The adult GI tract was initially estimated to 
harbor 1014 bacteria, 10 times more cells than the human body 
(16, 120); however, a more recent calculation estimates there 
to be 1013 bacteria, which is equivalent to the number of 
human cells (170). Lower bacterial numbers (103 to 104 bac-
teria mL–1 of intestinal content) are found in the upper end of 
the GI tract, stomach, and small intestine, in which pH is low 
and the transit time is short (16). The highest biodiversity 
(richness and evenness) of bacteria (1010–1011 bacteria g–1 of 
intestinal content) is in the colon, in which cell turnover rate 
is low, redox potential is low, and the transit time is long. 
This section highlights the different functions and associated 
microbiota along the human GI tract starting from the oral 
cavity, then the esophagus, stomach, and intestines (Fig. 1).

The oral cavity. Activity in the mouth may have a large 
impact on the further digestion of food in the lower GI tract. 
Food is mechanically ground into small particles, typically 
0.1 mm, which increases the surface area. The oral microbiome 
is composed of transient and commensal populations that 
often form biofilms on soft and hard surfaces in the mouth 
(8). The most up-to-date information on taxa of the oral 
microbiome may be found in the Human Oral Microbiome 
Database (HOMD, http://www.homd.org/) (50). Information 
in this database is limited to Bacteria and one Archaea. 
Cultivation-independent analyses indicate that the most 

common genus is Streptococcus, while other genera include 
Neisseria, Gemella, Granulicatella, and Veillonella, but not 
in all individuals examined (1, 91, 92, 107). The taxa present 
appear to be dependent on interactions between microbes 
within the community. For example, using a graph theory-
based algorithm of an organism’s nutritional profile, the species 
Streptococcus oralis and S. gordonii have low metabolic 
complementarity and high metabolic competition, indicating 
they are antagonistic to each other (110). In contrast, 
Porphyromonas gingivalis was shown to have high metabolic 
complementarity, indicating its ability to grow symbiotically 
with diverse oral microbiota taxa. This computational method 
was tested and confirmed with growth assays, making it a 
viable means to assess the ability of species to inhabit the 
same environment. This has also been shown using an in situ 
spectral analysis of microbiota in biofilm plaques. Biofilms 
were shown to be composed of a number of taxa with 
Corynebacterium at the foundation (209). The other taxa are 
considered to play complementary roles driven by the envi-
ronmental and chemical gradients formed in biofilms that 
control nutrient availability. These findings indicate that, 
despite the large number of taxa identified in oral microbiome 
studies, the core taxa of all microbiota may be identified in 
the future based on spatial locations and functional roles (10).

Similar to Bacteria, large variations have been noted in 
viruses found in the oral cavity among subjects (151). Most 
viruses are bacteriophages (approx. 99% of known sequences). 
Viral communities are reproducible across time points within 
a subject, suggesting that they are stable; however, the human 
and bacterial host significantly influence compositions (2, 
151, 163). In addition to interactions among oral bacteria, 
many may associate with phages (57). Depending on the host 
range of the oral virome, this may make phages very common 
inhabitants of the oral cavity. Furthermore, in addition to 
survival within bacterial hosts, phages may also survive in the 
oral mucosa and contribute to host immunity (11). These are 
all new avenues of oral virome research that will likely be 
investigated in greater depth in the future.

In addition to the bacterial microbiome, two cultivation-
independent studies have been conducted on oral fungi. 
Approximately 100 fungal species (20 genera) were detected 
in one study of the oral mycobiome of healthy individuals 
(68). Among the fungi detected, Candida species were the most 
common and abundant, while the other genera consisted of 
Cladosporium, Aureobasidium, Saccharomycetales, Aspergillus, 
Fusarium, and Cryptococcus. Most of these genera were also 
detected in a recent study on three subjects; however, 
Malassezia, a skin pathogen, accounted for the most sequence 
reads (52). Most of the other studies conducted on the oral 
mycobiome have focused on the role of fungi in disease (69, 
136). Since the oral microbial community is directly exposed 
to the environment, the presence of a dynamic and transient 
community is expected, but warrants further study.

Esophagus. After swallowing, food is transported down 
the esophagus by peristalsis to the stomach. Limited informa-
tion is available on microbes inhabiting the esophagus (5, 91, 
147), and this may be due to the difficulties associated with 
obtaining samples because biopsies have typically been used. 
However, a less invasive method using an esophageal string 
has recently been demonstrated to be a feasible alternative 
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complementarity, indicating its ability to grow symbiotically 
with diverse oral microbiota taxa. This computational method 
was tested and confirmed with growth assays, making it a 
viable means to assess the ability of species to inhabit the 
same environment. This has also been shown using an in situ 
spectral analysis of microbiota in biofilm plaques. Biofilms 
were shown to be composed of a number of taxa with 
Corynebacterium at the foundation (209). The other taxa are 
considered to play complementary roles driven by the envi-
ronmental and chemical gradients formed in biofilms that 
control nutrient availability. These findings indicate that, 
despite the large number of taxa identified in oral microbiome 
studies, the core taxa of all microbiota may be identified in 
the future based on spatial locations and functional roles (10).

Similar to Bacteria, large variations have been noted in 
viruses found in the oral cavity among subjects (151). Most 
viruses are bacteriophages (approx. 99% of known sequences). 
Viral communities are reproducible across time points within 
a subject, suggesting that they are stable; however, the human 
and bacterial host significantly influence compositions (2, 
151, 163). In addition to interactions among oral bacteria, 
many may associate with phages (57). Depending on the host 
range of the oral virome, this may make phages very common 
inhabitants of the oral cavity. Furthermore, in addition to 
survival within bacterial hosts, phages may also survive in the 
oral mucosa and contribute to host immunity (11). These are 
all new avenues of oral virome research that will likely be 
investigated in greater depth in the future.

In addition to the bacterial microbiome, two cultivation-
independent studies have been conducted on oral fungi. 
Approximately 100 fungal species (20 genera) were detected 
in one study of the oral mycobiome of healthy individuals 
(68). Among the fungi detected, Candida species were the most 
common and abundant, while the other genera consisted of 
Cladosporium, Aureobasidium, Saccharomycetales, Aspergillus, 
Fusarium, and Cryptococcus. Most of these genera were also 
detected in a recent study on three subjects; however, 
Malassezia, a skin pathogen, accounted for the most sequence 
reads (52). Most of the other studies conducted on the oral 
mycobiome have focused on the role of fungi in disease (69, 
136). Since the oral microbial community is directly exposed 
to the environment, the presence of a dynamic and transient 
community is expected, but warrants further study.

Esophagus. After swallowing, food is transported down 
the esophagus by peristalsis to the stomach. Limited informa-
tion is available on microbes inhabiting the esophagus (5, 91, 
147), and this may be due to the difficulties associated with 
obtaining samples because biopsies have typically been used. 
However, a less invasive method using an esophageal string 
has recently been demonstrated to be a feasible alternative 
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and yields similar findings to non-cultivation-based analyses 
of biopsies (60). Similar to the oral cavity, the most common 
genus found in the esophagus is Streptococcus; however, an 
overall comparison of the two communities has indicated that 
the number of taxa significantly differ between the two loca-
tions (15, 60). Among the few studies conducted on the viral 
and fungal microbiota of the esophagus, the focus has been 
on association with disease (204) and none of the pathogenic 
taxa inhabit healthy individuals.

Stomach. The stomach is the first digestive organ in the 
body (89). It holds food and mechanically mixes it with pro-
teolytic enzymes and gastric acids that aid in the breakdown 
and subsequent absorption of nutrients. The growth of many 
common bacteria is inhibited by these acidic conditions 
(pH<4), making this a unique community with the lowest 
number of microbes, ranging between 101 and 103 CFU g–1. 
In addition to digestion, the acidic conditions of the stomach 
are considered to have evolved as a means of protection from 
pathogens. This hypothesis is supported by the recent finding 
of a lower pH in the stomachs of scavengers and higher pH in 
herbivores, which are less likely to encounter pathogens in 
their food (13). Caution is needed when comparing the findings 
of various studies throughout the GI tract because gastric 
juice has a lower pH than the mucosal layer, resulting in 
differences in the microbiota present (89).

Despite the low pH, non-cultivation-based analyses on 
stomach biopsies revealed a more diverse microbiota than 
expected (5, 20, 115). Regardless of variations among 
subjects, there appears to be two major groups of individuals: 
those with and without Helicobacter pylori (20). There is a 
third subset in which H. pylori is present in lower proportions 
in some individuals that were negative using conventional 
testing. Microbiomes dominated by H. pylori had significantly 
greater proportions of the phylum Proteobacteria, of which it 
is a member, and lower alpha diversity (5, 20). Other com-
mon genera are Streptococcus and Prevotella, both of which 
are also found in the oral and esophageal communities; 
however, the communities at these locations appear to differ 
(5). Limited information is available on fungi analyzed in 
biopsy samples; although a cultivation study detected Candida 
species, this appeared to be associated more with disease 
(224). The major interaction currently studied in the stomach 
microbiota is with Helicobacter because of its association 
with gastritis, peptic ulcers, and gastric cancer. However, this 
taxon has been suggested to be beneficial for health, leading 
some to question whether the complete eradication of this 
microbe is the best option (67, 89).

In contrast, less information is available on the microbiome 
of stomach fluids; it appears to harbor fewer Helicobacter 
and an analysis of transcripts indicated that Actinobacteria 
are the most active phylum; however, the other major phyla, 
Firmicutes, Bacteroidetes, and Proteobacteria, are also 
present (197). In the same study, it also appeared to harbor 
novel fungi; 77.5% of the ITS reads were not identified at the 
phylum level or lower. Candida and Phialemonium were the 
only two identifiable fungal genera in all subjects tested, 
whereas an additional 66 genera were present in at least one 
of the nine subjects examined. Based on the infrequency and 
number of reads in this analysis, most of the taxa identified in 
stomach fluids appear to be transient, and those playing an 

active role are limited in this location.
Intestines. After mixing in the stomach, chime slowly 

passes through the pyloric sphincter and enters the intestines, 
in which the major digestion and absorption of nutrients 
begin (12). Humans have a small and large intestine. The 
small intestine, the main location in which food digestion and 
absorption occurs, is further divided into three parts, the 
duodenum, jejunum, and ileum. The duodenum, in which 
food chime enters from the stomach, is directly associated 
with digestion and is linked to the pancreas and gallbladder. 
Bile salts from the gallbladder and enzymes from the pancreas 
enter the duodenum and mix with stomach chime in order to 
start the digestion process. The epithelium in the jejunum and 
ileum is responsible for glucose absorption into the blood-
stream via glucose transporters and sodium ions. The small 
intestine is followed by the large intestine (colon), which has 
a larger diameter, but shorter length and is divided into four 
sections: the ascending colon (cecum), transverse colon, 
descending colon, and sigmoid colon (123). Water and minerals 
are continuously absorbed along the colon before excretion. 
Furthermore, complex foods that cannot be digested by the 
host are used as growth substrates for the colonic microbiota 
(25, 178).

Spatial and temporal variabilities have been noted in the 
microbial composition among the different intestinal structures 
based on their functional roles and timing of food intake (18, 
129, 186). Although spatial variability exists along the intestinal 
tract, the bacterial microbiome at the phylum level is considered 
to remain fairly stable over time (43, 155); however, many 
factors may affect its stability (119). Undigested food and 
most of the microbiota are found in the lumen, the central 
space surrounded by the mucosal layer of the tubular intestinal 
structure. The main absorption of growth substrates occurs 
through the epithelial cells of the mucosa, which also prevents 
the entry of the microbiota into host cells (174). A number of 
important host-microbe interactions occur within the mucosa. 
Energy from microbially produced metabolites, such as butyrate, 
contributes to epithelial metabolism (97). Most of the gut is 
anaerobic, but there is an oxygen gradient in the mucosa that 
provides a competitive advantage for facultative anaerobes 
(174). Recent studies have also shown the importance of 
metabolites produced by transkingdom microbiota to host 
physiology (185, 187, 188). Microbiota, such as Akkermansia 
mucinophila, are commonly found residing in the mucus layer 
and feed on mucin (39, 48). Therefore, the effects of host 
interactions with the gut microbiota, particularly those in the 
large intestine, have a prominent impact on overall human health, 
including energy reabsorption and immune system development.

Due to the difficulties associated with collecting multiple 
samples along a healthy human GI tract in order to capture 
the spatial heterogeneity of microbes in this environment, 
most studies use fecal samples as a surrogate. However, this 
limits the availability of regio-specific community informa-
tion on the GI tract, resulting in portions, such as the small 
intestine, remaining poorly characterized. The few studies 
conducted on the small intestine have limited subject numbers 
because they used biopsy samples (4, 201, 203) or ileotomy 
patients (108, 195, 222). The bacterial genera most commonly 
found among these studies were Clostridium, Streptococcus, 
and Bacteroides. The number of studies that include fungi are 
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even more limited, with the genera Candida and Saccharomyces 
being the most frequently detected (108, 114). Caution is also 
needed when extrapolating these findings to all individuals 
because the health of some subjects was compromised when 
samples were obtained.

Bacteria in the colon account for approximately 70% of all 
bacteria in the human body because it is the main site for the 
bacterial fermentation of non-digestible food components 
such as soluble fiber. The small number of studies that have 
examined microbial communities directly in the colon suggests 
that the bacterial composition is similar to that found in feces 
(86). However, fecal communities do not represent a single 
colonic environment, such as the mucosa (223), but a mixture 
of indigenous and transient microbes from the entire GI tract. 
In studies in which a global view of the GI tract microbial 
community is of interest, fecal material represents a good 
surrogate and is easily obtained, allowing for multiple samples 
to be obtained over short and long time periods from healthy 
individuals. The majority of microbiome reviews have exten-
sively covered colonic communities using feces (74, 92, 121, 
148, 189); therefore, we will not describe its composition in 
detail. However, later in this review, the impact of diet on the 
microbiome composition will be discussed. Furthermore, the 
above sections on fungi and viruses provide information on 
the taxa of these groups in the intestines.

Summary of the GI tract. The use of non-cultivation-
based methods to investigate the microbiota in the GI tract 
has increased our knowledge of their diversity. One group 
that we neglected to mention in this review was Protozoans/
Protists; however, recent reviews are available (79, 145). 
Despite representing a smaller biomass than fungi, they also 
appear to be important to the ecological structure of the gut 
microbiome. The predator-prey relationship they have with 
other microbiota (145) may, in some cases, lead to disease 
prevention (7). Difficulties are associated with elucidating the 
functional roles played by these various taxa at different points 
along the GI tract. Therefore, it is still important to obtain 
cultivated representatives to investigate their role and ecolog-
ical significance along the GI tract. This consideration is 
important for all microbiota; however, it represents a larger 
issue for low diversity groups, such as fungi, which may not 
be numerically abundant, but still play a significant role (17).

Use of animal models

Animal models have been widely adopted in human gut 
microbiome research (28, 98, 220) to reduce confounding 
experimental factors such as genetics, age, and diet, which may 
be more easily controlled in laboratory animals. Additionally, 
animal models with modified genetic backgrounds are available 
for investigating potential mechanisms (137). Ideally, animal 
models with relatively similar genetic information (217), gut 
structures, metabolism (142), and diets and behavior patterns 
(202) to humans need to be selected. Comprehensive compar-
isons of mice (137) and pigs (217) to humans were recently 
conducted in order to aid in translating information from 
animal models to humans. In this section, we will highlight 
some of their findings and compare GI tract structures and 
microbial community compositions. Furthermore, some 
advantages and limitations associated with the use of animal 
models in human microbiome research will be discussed.

Similarities exist in the anatomy of the GI tract between 
humans and most animal models (Table 1). However, differ-
ences in anatomical structures and pH at different locations 
along the GI tract may contribute to differences in the micro-
biota found in humans versus animal models (26). The human 
colon also has a thicker mucosal layer than those of mice and 
rats (137), which may have an effect on the diversity of the 
microbiota colonizing the colon. Human gut bacteria are 
dominated by two phyla: Firmicutes and Bacteroidetes (189), 
which also dominate the GI tract of commonly used model 
animals (112). However, at lower taxonomic levels, some 
differences have been reported in microbiome compositions 
in the gut between humans and animal models (Table 2). The 
dominant taxa reported have varied as the number of 
comparisons performed has increased (137, 152); therefore, 
the findings shown in Table 2 need to be used cautiously.

A pig gut gene catalogue of metabolic function was 
recently developed and compared to catalogues available for 
humans and mice (217). They found that 96% of the KEGG 
orthologs in humans were also present in pigs, whereas the 
overlap at the gene level was markedly lower (9.46%). 
However, there was a greater overlap between humans and 
pigs than between humans and mice. Microbial activity also 
differs along the GI tract, with the most relevant being fer-
mentation occurring in the ceca of most animal models, but 

Table 1. Comparison of the anatomy of the intestinal tract in humans and animal models

Human Mouse Rat Pig
Stomach Four regions: cardia, fundus, 

body, and pylorus
Three regions: forestomach, 
body, and pylorus

Three regions: forestomach, 
body, and pylorus

Four regions: esophagus, cardia, 
fundus, and pylorus

pH 1.5 to 3.5 pH 3.0 to 4.0 pH 3.0 to 4.0 pH 1.5 to 2.5
Small intestine 5.5–6.4 m in length 350 mm in length 1,485 mm in length 1.2–2.1 m in length

pH 6.4 to 7.3 pH 4.7 to 5.2 pH 5.0 to 6.1 pH 6.1 to 6.7
Cecum Smaller than the colon Larger than the colon Larger than the colon Smaller than the colon

No fermentation Main fermentation Main fermentation Some fermentation
pH 5.7 pH 4.4 to 4.6 pH 5.9 to 6.6 pH 6.0 to 6.4

Appendix Present Absent Absent Absent
Colon Divided into the ascending, 

transcending, and descending 
colon

Not divided Not divided Divided into the ascending, 
transcending, and descending 
colon

Main fermentation No fermentation No fermentation Main fermentation
Thick mucosa Thinner mucosa Thinner mucosa Thick mucosa
pH 6.7 pH 4.4 to 5.0 pH 5.5 to 6.2 pH 6.1 to 6.6

Adapted from (59, 96, 128, 130, 137, 196)
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even more limited, with the genera Candida and Saccharomyces 
being the most frequently detected (108, 114). Caution is also 
needed when extrapolating these findings to all individuals 
because the health of some subjects was compromised when 
samples were obtained.

Bacteria in the colon account for approximately 70% of all 
bacteria in the human body because it is the main site for the 
bacterial fermentation of non-digestible food components 
such as soluble fiber. The small number of studies that have 
examined microbial communities directly in the colon suggests 
that the bacterial composition is similar to that found in feces 
(86). However, fecal communities do not represent a single 
colonic environment, such as the mucosa (223), but a mixture 
of indigenous and transient microbes from the entire GI tract. 
In studies in which a global view of the GI tract microbial 
community is of interest, fecal material represents a good 
surrogate and is easily obtained, allowing for multiple samples 
to be obtained over short and long time periods from healthy 
individuals. The majority of microbiome reviews have exten-
sively covered colonic communities using feces (74, 92, 121, 
148, 189); therefore, we will not describe its composition in 
detail. However, later in this review, the impact of diet on the 
microbiome composition will be discussed. Furthermore, the 
above sections on fungi and viruses provide information on 
the taxa of these groups in the intestines.

Summary of the GI tract. The use of non-cultivation-
based methods to investigate the microbiota in the GI tract 
has increased our knowledge of their diversity. One group 
that we neglected to mention in this review was Protozoans/
Protists; however, recent reviews are available (79, 145). 
Despite representing a smaller biomass than fungi, they also 
appear to be important to the ecological structure of the gut 
microbiome. The predator-prey relationship they have with 
other microbiota (145) may, in some cases, lead to disease 
prevention (7). Difficulties are associated with elucidating the 
functional roles played by these various taxa at different points 
along the GI tract. Therefore, it is still important to obtain 
cultivated representatives to investigate their role and ecolog-
ical significance along the GI tract. This consideration is 
important for all microbiota; however, it represents a larger 
issue for low diversity groups, such as fungi, which may not 
be numerically abundant, but still play a significant role (17).

Use of animal models

Animal models have been widely adopted in human gut 
microbiome research (28, 98, 220) to reduce confounding 
experimental factors such as genetics, age, and diet, which may 
be more easily controlled in laboratory animals. Additionally, 
animal models with modified genetic backgrounds are available 
for investigating potential mechanisms (137). Ideally, animal 
models with relatively similar genetic information (217), gut 
structures, metabolism (142), and diets and behavior patterns 
(202) to humans need to be selected. Comprehensive compar-
isons of mice (137) and pigs (217) to humans were recently 
conducted in order to aid in translating information from 
animal models to humans. In this section, we will highlight 
some of their findings and compare GI tract structures and 
microbial community compositions. Furthermore, some 
advantages and limitations associated with the use of animal 
models in human microbiome research will be discussed.

Similarities exist in the anatomy of the GI tract between 
humans and most animal models (Table 1). However, differ-
ences in anatomical structures and pH at different locations 
along the GI tract may contribute to differences in the micro-
biota found in humans versus animal models (26). The human 
colon also has a thicker mucosal layer than those of mice and 
rats (137), which may have an effect on the diversity of the 
microbiota colonizing the colon. Human gut bacteria are 
dominated by two phyla: Firmicutes and Bacteroidetes (189), 
which also dominate the GI tract of commonly used model 
animals (112). However, at lower taxonomic levels, some 
differences have been reported in microbiome compositions 
in the gut between humans and animal models (Table 2). The 
dominant taxa reported have varied as the number of 
comparisons performed has increased (137, 152); therefore, 
the findings shown in Table 2 need to be used cautiously.

A pig gut gene catalogue of metabolic function was 
recently developed and compared to catalogues available for 
humans and mice (217). They found that 96% of the KEGG 
orthologs in humans were also present in pigs, whereas the 
overlap at the gene level was markedly lower (9.46%). 
However, there was a greater overlap between humans and 
pigs than between humans and mice. Microbial activity also 
differs along the GI tract, with the most relevant being fer-
mentation occurring in the ceca of most animal models, but 

Table 1. Comparison of the anatomy of the intestinal tract in humans and animal models

Human Mouse Rat Pig
Stomach Four regions: cardia, fundus, 

body, and pylorus
Three regions: forestomach, 
body, and pylorus

Three regions: forestomach, 
body, and pylorus

Four regions: esophagus, cardia, 
fundus, and pylorus

pH 1.5 to 3.5 pH 3.0 to 4.0 pH 3.0 to 4.0 pH 1.5 to 2.5
Small intestine 5.5–6.4 m in length 350 mm in length 1,485 mm in length 1.2–2.1 m in length

pH 6.4 to 7.3 pH 4.7 to 5.2 pH 5.0 to 6.1 pH 6.1 to 6.7
Cecum Smaller than the colon Larger than the colon Larger than the colon Smaller than the colon

No fermentation Main fermentation Main fermentation Some fermentation
pH 5.7 pH 4.4 to 4.6 pH 5.9 to 6.6 pH 6.0 to 6.4

Appendix Present Absent Absent Absent
Colon Divided into the ascending, 

transcending, and descending 
colon

Not divided Not divided Divided into the ascending, 
transcending, and descending 
colon

Main fermentation No fermentation No fermentation Main fermentation
Thick mucosa Thinner mucosa Thinner mucosa Thick mucosa
pH 6.7 pH 4.4 to 5.0 pH 5.5 to 6.2 pH 6.1 to 6.6

Adapted from (59, 96, 128, 130, 137, 196)
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not in humans (137). Strengths and weaknesses are associated 
with the major animal models being used, and these need to 
be taken into consideration when conducting translational 
research.

Rats. The use of rats as lab animals dates back to the 
1850s. They were considered to be a good candidate for 
human microbiome research because the rat contains the 
same four dominant bacteria phyla in the GI tract (31), with 
Firmicutes (74%) and Bacteroidetes (23%) representing the 
largest proportions (221). The advantages of using rats in 
human microbiome research include quick reproduction, a 
fully sequenced genome, and easy handling and maintenance 
due to their relatively small size. The limitation of this model 
is that the diet used in rats differs from that for humans, and 
their behavior and living environment are also different, 
which will affect the gut microbiota. The diet used in rat 
studies is normal chow that is rich in fiber (205), and diet may 
rapidly alter gut microbiota diversity (46). Although most 
studies emphasize the impact of diet on the microbiota in the 
cecum and/or colon (feces), the oral cavity of rats has been 
used to clarify the impact of diet on the microbiome (93).

Mice. Many of the strengths and weaknesses associated 
with using rats are also applicable to mice. Similar to humans, 
the microbiota in the GI tract of mice is dominated by 
Firmicutes (74%) and Bacteroidetes (23%) at the phylum 
level (217). However, there are differences at the genus level, 
and this has led to the use of “humanized” mice. This is 
achieved by inoculating human gut microbiota into germ-free 
(GF) mice (192) or mice treated with antibiotics to eliminate 
their gut microbiome (83). The microbiome of these mice 
after fecal transplants may have a composition at the phyla 
level that is 100% similar to humans and 88% at the genus 
level (137). A recent study (175) used humanized mice to test 
microbiome diversity after feeding with poorly accessible 
carbohydrates, and found a similar reduction in OTU num-
bers to a human study (219). However, there are also some 
limitations to using these animals, including the diet and 
environmental living conditions. Furthermore, gnotobiotic 
mice may not reflect the human-microbe relationship due to 
their weaker immune system (6).

Approximately 10 years ago, Scupham (168) showed that 
all four major fungal phyla, Ascomycota, Basidiomycota, 
Chytridiomycota, and Zygomycota, were present in the murine 

gut. Additionally, many genera were identified, including 
Acremonium, Monilinia, Fusarium, Cryptococcus, Filobasidium, 
Scleroderma, Catenomyces, Spizellomyces, Neocallimastix, 
Powellomyces, Entophlyctis, Mortierella, and Smittium. When 
comparing these studies to the human gut, it is important to 
note that this study indicated a more diverse fungal community 
than those found in humans; the eukaryotic diversity of the 
human gut is low (143).

Pigs. Pigs have been used as surrogates for human micro-
biome research due to their highly similar genetics, physio-
logical structures, behavior, metabolism, and immune func-
tions to those of humans (81, 202). The greater similarities in 
the omnivorous diet and GI tract structure between pigs and 
humans are more advantageous than the murine model. The 
microbiome of pigs is dominated by two phyla: Firmicutes 
and Bacteroidetes (104); however, there are some notable 
differences at the genus level. The genus Prevotella was 
found to be common in two pig metagenomic studies (104, 
118). Since the number of pigs used in most studies is less 
than humans, the pig core microbiome at the genus level may 
change as more pigs are studied. Another contributing factor 
to shaping the microbiome composition is diet. Most studies 
have found that the number of Bifidobacteria in pigs, even 
those on high fiber diets, is lower than that in humans (132, 
218), while that of Lactobacillus is higher (149). In nutrition 
studies, humans and pigs are both dependent on the quality of 
the nutrient load; however, the pig cecum has a larger capacity 
to ferment indigestible compounds than the human cecum 
(54). The microbiota composition in pigs may differ from that 
in humans due in part to differences in diet (81). Similar to 
mice, humanized GF pigs have been developed and the 
microbiome after human fecal transplantation more closely 
resembles that of the donor than conventional pigs (144). 
However, the same disadvantages associated with using GF 
mice are also true for GF pigs.

The genome of pigs may be mutated to study human diseases; 
this is typically performed using miniature pigs such as those 
from the Ossabaw and Gottingen islands (146). Genetic 
mutations for metabolic syndrome and insulin resistance have 
successfully been performed using Ossabaw pigs to study 
human diseases such as type 2 diabetes (14, 177) and obesity 
(101). The ratio of Firmicutes to Bacteroidetes is higher in 
obese Ossabaw pigs than in lean pigs (146), similar to some 

Table 2. Major taxa of the gut microbiota in humans and animal models

Human Mouse Rat Pig
Bacteria Firmicutes Firmicutes Firmicutes Firmicutes

Bacteroidetes Bacteroidetes Bacteroidetes Bacteroidetes
Actinobacteria
Proteobacteria

Archaea Methanobrevibacter Methanobrevibacter Methanobrevibacter Methanomicrobia,
Nitrososphaera Methanosphaera

Viruses Herpesviridae Variable Variable Picornaviridae
Papillomaviridae Astroviridae
Polyomaviridae Coronaviridae
Adenoviridae Caliciviridae

Eukarya Candida Ascomycota Ascomycota Kazachstania
Malassezia Basidiomycota Basidiomycota Candida
Saccharomyces Chytridiomycota Chytridiomycota Galactomyces
Cladosporium Zygomycota Zygomycota Issatchenkia

Adapted from (85, 103, 105, 112, 125, 137, 153, 154, 171, 179, 193, 194, 215, 216, 221)
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obese humans (111, 190). This finding suggests that Ossabaw 
pigs are a good model for researching the role of the microbiota 
in human obesity. However, disadvantages are associated 
with using miniature pigs, mainly the higher cost for mainte-
nance and longer reproductive period than rodents (146).

Although more extensive efforts have been made to inves-
tigate fungi in pigs than in other animal models, many of 
these studies were cultivation-based or for use as probiotics. 
Fungi in pigs have been recently studied using a non-cultivation 
approach and up to 17 species of yeast (belonging to the 
genera Kazachstania, Galactomyces, Candida, Issatchenkia, 
Pichia, Rhodotorula, and Trichosporon) were common in the 
gut (194). The number of studies on viruses is limited, but the 
composition appears to be highly variable among samples 
(164, 171) and affected by disease (24). These groups need to 
be examined in more detail in order to establish whether pigs 
are good models for use in understanding fungi and viruses in 
humans.

Animal model summary. The convenience and cost of 
using animal models for human research are appealing. 
However, researchers need be very careful when selecting 
animal models appropriate for their objectives, particularly 
when the objective is to directly extrapolate findings from 
animals to humans, due to the significant differences in GI 
tract physiology and microbiome composition (65, 137, 217).

Diet in health

Many studies have found that diet is one of the main factors 
shaping the composition of gut microbial populations. Dietary 
approaches, such as the ingestion of non-digestible carbohy-
drates (prebiotics) and fermented food products containing 
live cultures (probiotics), have been suggested to confer health 
benefits by enhancing the growth of beneficial intestinal bacteria 
(100, 158). As described earlier, the microbiota may break 
down food components, such as non-digestible carbohydrates, 
which are indigestible by the host in order to aid in maximizing 
available nutrients (9) and produce metabolites that contribute 
to host health. Probiotics have been used as a means to 
replenish the gut with “beneficial” microbiota after antibiotic 
treatments or to treat diseases (82, 159). This section will 
highlight some studies that demonstrated the health benefits 
of prebiotics and probiotics and possible roles played by the 
microbiota.

Dietary prebiotics and probiotics. Non-digestible and 
fermentable food components are often consumed as prebiotics 
to selectively stimulate the growth and/or activity of endoge-
nous colonic bacteria that may be beneficial to host health. 
The increased consumption of prebiotics often correlates with 
enhancements in certain bacterial genera (a common example 
is Bifidobacterium sp.); however, the reason they are benefi-
cial remains unclear (208). Challenges are associated with 
elucidating the role being played by specific bacterial phylo-
types because many of their processes are interactive (207). 
For example, SCFA produced by bacterial fermentation may 
lower intestinal pH, thereby increasing the solubility of 
essential minerals, such as calcium, iron, and magnesium, 
and consequently enhancing their absorption and improving 
health. Metabolites produced by microbes may also play an 
important role in cellular differentiation and proliferation in 

the colonic mucosa by inducing apoptosis and may confer 
protection against colitis and colorectal cancer by modulating 
oncogene expression. These functions do not appear to be 
performed by a single species; a number of different species 
may be acting independently or in combination. Research is 
leading to an understanding of microbial community structure 
and composition dynamics with respect to diet aids in estab-
lishing testable hypotheses for future research in health and 
beneficial microbes (32). Most research has been performed 
on the influence of beneficial intestinal bacteria such as 
Bifidobacterium spp. and Lactobacillus spp. on host health 
monitored using a cultivation approach. Cultivation-independent 
approaches have now become more popular, leading to the 
identification of new beneficial microbiota taxa and their 
potential functional roles in the gut as they relate to diet.

Dietary fibers and oligosaccharides are carbohydrate ingre-
dients that vary in composition and structure, but are considered 
to be non-digestible because of the lack of appropriate intes-
tinal enzymes to hydrolyze them or structural hindrances that 
prevent enzyme access in the gut. Although bacteria in the 
lower gut may ferment these carbohydrates, the rate and 
degree of fermentation vary with the polysaccharide (80). 
The range of fermentation in the colon for various fibers is 
broad, from approximately 5% for cellulose to nearly 100% 
for pectin (42). The resulting SCFA, including butyrate and 
propionate, are considered to reduce pH and solubilize minerals, 
thereby improving their absorption and subsequent utilization. 
Inulin, a long chain fructooligosaccharide (FOS) often 
obtained from chicory root, and FOS from other sources are 
the fibers that have been studied in the most detail (206). 
Several novel fibers have been tested in an in vitro large 
intestine model for their effects on the microbial stimulation 
and production of SCFA (122). All these novel fibers stimu-
lated the growth of beneficial Bifidobacteria and some 
Lactobacillus species along with increases in SCFA produc-
tion. Only a few studies have examined the effects of fibers 
and resistant starches on the human microbiome (87, 127, 
198, 210, 211). A soluble corn fiber product has been demon-
strated to increase Ca absorption in a number of different 
studies (210, 211). More benefits to human health may be 
attributed to the consumption of prebiotics and fermentation 
by the gut microbiome.

The number of studies that include diet effects on Archaea, 
Fungi, and/or Viruses are limited; however, some examples 
are included herein. Examinations of Archaea, Fungi, and 
Bacteria correlations in response to diet revealed a syntrophic 
model involving Candida, Prevotella, Ruminococcus, and 
Methanobrevibacter (85). Candida was considered to break 
down carbohydrates into metabolites used by Prevotella and 
Ruminococcus that produce CO2 for Methanobrevibacter 
(85). However, shifts in carbon sources or breaking down 
starches via amylases from the human mouth may alter this 
relationship because Prevotella may no longer be dependent 
on Candida. This is a good example of how Archaea, which 
represent a very small portion of the microbiome, are a key 
contributor to methanogenesis and waste decomposition. The 
absence of Archaea may have severe effects on the surrounding 
community as hydrogen, glucose metabolites, and other carbon 
sources accumulate. Other organisms will eventually fill this 
niche, but may diminish or accumulate new metabolites that 
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obese humans (111, 190). This finding suggests that Ossabaw 
pigs are a good model for researching the role of the microbiota 
in human obesity. However, disadvantages are associated 
with using miniature pigs, mainly the higher cost for mainte-
nance and longer reproductive period than rodents (146).

Although more extensive efforts have been made to inves-
tigate fungi in pigs than in other animal models, many of 
these studies were cultivation-based or for use as probiotics. 
Fungi in pigs have been recently studied using a non-cultivation 
approach and up to 17 species of yeast (belonging to the 
genera Kazachstania, Galactomyces, Candida, Issatchenkia, 
Pichia, Rhodotorula, and Trichosporon) were common in the 
gut (194). The number of studies on viruses is limited, but the 
composition appears to be highly variable among samples 
(164, 171) and affected by disease (24). These groups need to 
be examined in more detail in order to establish whether pigs 
are good models for use in understanding fungi and viruses in 
humans.

Animal model summary. The convenience and cost of 
using animal models for human research are appealing. 
However, researchers need be very careful when selecting 
animal models appropriate for their objectives, particularly 
when the objective is to directly extrapolate findings from 
animals to humans, due to the significant differences in GI 
tract physiology and microbiome composition (65, 137, 217).

Diet in health

Many studies have found that diet is one of the main factors 
shaping the composition of gut microbial populations. Dietary 
approaches, such as the ingestion of non-digestible carbohy-
drates (prebiotics) and fermented food products containing 
live cultures (probiotics), have been suggested to confer health 
benefits by enhancing the growth of beneficial intestinal bacteria 
(100, 158). As described earlier, the microbiota may break 
down food components, such as non-digestible carbohydrates, 
which are indigestible by the host in order to aid in maximizing 
available nutrients (9) and produce metabolites that contribute 
to host health. Probiotics have been used as a means to 
replenish the gut with “beneficial” microbiota after antibiotic 
treatments or to treat diseases (82, 159). This section will 
highlight some studies that demonstrated the health benefits 
of prebiotics and probiotics and possible roles played by the 
microbiota.

Dietary prebiotics and probiotics. Non-digestible and 
fermentable food components are often consumed as prebiotics 
to selectively stimulate the growth and/or activity of endoge-
nous colonic bacteria that may be beneficial to host health. 
The increased consumption of prebiotics often correlates with 
enhancements in certain bacterial genera (a common example 
is Bifidobacterium sp.); however, the reason they are benefi-
cial remains unclear (208). Challenges are associated with 
elucidating the role being played by specific bacterial phylo-
types because many of their processes are interactive (207). 
For example, SCFA produced by bacterial fermentation may 
lower intestinal pH, thereby increasing the solubility of 
essential minerals, such as calcium, iron, and magnesium, 
and consequently enhancing their absorption and improving 
health. Metabolites produced by microbes may also play an 
important role in cellular differentiation and proliferation in 

the colonic mucosa by inducing apoptosis and may confer 
protection against colitis and colorectal cancer by modulating 
oncogene expression. These functions do not appear to be 
performed by a single species; a number of different species 
may be acting independently or in combination. Research is 
leading to an understanding of microbial community structure 
and composition dynamics with respect to diet aids in estab-
lishing testable hypotheses for future research in health and 
beneficial microbes (32). Most research has been performed 
on the influence of beneficial intestinal bacteria such as 
Bifidobacterium spp. and Lactobacillus spp. on host health 
monitored using a cultivation approach. Cultivation-independent 
approaches have now become more popular, leading to the 
identification of new beneficial microbiota taxa and their 
potential functional roles in the gut as they relate to diet.

Dietary fibers and oligosaccharides are carbohydrate ingre-
dients that vary in composition and structure, but are considered 
to be non-digestible because of the lack of appropriate intes-
tinal enzymes to hydrolyze them or structural hindrances that 
prevent enzyme access in the gut. Although bacteria in the 
lower gut may ferment these carbohydrates, the rate and 
degree of fermentation vary with the polysaccharide (80). 
The range of fermentation in the colon for various fibers is 
broad, from approximately 5% for cellulose to nearly 100% 
for pectin (42). The resulting SCFA, including butyrate and 
propionate, are considered to reduce pH and solubilize minerals, 
thereby improving their absorption and subsequent utilization. 
Inulin, a long chain fructooligosaccharide (FOS) often 
obtained from chicory root, and FOS from other sources are 
the fibers that have been studied in the most detail (206). 
Several novel fibers have been tested in an in vitro large 
intestine model for their effects on the microbial stimulation 
and production of SCFA (122). All these novel fibers stimu-
lated the growth of beneficial Bifidobacteria and some 
Lactobacillus species along with increases in SCFA produc-
tion. Only a few studies have examined the effects of fibers 
and resistant starches on the human microbiome (87, 127, 
198, 210, 211). A soluble corn fiber product has been demon-
strated to increase Ca absorption in a number of different 
studies (210, 211). More benefits to human health may be 
attributed to the consumption of prebiotics and fermentation 
by the gut microbiome.

The number of studies that include diet effects on Archaea, 
Fungi, and/or Viruses are limited; however, some examples 
are included herein. Examinations of Archaea, Fungi, and 
Bacteria correlations in response to diet revealed a syntrophic 
model involving Candida, Prevotella, Ruminococcus, and 
Methanobrevibacter (85). Candida was considered to break 
down carbohydrates into metabolites used by Prevotella and 
Ruminococcus that produce CO2 for Methanobrevibacter 
(85). However, shifts in carbon sources or breaking down 
starches via amylases from the human mouth may alter this 
relationship because Prevotella may no longer be dependent 
on Candida. This is a good example of how Archaea, which 
represent a very small portion of the microbiome, are a key 
contributor to methanogenesis and waste decomposition. The 
absence of Archaea may have severe effects on the surrounding 
community as hydrogen, glucose metabolites, and other carbon 
sources accumulate. Other organisms will eventually fill this 
niche, but may diminish or accumulate new metabolites that 
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ultimately shift the surrounding community based on their 
fitness for using these substrates.

A recent study investigated rapid changes in the microbiome 
composition when diets were either high in animal-based or 
plant-based fat and protein (46). The fungus Candida was 
found to increase in subjects placed on a plant-based diet, 
whereas Penicillium increased on animal-based diets. The 
most commonly found fungi in vegetarians were Fusarium, 
Malassezia, Penicillium, Aspergillus, and Candida (182). 
Caution is needed when interpreting findings because some 
of these fungi may be found on food prior to ingestion (46, 
78, 182)

Phages assembled in the gut may also be modified by diet. 
A recent study examined changes in the fecal viral commu-
nity over an 8-d period in six subjects supplied different diets 
(134). Shotgun sequencing of virus-like particles revealed 
that interpersonal differences in the virome were the largest 
source of variations in this study. However, the virome of 
subjects whose diets were changed differed more than in 
those who maintained their normal diet. Although this is only 
one study with a few human subjects, studies using a mouse 
model and different dietary fats support these findings (88, 
99). Collectively, these findings indicate that diet plays a key 
role in shaping the gut virome, and further research is needed 
in order to investigate interactions between diet and the virome.

Summary

Advances have been made in the last decade in our under-
standing of the role of the GI tract microbiome in human 
health. This review has highlighted changes and differences 
in the microbiome along the GI tract that are due to changes 
in physical, chemical, and biological interactions. Although 
extensive research has been conducted on Bacteria in fecal 
samples, the main kingdom inhabiting the gut, our knowledge 
is still insufficient, particularly in other regions of the GI tract. 
Furthermore, other groups (Archaea, Fungi, and Viruses) have 
not yet been investigated in adequate detail, demonstrating a 
real void in knowledge. This highlights that the basic ecology 
of microbiomes is important for gaining a greater understanding 
to improve human health and decrease disease. In order to 
achieve this goal, it is important to include all microbiota in 
studies and remain cognizant of the limitations associated 
with understanding the entire GI tract of humans despite 
challenges in sampling and cultivation. Furthermore, the use 
of appropriate animal models in mechanistic studies requires 
careful consideration.
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