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Abstract

Background Rootless duckweed, Wolffia globosa, is emerging as a high-protein and starch biomass resource for
various applications. However, the microbiomes and functional properties associated with Wolffia across a wide range
of microbial sources remain largely unexamined. This study investigates the structure and functioning of the Wolffia
microbiome and its impact on plant growth.

Results A co-cultivation experiment with axenic W. globosa and bacterial communities derived from various sources
revealed varied effects, that municipal wastewater-derived bacterial communities had a more pronounced positive
effect on growth of W. globosa compared to those from pond water. 165 rRNA amplicon sequencing found that
Beijerinckiaceae, Caulobacteraceae, Comamonadaceae, Methylophilaceae, Rhizobiaceae, and Sphingomonadaceae

were consistently conserved and identified as core taxa in the Wolffia microbiome. Functional profiling indicated

that genes related to bacterial colonization and adaptation to the rootless morphology contribute to selective
microbiome recruitment, with enriched functions in motility, chemotaxis, flagella assembly, quorum sensing, and ABC
transporters. In addition, it was found that Bdellovibrionaceae, Bejjerinckiaceae, and Sphingomonadaceae may act as
"hub microorganisms”and “keystone taxa,” shaping community structure and directly or indirectly influencing Wolffia
growth.

Conclusion Collectively, the results of this study unveiled the robust core taxa and functional profiles of the Wolffia
microbiome across diverse microbial sources, with certain taxa differing from those in rooted duckweed. This study
comprehensively characterizes the Wolffia microbiome and enhances understanding of it, providing insights for
developing efficient biomass production systems.
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Background

Members of the family Lemnaceae, commonly known
as duckweed, are floating monocots prevalent in slow-
flowing freshwater ecosystems worldwide, from tropi-
cal to temperate regions [1, 2]. This family includes five
genera divided into two subfamilies: Lemnoideae, which
has roots (including Landoltia, Lemna, and Spirodela),
and Wolffioideae, which lacks roots (including Wolffia
and Wolffiella). Duckweeds are recognized for their high
biomass production and valuable contents, thus promis-
ing for various applications, including human food, ani-
mal feed, bioenergy, and phytoremediation, providing a
sustainable approach for water purification and biomass
production [3-7].

Wolffia is the smallest rootless duckweed, with a glo-
bose or oval shape and a flattened upper surface [8—10].
It rapidly reproduces vegetatively (growth rate of 0.155
to 0.559 d™!) and has the shortest doubling time among
higher plants (approximately 1-2 d) [11]. Wolffia biomass
is rich in protein (20 to 30% of its dehydrated mass) and
contains all essential amino acids in adequate quantities
for adults. The total starch content of biomass ranges
from 10 to 15% of dehydrated mass, and the fiber con-
tent is around 25%. The fat (1-5%) is mainly polyunsatu-
rated fatty acids, which are beneficial for health and help
address dietary imbalances [4, 12—14]. Unique to Wolffia
is its vitamin B12 content and lack of calcium oxalate
crystals, which cause digestive issues [15-17], making it
a promising choice for human food and animal feed in
addition to bioenergy production.

The microbial community associated with plants,
known as the plant microbiome, establishes a beneficial
relationship and functions collectively as a holobiont,
enhancing the productivity or fitness of plants. Stud-
ies on rooted duckweeds have proven that their growth
is significantly influenced by its microbiome [18-22].
Duckweed selectively recruits bacterial communities
from its surrounding environment, shaping a unique
microbiome with core conserved taxa, including Cau-

lobacteraceae, Comamonadaceae, Methylophilaceae,
Oxalobacteraceae, Pseudomonadaceae, Rhizobiaceae,
Rhodospirillaceae, and Sphingomonadaceae [18-21].

Notably, Comamonadaceae and Oxalobacteraceae are
commonly predominant taxa in duckweed, highlight-
ing their significant roles in plant-microbe interactions
[18, 19]. In addition, several duckweed-associated bac-
teria, more specifically plant growth-promoting bacteria
(PGPB) isolated from rooted duckweed microbiomes,
can enhance duckweed productivity and phytoremedia-
tion efficiency [23-27]. However, their beneficial effects
can be inhibited by the co-presence of plant growth-
inhibiting bacteria (PGIB) and complicated interactions
within the microbiome [22, 24, 28, 29]. Thus, managing
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the microbiome is essential for sustainably improving
duckweed productivity.

Despite extensive efforts on the microbiome of rooted
duckweeds, knowledge on the microbiomes of rootless
duckweeds is very limited and not systematically inves-
tigated [19, 20, 30]. Because rootless duckweeds have
different morphology, their microbiome may function
differently than those of rooted duckweeds [19, 20]. As
rootless duckweeds can be a good source of biomass, it
is important to understand the characteristics of Wolffia
microbiome, including those of core taxa and functional
properties of overall microbiome, that affect the growth
of host plant.

This study has three main goals: (i) to assess how dif-
ferent bacterial communities affect the growth of Wolffia;
(ii) to clarify the structure and functions of the bacte-
ria associated with Wolffia and its core taxa; and (iii) to
determine what factors cause changes in the Wolffia
microbiome. Axenic Wolffia globosa was co-cultivated
with 18 different bacterial communities derived from
freshwater ponds, municipal secondary effluents, and
activated sludges. Bacterial communities were analyzed
using a 16S rRNA amplicon sequencing and diverse
methods were applied to analyze the structure and func-
tion of these communities. This study aimed to shed light
on the mostly unknown microbiome of rootless duck-
weeds and improve systems for producing its biomass
efficiently.

Materials and methods

Recovery of bacterial communities from various sources
As the microbial source, surface water samples were
collected from 10 freshwater ponds in September 2023,
along with secondary effluent and activated sludge sam-
ples from 4 municipal wastewater treatment plants in
Osaka, Japan, in December 2023 (Table S1). The activated
sludge samples were pretreated to disperse the flocs as
follows: the samples were left at room temperature to
allow the sludge flocs to settle. After settling, 2.5 g-wet
of the settled sludge was added to 250 mL of phosphate-
buffered saline (PBS), shaken at 180 rpm and 28 °C over-
night. To recover the bacterial communities from pond
water, secondary effluent, and pretreated activated
sludge, all samples were passed through a 3.0 um mem-
brane filter (MF-Millipore™, Merk Millipore, Darmstadt,
Germany) to remove coarse particles, including fungi,
microalgae, and larger activated sludge flocs. Sixty milli-
liters of the filtrate were then centrifuged at 10,000xg for
10 min at 4 °C to recover the bacterial communities. The
bacterial communities were washed twice with a sterile
modified Hoagland (MH) medium [31] and then re-sus-
pended in the original volume of sterile MH medium for
the co-cultivation experiment. The bacterial communi-
ties recovered from pond water, secondary effluent, and
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activated sludge were hereinafter referred to as categories
PW, SE, and AS, respectively.

Co-cultivation of Wolffia with bacterial communities
Axenic W. globosa (clone no. RDSC8152) was used as the
test plant. The plant was sterilized with sodium hypo-
chlorite, and the sterilized plant was maintained as pre-
viously described [32]. We have verified the absence of
microorganisms routinely and prior to use in the co-cul-
tivation experiments by confirming no microbial growth
occurred on R2A agar “DAIGO” (Shiotani M.S. Co., Ltd.,
Hyogo, Japan) after applying sterile W. globosa with and
without homogenization to the plates. The plants were
cultured in MH medium for 5 d prior to the experi-
ment. Twenty fronds of the precultivated Wolffia, which
included 10 fronds from attached mother-daughter pairs
and 10 single fronds, were transferred into a flat-bot-
tomed 6-well plate containing 10 mL of bacterial com-
munity suspensions. The inoculated fronds occupied an
area of approximately 0.29-0.30% of the well surface. The
plates were then cultured for 10 d in a growth chamber
set to 28 °C, with a light intensity of 80 pmol/m?/s, and a
photoperiod of 16 h light/8 h dark. The cultivation period
was divided into two stages: (i) the colonization stage and
(ii) the growing stage. The colonization stage lasted for
the first 5 d to allow the bacterial community to attach
to and colonize the Wolffia. Evidence suggests that 5 d is
sufficient for the duckweed microbiome to stabilize [18,
19, 33]. Subsequently, all Wolffia were transferred to 10
mL of fresh bacteria-free MH medium to continue the
growing stage. During this stage, the MH medium was
renewed on day 8 to address nutrient deficiency. After 10
d of cultivation, the Wolffia were collected, excess liquid
on the fronds was blotted with sterile tissue paper, and
the fronds were placed in sterile microtubes for further
experiments. The medium was also collected for water
quality measurements. Axenic W. globosa cultivated in
MH medium without any bacterial communities served
as the experimental control. We performed five repeti-
tions for each sample and the control.

Evaluation of Wolffia growth

To measure the growth of Wolffia periodically, the frond
area was recorded at 0, 3, 5, 7, and 10 d. We ensured con-
sistency by photographing using the same equipment and
maintaining the same distance, lighting, and time. The
photos were analyzed using Collaboratory Software (htt
ps://colab.research.google.com; accessed in September
2023) to detect the green parts of the plant and calculate
the relative growth rate (RGR). In brief, the analysis pro-
cess involved converting the images from BGR to HSV
color space. A mask was applied to isolate the green areas
of the plant, and we counted the number of white pixels
in the masked image that represented these green areas.
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This count was then used to determine the percentage of
green pixels compared to the entire surface of the image,
which reflects the frond area of Wolffia. The percent-
age of the green area was subsequently used to calculate
Wolffia RGR. The increase or decrease in plant growth
was assessed using the effect on plant growth (EPG)
value, which is derived from the RGR compared to the
control, and the EPG values greater than +5%, between
-5% and + 5%, and less than -5% were judged as promot-
ing, neutral, and inhibitory effects, respectively, as previ-
ously described [22]. The method for calculating EPG is
provided in the supplementary information (Text S1).

Determination of physicochemical water quality
parameters

Water temperature and pH were measured at the sam-
pling points using a portable pH meter (TPX-999i;
Toko Kagaku, Tokyo, Japan). Dissolved oxygen (DO) was
measured with a portable galvanic DO sensor (DO-30;
Kasahara Chemical Instruments, Saitama, Japan). Addi-
tionally, dissolved organic carbon (DOC), total dissolved
nitrogen (TDN), and phosphorus as phosphate (PO,-P)
in the collected water and the medium after co-cultiva-
tion were analyzed as environmental parameters. Sam-
ples were filtered through a 0.45 pum cellulose acetate
filter (Advantec, Tokyo, Japan) before analysis. DOC and
TDN were measured using a total organic carbon ana-
lyzer (TOC-L, Shimadzu, Kyoto, Japan) equipped with
a total nitrogen measuring unit (TMN-L, Shimadzu).
PO,-P was analyzed using ion chromatography (IC)
with a Shimadzu SLC-10Avp system (Shimadzu), which
included a CDD-10Asp detector (Shimadzu) and an Ion-
Pac AS4A-SC column (4x250 mm, Thermo Scientific,
Massachusetts, USA). The eluent was composed of 1.8
mM Na,CO; and 1.7 mM NaHCO;, delivered at a flow
rate of 1.0 mL/min.

DNA extraction and 16S rRNA amplicon sequencing
Indigenous bacterial communities from the original
microbial sources were filtered through a 0.2 um mem-
brane filter (Toyo Roshi Kaisha, Tokyo, Japan). The fil-
trates were subjected to DNA extraction. After 10 d of
co-cultivation, Wolffia samples were homogenized using
a BioMasher II (Nippi, Tokyo, Japan). Microbial DNA
from all samples was extracted using the Cica Geneus
DNA Extraction ST kit (Kanto Chemical, Tokyo, Japan).
The extracted DNA was subjected to 16S rRNA ampli-
con sequencings targeting the V5-V6 region of the bacte-
rial 16S rRNA gene with primers 799 F [34] and 1185mR
[35]. Sequencing was performed on an Illumina MiSeq
sequencer (Illumina, CA, USA) at the Bioengineering
Lab. Co., Ltd. (Kanagawa, Japan).
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Data processing and analysis

The raw reads from 36 samples were processed using
the QIIME?2 version 2023.7 pipeline, which included 18
original microbial source samples designated S_PW_
(with letters A-J for category PW) and S_SE_ and S_AS_
(with numbers 1-4 for categories SE and AS). Eighteen
Wolffia microbiome samples were designated as WgPW _,
WgSE_, and WgAS_, using the same letter and number
designations as their corresponding original microbial
source samples. The obtained sequences were processed
using QIIME 2.0; the raw reads were demultiplexed and
filtered, high-quality reads were merged, and chime-
ric sequences were removed. The complied high-quality
sequences were clustered into amplicon sequencing vari-
ants (ASVs) using the DADA?2 plugin [36]. Then, ASVs
were assigned to a taxonomy by the QIIME2 feature-
classifier plugin based on the SILVA SSU Ref NR data-
base v138. ASVs whose sequences were not present in the
database and cyanobacterial ASVs were excluded. Finally,
an abundance table combined with taxonomy informa-
tion was generated. Rarefaction analysis was performed
based on the feature table, with random sampling to the
minimum sequencing depth (19,180) of all samples using
the q2-diversity plugin. The Shannon and Chaol indices
were used as an index of alpha diversity, and one-way
analysis of variance (ANOVA) with Honestly Significant
Difference (Tukey HSD) test was conducted for statisti-
cal differences. Beta diversity of bacterial communities
was analyzed using principal-coordinate analysis (PCoA)
based on the Bray-Curtis matrix in R version 4.3.2 with
the “vegan” package to visualize the compositional dis-
similarity in community structure between groups of
samples. Permutation multivariate analysis of variance
(PERMANOVA) [37] was conducted to assess the sta-
tistical significance of the observed differences in micro-
biome structure between groups. Data were visualized
using the “ggplot2,” “VennDiagram,” and “ComplexHeat-
map” packages in R.

To explore the environmental factors or bacterial fami-
lies that drive the structural variation in Wolffia micro-
biomes and the original microbial sources, redundancy
analysis (RDA) and partial RDA were conducted using
the “vegan” package in R [38]. Forward selection was per-
formed with the “forward.sel” function from the “pack-
for” package to identify the most significant explanatory
variables in relation to the microbiome structure [39].
Details of parameter setting and statistical significance
evaluation are provided in supplementary information
Text S2.

Functional profiling of the original microbial sources
and Wolffia microbiomes was predicted based on ASVs
using the PICRUSt2 algorithm [40] through QIIME2.
The predicted functional genes were categorized into
pathways based on the Kyoto Encyclopedia of Genes and
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Genomes (KEGG) orthologs [41]. For gene categories,
functions with a mean relative abundance>0.4% were
categorized into tier 3, normalized among the 36 com-
munities, and the z-scores were plotted using the “Com-
plexHeatmap” package in R.

To identify the core microbiome of Wolffia, the ASVs
with an occurrence frequency greater than 0.7 [42] in
each Wolffia category (i.e., WgPW, WgSE, and WgAS),
regardless of their relative abundance, were defined as
core Wolffia taxa. Data were transformed using cen-
tered log ratio (clr) transformation, where the abundance
counts were compared to their geometric mean. Taxa
with clr values close to 0 indicated their average abun-
dance. The transformed data were displayed using the
“ComplexHeatmap” package in R.

The potential key players influencing Wolffia growth
were identified based on its relationship with the relative
abundance of bacterial families. Pearson correlation was
constructed using the “metan” package in R and visual-
ized using the “corrplot” package based on hierarchical
clustering. Positive and negative correlations with Wolffia
growth were then visualized as scatter plots.

Results

Effect of bacterial communities on Wolffia growth

The RGR of axenic Wolffia without any bacterial com-
munities (the experimental control) was 0.328 +0.015 d~*
under the experimental settings of this study. Bacterial
communities recovered from three categories of micro-
bial sources (PW, SE, and AS) had different effects on
Wolffia growth, namely inhibitory, neutral, or promot-
ing effects (Fig. 1). Six of ten communities in the cat-
egory PW had neutral effects on Wolffia growth, while
three (PW_E, PW_F, and PW_H) reduced growth by
up to -12.2% without visible disease symptoms or chlo-
rosis (Fig. S1). Only community PW_A in this category
showed a slight promoting effect (+5.3%), marginally
exceeding the threshold for promotion (+5%). In con-
trast, communities from AS and SE categories signifi-
cantly promoted growth, with the EPG ranging from
+21% to +55.6%, resulting in Wolffia growth of up to 1.6-
fold than those from PW.

This study used a two-stage cultivation system, allow-
ing bacterial colonization before transferring Wolffia to a
fresh axenic medium, with medium renewal on day 8 to
prevent nutrient depletion that could lead to turion pro-
duction. Monitoring Wolffia growth from day 5 to day 10
revealed a shift in SE communities that transitioned from
inhibitory to promoting effects, while AS communities
consistently maintained the growth-promoting effects
(Fig. S2).
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Diversity and taxonomic composition of Wolffia
microbiome in comparison with bacterial communities in
microbial sources

Through 16S rRNA amplicon sequencing of 18 microbial
sources and 18 Wolffia microbiota, 1,071,728 reads were
obtained, identifying 5,699 ASVs (Table S2, S3). Among
the microbial sources, SE had the highest number of

ASVs (2,847), followed by PW (1,504) and AS (1,102).
The Wolffia microbiome contained 1,077 ASVs, with only
1.7-5.5% overlapping with those from their microbial
sources (Fig. S3).

Alpha diversity analysis using the Shannon and Chaol
indices revealed significant differences between sam-
ple groups (ANOVA, p<0.001) (Fig. 2). Wolffia groups
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commonly displayed lower diversity and richness com-
pared to their microbial sources, with significant dif-
ferences (Tukey HSD test, p<0.05) noted only between
WgPW and S_PW for the Shannon index (Fig. 2a) and
between WgSE and S_SE for the Chaol index (Fig. 2b).
These findings suggest that Wolffia selectively assembles
specific bacterial populations from its microbial sources,
resulting in reduced bacterial diversity.

PCoA based on the Bray-Curtis matrix confirmed that
Wolffia microbiota were congregated with small separa-
tions and formed distinct clusters from microbial sources
(Fig. S4). PERMANOVA further demonstrated that the
Wolffia microbiome significantly differed from their
microbial sources (R*=0.14145, p=0.001), and its com-
positional structure varied across the microbial sources
(R*=0.29035, p=0.001), suggesting that Wolffia selec-
tively harbors specific taxa depending on the microbial
source.

The taxonomic distribution of bacterial communities
highlighted notable differences between Wolffia micro-
biomes and their microbial sources across all three cat-
egories. Wolffia displayed reduced phyla diversity but
increased abundance of specific phyla compared to the
corresponding microbial sources (Fig. 3a). Proteobacte-
ria was the most dominant phylum in microbial sources,
comprising 37.9-85.3% in S_PW, 37.4-50.0% in S_SE,
and 30.2-62.5% in S_AS. In contrast, Wolffia micro-
biomes had a significantly higher abundance, ranging
from 83.6 to 99.9% in WgPW, 83.4—99.2% in WgSE, and
79.6-83.6% in WgAS. Other prevalent phyla in micro-
bial sources included Actinobacteriota in S_PW (11.4—
58.1%) and Bacteroidota in S_SE (12.2—-44.9%) and S_AS
(32.2-62.5%). Notably, Actinobacteriota was absent in
Wolffia microbiota, while Planctomycetota was uniquely
dominant in WgAS (6.4—13.6%). At the class level, micro-
bial sources mainly consisted of Gammaproteobacteria
(23.4—82.9%) and Actinobacteria in S_PW (11.3-56.0%)
in S_PW, and Bacteroidia in S_SE (12.1-44.9%) and S_AS
(32.0-65.3%) (Fig. S5a). In Wolffia microbiomes, Gam-
maproteobacteria (9.6-92.4%) and Alphaproteobacteria
(6.1-89.6%) were dominant across all categories, except
in WgAS, where Planctomycetes was also prominent at
6.2—13.4%.

At the order and family levels, differences in dominant
taxa between Wolffia and its microbial sources became
more apparent (Fig. S5b and Fig. 3b). At the family level,
distinct community compositions between Wolffia and
its microbial sources were observed, with the dominant
families varying by category. In S_PW, Sporichthyaceae
(2.8-47.1%), Burkholderiaceae (7.8—-36.1%), and Coma-
monadaceae (0.8—-35.2%) were the three predominant
families, followed by Rhodocyclaceae (<0.1-28.9%), Ilu-
matobacteraceae (<0.1-13.3%), and Methylophilaceae
(0.9-10.4%). In WgPW, while Comamonadaceae was the
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most dominant family (16.5-89.0%) and Burkholderia-
ceae maintained similar abundance levels (<0.1-30.7%),
the other predominant families in S_PW showed a signif-
icant reduction. Instead, Caulobacteraceae (0.4—22.8%),
Pseudomonadaceae (<0.1-21.0%), Rhizobiaceae (0.4—
16.5%), Rhodobacteraceae (<0.1-15.7%) and unclassified
Rhizobiales (<0.1-39.1%) were predominated in WgPW.
In particular, Pseudomonadaceae and Rhizobiaceae unde-
tectable in S_PW, were exclusively enriched in signifi-
cant abundance in WgPW. In category SE, Neisseriaceae
(4.9-27.2%), Comamonadaceae (3.3—-22.7%), Flavobacte-
riaceae (0.2—39.1%), Weeksellaceae (1.6—16.4%), and Rho-
docyclaceae (2.9-14.6%) predominated in the microbial
sources (S_SE). In contrast, WgSE was dominated by Rhki-
zobiaceae (4.4-36.7%), Comamonadaceae (2.6-26.7%),
Rhodocyclaceae (4.8—-16.8%), Sphingomonadaceae (11.2—
16.5%), and Caulobacteraceae (5.2—-16.0%). Also, Beijer-
inckiaceae (0.2-22.7%), Rhodobacteraceae (0.5-12.2%)
and Methylophilaceae (0.2-9.6%) were commonly pres-
ent. Most of these families, other than Comamonada-
ceae and Rhodocyclaceae, were significantly enriched on
Wolffia. In category AS, the microbial source (S_AS) was
dominated by Weeksellaceae (15.3-51.0%), Flavobacte-
riaceae (13.2-39.8%), and Rhodocyclaceae (2.6—-29.8%),
followed by Comamonadaceae (12.7-20.0%) and Aero-
monadaceae (2.9-7.4%). In contrast, Wolffia (WgAS)
exhibited distinct composition, with Comamonadaceae
(10.4-22.3%), Sphingomonadaceae (12.7-20.0%), and
Caulobacteraceae (12.4—16.8%) as the three most domi-
nant families. Pirellulaceae (5.6—12.7%), Rhodocyclaceae
(9.0-12.7%), and Rhizobiaceae (4.1-8.6%) were also prev-
alent in WgAS.

Core taxa in Wolffia microbiome

The core microbiome of Wolffia was identified by select-
ing taxa with an occurrence frequency greater than 0.7
in each category, irrespective of their relative abundance.
This resulted in 100 ASVs, which made up 9.3% of the
total ASVs observed across all Wolffia samples (Table S4).
These ASVs accounted for 22.7%, 55.0%, and 83.4% of
the relative abundance in the WgPW, WgSE, and WgAS,
respectively. Although the core microbiome of each cat-
egory exhibited unique ASVs, four ASVs (ASV_0006,
ASV_0021, ASV_0050, ASV_0095) were shared across all
categories (Fig. 4a). The 100 ASVs represented 7 bacte-
rial phyla, 33 families, and 55 genera (Fig. 4b), with Pro-
teobacteria being the most abundant and consistently
conserved across all categories. Among the 33 fami-
lies, six families—Beijerinckiaceae, Caulobacteraceae,
Comamonadaceae, Methylophilaceae, Rhizobiaceae,
and Sphingomonadaceae—were consistently conserved
and identified as core taxa in Wolffia microbiome. At
the genus level, 7 of the 55 genera were consistently
found in high abundance across all categories, namely
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Allorhizobium-Neorhizobium-Pararhizobium-Rhizo-
bium, Bosea, Brevundimonas, Caulobacter, Hydroge-
nophaga, Methylophilus, and Porphyrobacter, with higher
abundance in WgPW compared to WgSE and WgAS.
Each Wolffia category also had specific genera that were
more abundant (Fig. 4b), with WgSE and WgAS exhibit-
ing similar high-abundance clusters.

Potential factors influencing the shaping of bacterial
communities

Given the distinct structural distribution between
microbial sources and Wolffia microbiota, an RDA was
conducted to explore potential factors influencing com-
munity variation, including 3 environmental factors
and 29 bacterial families (Table S5), which significantly
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Fig. 4 Core taxa of the Wolffia microbiome defined by ASVs with an occurrence frequency greater than 0.7 per Wolffia category, regardless of their rela-
tive abundance. a) Venn diagram showing shared and unique ASVs and b) heatmap presenting the 55 core genera

explained 95.88% of the total variation in community
structure (ANOVA, p<0.001; Fig. 5a). The presence of
bacterial families among the Wolffia communities (69.9%)
strongly contributed to community dissimilarity, more
than water quality. Concentrations of TDN and PO,-P
and the presence of Sporichthyaceae were the three
most significant factors (Fig. 5b). Burkholderiaceae and

Hlumatobacteraceae positively correlated with Sporich-
thyaceae, orienting S_PW toward the top left direction.
Conversely, the presence of Neisseriaceae and Weeksella-
ceae and two environmental factors drove the commu-
nity of S_SE and S_AS toward the lower-left direction.

In contrast, the structure of Wolffia microbiota
(WgPW, WgSE, and WgAS) congregated on the right
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driven by DOC, and positively correlated with the pres-
ence of eight bacterial families, with Sphingomonadaceae
and Comamonadaceae being the two most important
factors. These findings contributed to the distinctiveness
of Wolffia microbiome from their microbial sources, sup-
porting the PCoA analysis.

Functional properties of bacterial communities

The predicted functional properties of the Wolffia micro-
biome, based on the KEGG orthologs, showed notable
differences from their microbial sources, with no sig-
nificant variation among Wolffia microbiomes across the
three categories. Genes involved in motility and cellular
community processes, such as bacterial chemotaxis, fla-
gellar assembly, biofilm formation, and quorum sens-
ing, were significantly enriched in Wolffia microbiomes
(Fig. 6). Additionally, genes associated with bacterial
secretion systems, ABC transporters, and two-compo-
nent systems related to membrane transport and signal
transduction were enriched in Wolffia microbiome. Met-
abolic pathways linked to xenobiotic biodegradation,
including amino-/benzoate degradation and glyoxyl-
ate and dicarboxylate metabolism, as well as pathways
related to amino acid, energy, and carbohydrate metab-
olism (i.e., nitrogen/sulfur, propanoate, and butanoate
metabolism), were also more abundant. Furthermore, the
Wolffia microbiome significantly enriched genes associ-
ated with porphyrin metabolism.

Potential key players associated with Wolffia growth

A correlation analysis examining the relationship
between bacterial family abundance and Wolffia growth
was performed to better understand the key taxa influ-
encing Wolffia growth (Fig. S6). The analysis found a
positive correlation between Wolffia growth and 12 bac-
terial families (Fig. 7). Notably, Sphingomonadaceae and
Rhodocyclaceae were strongly associated with enhanced
growth. This was consistent with taxonomic distribu-
tion and EPG results, showing their enrichment in pro-
moting communities. Interestingly, Bdellovibrionaceae,
a family of obligate predatory bacteria, also correlated
positively with Wolffia growth. Conversely, seven bacte-
rial families, including Burkholderiaceae, Comamonada-
ceae, and Pseudomonadaceae, were negatively associated
with Wolffia growth due to their dominance in inhibitory
communities. Although Comamonadaceae was present
in promoting categories (WgSE and WgAS), its abun-
dance was lower than in WgPW, suggesting that other
dominant families mitigated its effects.

Discussion

This study demonstrated that bacterial communities
derived from AS and SE potentially promote Wolffia
growth (Fig. 1). Given that the duckweed growth is
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determined by the integrated activities of PGPB and
PGIB in its microbiome [22, 43, 44], municipal wastewa-
ter environments may provide diverse or robust PGPB for
Wolffia. Notably, our results suggested that PW-derived
bacteria communities may not be effective for the growth
of Wolffia. This was inconsistent with the previous find-
ings in Lemna minor reporting that most of PW-derived
bacterial communities exhibited promotive or neutral
effects [22]. The presence of roots of duckweeds, which
alter their interaction with bacterial communities, may
cause different effects on Wolffia and L. minor, although
further studies are required.

Wolffia selectively recruited and assembled bacterial
communities from the inoculated microbial sources to
shape its microbiome (Fig. S3), which exhibited lower
diversity compared to its microbial sources (Fig. 2). This
agrees with previous findings in rootless and rooted
duckweeds cultured with various microbial sources [19,
30]. Among the three categories of Wolffia microbiome,
the PW-derived microbiome had the lowest diversity,
challenging our initial expectations and contradicting the
findings of Inoue et al. [19]. Possibly, microbes in munici-
pal wastewater environments may possess superior
colonization abilities and a stronger response to plant
exudates, allowing them to adhere more effectively to the
Wolffia surface and occupy ecological niches [45].

Wolffia microbiome exhibited a distinct community
composition from their microbial sources because the
enrichment of specific taxa (Fig. 3, Fig. S4). Proteobacte-
ria comprised most of the Wolffia microbiome across all
microbial sources, while phyla such as Actinobacteriota
and Bacteroidota were abundant in the microbial sources
but diminished in Wolffia microbiome. The dominance
of Proteobacteria aligns with the findings in Wolffia aus-
traliana and rooted duckweeds [18-20, 30, 46]. Herein,
Planctomycetota emerged as a unique dominant phy-
lum in Wolffia microbiota cultivated with AS-derived
microbes. To the best of our knowledge, Planctomycetota
has not been previously reported as a dominant phylum
in duckweed-associated microbiomes.

The dominant bacterial families in the Wolffia microbi-
ome exhibited distinct patterns depending on the micro-
bial source (Fig. 3). Nevertheless, Comamonadaceae,
Caulobacteraceae, and Rhizobiaceae were consistent
dominant families. The other unique dominant fami-
lies included Burkholderiaceae and Pseudomonadaceae
specific to PW-derived Wolffia microbiota, Rhodocycla-
ceae and Sphingomonadaceae in municipal wastewater
(SE/AS)-derived Wolffia microbiota, Beijerinckiaceae
in SE-derived Wolffia microbiota, and Pirellulaceae in
AS-derived Wolffia microbiota. Most of the dominant
families identified in the Wolffia microbiome in this
study were consistent with those found in rooted duck-
weeds, with the exception of Beijjerinckiaceae [18-20]:



Saimee et al. Environmental Microbiome (2025) 20:102

Category PW

EEE

m ﬁﬂcﬂﬁ??ﬁ_‘
'Ai_l:l @
L
=
a

ENE EE ©

rl

|
Sar=—=anll
o
] [
m

i
|
L

o gl |

|

Wﬁ_ﬁﬁ%ﬁﬂm

B
:(mUQuJLL(DI_—;I‘(w001UJ|"‘0|I| —"I-K\ltﬂ‘;r
£zzzz gsgaﬁiiiiiéi g

000 aos doee 23 23222222 Woln's

Category SE
[

i FINE{")‘#‘ N
22 y'uw'u ' ' !
w 29
L8 0000 ‘E’»‘&‘&‘&g«rl
2222 00

Page 11 of 16

Category AS
Arginine and proline metabolism 7
Parphyrin metabolism
Tyrosine metabolism
Phenylalanine metabolism
Nitrogen metabolism
Benzoate degradation
Aminobenzoate degradation
Glyoxylate and dicarboxylate metabolism
Butanoate metabolism
Sulfur metabolism
Glutathione metabolism
Propanoate metabolism
beta-Alanine metabolism
Lysine degradation
Fatty acid degradation
Valine, leucine and isoleucine degradation
Tryptophan metabolism
Methane metabolism
Folate biosynthesis
Terpenoid backbone biosynthesis
Valine, leucine and isoleucine biosynthesis
Glycerophospholipid metabolism
Oxidative phosphorylation
Micotinate and nicolinamide metabolism
Pantothenate and CoA biosynthesis
[ Photosynthesis .
Drug metabolism - other enzymes
| Histidine metabolism
[ | | Cysteine and methionine metabolism
Citrate cycle (TCA cycle)
Fatty acid biosynthesis
Lipopolysaccharide biosynthesis
[ ] Biotin metabolism
ﬁgsme biosynthesis
anine, aspartate and glutamate metabolism
Phenylalanine, tvf'rosme and tryptophan biosynthesis
One carbon pool by folate
Purine metabolism
Pyrimidine metabolism
Peptidoglycan biosynthesis
Carbon fixation in photosynthetic organisms
Carbon fixation pathways in prokaryotes
Pyruvate metabolism
Glycine, serine and threonine metabolism
Arginine biosynthesis
Galactose metabolism
Starch and sucrose metabolism
Fructose and mannose metabolism
Amino sugar and nucleotide sugar metabolism
Glycolysis / Gluconeogenesis
Pentose phosphate pathway
Muclectide excision repair =
Protein export
Ribosome
Aminoacyl-RNA biosynthesis i
RNA degradation z-score il
Homologous recombination - 4
DMNA replication P
Mismatch repair
Bacterial secretion system 0 7
ABC transporters -2
Two-component system Ll <4 B
Bacterial chemotaxis
Flagellar assembly
Biofilm formation - Vibrio cholerae
Biofilm formation - Pseudomonas aeruginosa
Cell cycle - Caulobacter
Quorum sensing

3438

- i

0=

Fig.6 Functional properties of bacterial communities of Wolffia and microbial sources predicted by PICRUSt2 categorized into: (i) metabolism, (i) genetic
information processing, (iii) environmental information processing, and (iv) cellular processes. Relative abundance of gene categories was compared

among the communities and the z-score is shown

hence, these bacterial families are commonly domi-
nant groups in duckweeds, irrespective of the presence
of roots and microbial sources. Importantly, this study
reflects the apparent phenomena of microbiome recruit-
ment in duckweeds, as Pseudomonadaceae and Rhizo-
biaceae were enriched in the Wolffia microbiome, even
though they were undetectable in the corresponding

microbial sources. This was most evident in the PW-
derived Wolffia microbiota. The selection of those fami-
lies is likely due to the fact that they are part of the core
microbiome in duckweeds [47, 48] and are likely skilled
in adaptation to the plant environment, leading to their
preferential colonization and dominance in Wolffia
microbiome, with complicated interactions in microbial
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networks, regardless of their abundance in surrounding
environments [49].

Despite the distinct dominant families across different
microbial sources, Beijerinckiaceae, Caulobacteraceae,
Comamonadaceae, Methylophilaceae, Rhizobiaceae, and
Sphingomonadaceae were consistently conserved and
identified as core taxa in the Wolffia microbiome (Table.
S5, Fig. 4). These core families generally resemble those
commonly found in the rooted duckweed microbiome
[18-20, 46]. Exceptionally, Beijerinckiaceae was uniquely
identified as a core taxon in Wolffia microbiome, which
are discussed below in details. These taxa belong to Pro-
teobacteria, a phylum commonly associated with plant
microbiota, where it exhibits symbiotic, harmful, or neu-
tral relationships with the host [50]. Additionally, as the
genera,  Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Bosea, Brevundimonas, Caulobacter, Hydro-
genophaga, Methylophilus, and Porphyrobacter were
consistently found in the Wolffia microbiome, suggest-
ing their role as “stable” core taxa. The first three gen-
era were identified as stable core taxa in natural Wolffia
and shared with other duckweeds. Specifically, Allorhi-
zobium-Neorhizobium-Pararhizobium-Rhizobium  may
serve as a strongly conserved core taxon, as it is consis-
tently maintained in Wolffia even under nutrient-defi-
cient conditions [20]. Meanwhile, Bosea, Brevundimonas,
Caulobacter, and Methylophilus were newly reported
here as stable core taxa in Wolffia, suggesting that it
has unique core taxa and expanding our understanding
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of its core microbiome. The findings reflect that micro-
bial community assemblage follows structural principles
rather than occurring randomly or varying across micro-
bial sources [51, 52]. This stability indicates that micro-
biome assemblage is rather a deterministic process that
is independent of the initial microbial abundance in the
source microbiome. The uniqueness of the Wolffia core
microbiome is likely due to niche differences between
Wolffia and rooted duckweed, which may contribute
to selective filtering and recruitment, shaping resource
availability and promoting the establishment of specific
taxa. Given that niche ecology is essential in shaping
microbial communities [47, 53-55], it may determine the
colonization of specific microorganisms in the Wolffia
microbiome. This phenomenon, previously observed in
terrestrial plants [54], may also occur in duckweed. Xie
et al. [30] demonstrated that bacteria primarily colonized
reproductive pockets (where daughter and mother fronds
attach) and stomata in W, australiana, whereas bacteria
densely aggregated beneath fronds, around roots, and
at the root base in rooted duckweed [45]. Furthermore,
differences in exudate secretion driven by distinct mor-
phology may cause unique plant-microbe interactions,
shaping a distinct microbiome [56, 57]. These support the
idea that the distinct morphology and physiology of root-
less duckweed to those of rooted duckweed contribute
to the formation of a unique core microbiome. However,
this study defined the core microbiome based on the
occurrence frequency of ASVs in each microbial source
category, and the sample size in categories SE and AS was
limited. Expanding the sample size is required to further
validate the core microbiome in rootless duckweed.

The discrepancy in community structure between
microbial sources and Wolffia microbiome is influenced
by several factors, including fluctuations in the sur-
rounding environment and interactions within different
microbial communities [52, 58]. The RDA found that
while the communities of microbial sources are diverse,
the Wolffia microbiota are more clustered (Fig. 5). The
presence of specific bacterial families such as Sphingo-
monadaceae and Comamonadaceae and the DOC con-
centration appears to be key determinants in shaping the
Wolffia microbiome and differentiating it from micro-
bial sources. These families were consistently enriched
in Wolffia microbiome, indicating their significant influ-
ence on community structure. Additionally, shifts in
DOC concentrations, representing the abundance of
carbon sources, alter the bacterial community structure,
affecting dominant taxa, diversity, and functional poten-
tial. Easily degradable DOC supports diverse bacterial
populations compared to more complex or recalcitrant
organic matter [59-62].

Functional profiling revealed the enrichment of genes
associated with flagella assembly, biofilm formation,
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bacterial chemotaxis, two-component systems, and
bacterial secretion systems in the Wolffia microbi-
ome (Fig. 6). These genes support bacterial movement
toward the duckweed surface in response to secreted
exudates and facilitate bacterial attachment [63], likely
being crucial in the microbiota of rooted and rootless
duckweeds [19, 20, 64]. Notably, quorum sensing (QS)
and ABC transporters were specifically enriched in the
Wolffia microbiome. QS may serve as a unique func-
tional property supporting microbiome assembly on
Wolffia. Given that Wolffia lacks roots to host bacterial
communities, QS likely enables bacteria to communicate
and synchronize their behavior to effectively colonize
Wolffia surfaces. The exudates secreted by rootless duck-
weed may act as signaling molecules, triggering bacte-
rial QS communication and influencing plant-microbe
interactions. QS signals regulate biofilm formation in a
density-dependent manner, promoting bacterial aggrega-
tion and colonization on plant surfaces [65—67]. In turn,
they modulate plant growth and defense mechanisms
by fostering beneficial bacterial interactions and allow-
ing the bacteria to thrive in a symbiotic relationship [68,
69]. ABC transporters contribute to nutrient uptake,
enabling bacteria to acquire essential molecules, includ-
ing sugars, amino acids, and specific plant metabolites
required for their survival and colonization within the
host plant microbiome [70]. Some ABC transporters may
be involved in sensing plant signals, allowing bacteria to
adapt their behavior in response to the plant environ-
ment, facilitating beneficial plant-microbe interactions.
These functional properties facilitate bacterial coloniza-
tion, provide a competitive advantage of dominant taxa,
and enhance bacterial adaptation. Most genes related to
amino acid and carbon metabolisms were also signifi-
cantly enriched in Wolffia microbiome. This may be due
to the Wolffia microbiome response to utilizing metabo-
lites secreted by Wolffia.

Correlation analysis revealed that Wolffia growth is
influenced by the increase of specific dominant fami-
lies (Fig. 7, Fig. S6). Particularly, the increase of Spingo-
monadaceae and Rhodocyclaceae had a strong positive
relationship with Wolffia growth. This is consistent with
their significant enrichment in the promoting commu-
nity (WgSE and WgAS). In addition to being a key player
in Wolffia growth, Sphingomonadaceae is one of the core
taxa and a key factor in shaping the Wolffia microbiome.
Members of this family are commonly found in the ter-
restrial plant phyllosphere and contribute to plant growth
promotion, protection, stress resilience, and competitive-
ness [71-73]. In addition to Sphingomonadaceae and
Rhodocyclaceae, Beijerinckiaceae was not only a unique
core taxon in the Wolffia microbiome but also influ-
enced Wolffia growth and was enriched in WgSE. To the
best of our knowledge, this is the first report identifying
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Beijerinckiaceae as a keystone taxon in the duckweed-
associated microbiome. Beijjerinckiaceae is uncommon
in rooted duckweed-associated microbiota; however, it is
commonly found in plant rhizosphere and phyllosphere
and aquatic environments [74, 75]. Members of this fam-
ily are recognized as versatile bacterial groups that per-
form methanotrophy, methylotrophy, nitrogen fixation,
and phosphate mobilization, while being essential within
the phyllosphere. Additionally, they can establish their
populations, outcompete other microbes, and contribute
to microbial community dynamics [76, 77]. Furthermore,
Beijerinckiaceae secrete plant regulators, amino acids,
and nitrogenous compounds assimilated by plants. In
turn, plant exudates provide nutrients that microbes can
utilize [78—80], potentially facilitating a specific interac-
tion between Beijerinckiaceae and Wolffia.

Another interesting aspect is that Bdellovibrionaceae
had a positive relationship with Wolffia growth (Fig. 7).
Inoue et al. [19] also found highly enrichment of Bdellovi-
brionaceae specifically in rootless duckweed microbiome.
Bdellovibrionaceae is known as a group of obligate preda-
tory bacteria that actively prey on gram-negative bacteria
and has not been reported as PGPB. Obligate predatory
bacteria such as Bdellovibrionaceae do not directly affect
plant growth or compete for nutrients with heterotrophic
bacteria. However, in microbial ecosystems, they contrib-
ute to shaping microbiome structure through predator-
prey interactions, which in turn influence plant health
[81, 82]. The evidence suggests that Bdellovibrionaceae is
crucial as the population balancer/controller in the root-
less duckweed microbiome [83].

Overall, our results suggest that Bdellovibrionaceae,
Beijerinckiaceae, and Sphingomonadaceae may serve
as “hub microorganisms” and “keystone taxa” in the
Wolffia microbiome. These families represent core taxa,
act as mediators, and strongly interact with the plant
and microbes, influencing microbiome structure and
plant growth; this allows them to firmly integrate into
the Wolffia holobiont, retaining their role for an extended
period. These findings suggest that members of these
families may function as potential PGPB for Wolffia in a
broad sense that can enhance its productivity directly or
indirectly. To confirm this hypothesis, further studies are
needed to isolate strains of the potential taxa listed in this
study and clarify their plant growth-promoting activi-
ties. In addition, while this study successfully investigated
the effects of diverse bacterial communities and pre-
sented the Wolffia microbiome, the bacterial abundance
in the original microbial sources was not normalized,
which might have influenced the promotion/inhibition
of Wolffia growth. While the main microbial groups and
community organization likely remain consistent, how
bacterial abundance influences Wolffia growth and asso-
ciated microorganisms represents a critical question for
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subsequent research. Furthermore, our correlation anal-
ysis suggested that the estimated positive and negative
correlations (Fig. 7) stem not only from individual bac-
terial families but also from interactions between mul-
tiple groups (Fig. S6). The findings emphasize the need to
clarify bacterial interactions for better understanding the
functions of the Wollfia microbiome as a system.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g9/10.1186/540793-025-00759-6.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

Yuparat Saimee gratefully acknowledges the financial support from the Japan
International Cooperation Agency (JICA) during doctoral study. We would like
to thank Chakrit Bunyoo and Tomomi Sugiyama for their kind advice on data
visualization. We would also thank Editage (www.editage.com) for the English
language editing.

Author contributions

YS, KK, DI, and Ml designed the study. DI and Ml supervised the study. YS and
KK collected samples and conducted experiments. YS performed analysis,
visualized the data, conceptualized, and wrote the manuscript. HI provided
data analysis techniques. AT, DI, and Ml secured funding for the work and
critically reviewed and edited the manuscript. All authors approved the final
draft of manuscript.

Funding

The present study was supported by the Science and Technology Research
Partnership for Sustainable Development (SATREPS) in collaboration between
the Japan International Cooperation Agency (JICA) and the Japan Science
and Technology Agency (JST) (JPMJSA2004) and by the Japan Society for the
Promotion of Science KAKENHI JP24K21902.

Data availability

The raw sequencing data is deposited with links to BioProject accession
number PRIDB18855 in the DNA Data Bank of Japan BioProject Database
(DDBJ).

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 March 2025 / Accepted: 23 July 2025
Published online: 07 August 2025

References

1. Bog M, Appenroth KJ, Sree KS. Duckweed (Lemnaceae): its molecular tax-
onomy. Front Sustain Food Syst. 2019;3:117. https://doi.org/10.3389/fsufs.201
9.00117

2. SreeKS, Bog M, Appenroth KJ. Taxonomy of duckweeds (Lemnaceae), poten-
tial new crop plants. EJFA. 2016;28(5):291-302. https://doi.org/10.9755/ejfa.20
16-01-038

3. Sonta M, Rekiel A, Batorska M. Use of duckweed (Lemna L.) in sustainable live-
stock production and aquaculture — A review. Ann Anim Sci. 2019;19(2):257-
71. https;//doi.org/10.2478/aocas-2018-0048

20.

21.

22.

23.

24.

Page 14 of 16

Appenroth KJ, Sree KS, BohmV, Hammann S, Vetter W, Leiterer M, et al.
Nutritional value of duckweeds (Lemnaceae) as human food. Food Chem.
2017;217:266-73. https://doi.org/10.1016/jfoodchem.2016.08.116

Kaur M, Kumar M, Sachdeva S, Puri SJBT. Aquatic weeds as the next genera-
tion feedstock for sustainable bioenergy production. Bioresour Technol.
2018;251:390-402. https://doi.org/10.1016/j.biortech.2017.11.082

Cui W, Cheng JJ. Growing duckweed for biofuel production: a review. Plant
Biol. 2015;17(Suppl 1):16-23. https://doi.org/10.1111/plb.12216

Xu J, Cui W, Cheng JJ, Stomp AM. Production of high-starch duckweed and its
conversion to bioethanol. Biosyst Eng. 2011;110(2):67-72. https://doi.org/10.1
016/j.biosystemseng.2011.06.007

Bog M, Schneider P, Hellwig F, Sachse S, Kochieva EZ, Martyrosian E, et al.
Genetic characterization and barcoding of taxa in the genus wolffia horkel
ex schleid. (Lemnaceae) as revealed by two plastidic markers and amplified
fragment length polymorphism (AFLP). Planta. 2013;237(1):1-13. https://doi.o
rg/10.1007/500425-012-1777-9

Park H, Park JH, Lee Y, Woo DU, Jeon HH, Sung YW, et al. Genome of the
world's smallest flowering plant, wolffia australiana, helps explain its special-
ized physiology and unique morphology. Commun Biol. 2021;4(1):900. https:
//doi.org/10.1038/542003-021-02422-5

Yang J, Zhao X, Li G, Hu S, Hou H. Frond architecture of the rootless duck-
weed wolffia globosa. BMC Plant Biol. 2021;21(1):387. https://doi.org/10.1186
/512870-021-03165-5

Sree KS, Sudakaran S, Appenroth KJ. How fast can angiosperms grow? Spe-
cies and clonal diversity of growth rates in the genus Wolffia (Lemnaceae).
Acta Physiol Plant. 2015;37(10):204. https://doi.org/10.1007/s11738-015-195
1-3

Appenroth KJ, Sree KS, Bog M, Ecker J, Seeliger C, Bohm V et al. Nutritional
value of the duckweed species of the genus Wolffia (Lemnaceae) as human
food. Front Chem. 2018,6. https://doi.org/10.3389/fchem.2018.00483
Pagliuso D, Grandis A, Fortirer JS, Camargo P, Floh EIS, Buckeridge MS. Duck-
weeds as promis food feedstocks globally. Agronomy. 2022;12(4):796. https://
doi.org/10.3390/agronomy 12040796

Hu Z Fang Y, Yi Z, Tian X, Li J, Jin Y, et al. Determining the nutritional value and
antioxidant capacity of duckweed (Wolffia arrhiza) under artificial conditions.
LWT. 2022;153:112477. https://doi.org/10.1016/j.lwt.2021.112477

Mazen AMA, Zhang D, Franceschi VR. Calcium oxalate formation in lemna
minor: physiological and ultrastructural aspects of high capacity calcium
sequestration. 2004;161(2):435-48. https://doi.org/10.1111/j.1469-8137.2004.
00923.x

Acosta K, Sree KS, Okamoto N, Koseki K, Sorrels S, Jahreis G, et al. Source

of vitamin B12 in plants of the L emnaceae family and its production by
duckweed-associated bacteria. J Food Compos Anal. 2024;135:106603. https:
//doi.org/10.1016/j jfca.2024.106603

Landolt E, Kandeler R. The family of Lemnaceae - a monographic study, Vol. 2:
phytochemistry, physiology, application, bibliography.Vol. 4. in Biosystematic
investigations in the family of duckweeds (Lemnaceae). Zurich: Geobotanical
Institute of the ETH; 1987.

Acosta K, Xu J, Gilbert S, Denison E, Brinkman T, Lebeis S et al. Duckweed
hosts a taxonomically similar bacterial assemblage as the terrestrial leaf m
icrobiome. PLoS ONE. 2020;15(2):e0228560. https://doi.org/10.1371/journal.p
one.0228560

Inoue D, Hiroshima N, Ishizawa H, lke M. Whole structures, core taxa, and
functional properties of duckweed microbiomes. Bioresource Technol Rep.
2022;18:101060. https://doi.org/10.1016/.biteb.2022.101060

Bunyoo C, Roongsattham P, Khumwan S, Phonmakham J, Wonnapinij P,
Thamchaipenet A. Dynamic alteration of microbial communities of duck-
weeds from nature to nutrient-d eficient condition. Plants. 2022;11(21):2915.
https://doi.org/10.3390/plants11212915

O'Brien AM, Laurich J, Lash E, Frederickson ME. Mutualistic outcomes across
plant populations, microbes, and environments in the duckweed Lemna
minor. Microb Ecol. 2020,80(2):384-97. https://doi.org/10.1007/500248-019-0
1452-1

Ishizawa H, Kuroda M, Morikawa M, lke M. Evaluation of environmental bacte-
rial communities as a factor affecting the growth of duckweed Lemna minor.
Biotechnol Biofuels. 2017;10:62. https://doi.org/10.1186/513068-017-0746-8
Boonmak C, Kettongruang S, Buranathong B, Morikawa M, Duangmal K.
Duckweed-associated bacteria as plant growth-promotor to enhance growth
of Spirodela polyrhiza in wastewater effluent from a poultry farm. Arch Micro-
biol. 2023;206(1):43. https://doi.org/10.1007/500203-023-03778-4

Ishizawa H, Ogata Y, Hachiya Y, Tokura K-i, Kuroda M, Inoue D, et al. Enhanced
biomass production and nutrient removal capacity of duckweed via


https://doi.org/10.1186/s40793-025-00759-6
https://doi.org/10.1186/s40793-025-00759-6
https://doi.org/10.3389/fsufs.2019.00117
https://doi.org/10.3389/fsufs.2019.00117
https://doi.org/10.9755/ejfa.2016-01-038
https://doi.org/10.9755/ejfa.2016-01-038
https://doi.org/10.2478/aoas-2018-0048
https://doi.org/10.1016/j.foodchem.2016.08.116
https://doi.org/10.1016/j.biortech.2017.11.082
https://doi.org/10.1111/plb.12216
https://doi.org/10.1016/j.biosystemseng.2011.06.007
https://doi.org/10.1016/j.biosystemseng.2011.06.007
https://doi.org/10.1007/s00425-012-1777-9
https://doi.org/10.1007/s00425-012-1777-9
https://doi.org/10.1038/s42003-021-02422-5
https://doi.org/10.1038/s42003-021-02422-5
https://doi.org/10.1186/s12870-021-03165-5
https://doi.org/10.1186/s12870-021-03165-5
https://doi.org/10.1007/s11738-015-1951-3
https://doi.org/10.1007/s11738-015-1951-3
https://doi.org/10.3389/fchem.2018.00483
https://doi.org/10.3390/agronomy12040796
https://doi.org/10.3390/agronomy12040796
https://doi.org/10.1016/j.lwt.2021.112477
https://doi.org/10.1111/j.1469-8137.2004.00923.x
https://doi.org/10.1111/j.1469-8137.2004.00923.x
https://doi.org/10.1016/j.jfca.2024.106603
https://doi.org/10.1016/j.jfca.2024.106603
https://doi.org/10.1371/journal.pone.0228560
https://doi.org/10.1371/journal.pone.0228560
https://doi.org/10.1016/j.biteb.2022.101060
https://doi.org/10.3390/plants11212915
https://doi.org/10.3390/plants11212915
https://doi.org/10.1007/s00248-019-01452-1
https://doi.org/10.1007/s00248-019-01452-1
https://doi.org/10.1186/s13068-017-0746-8
https://doi.org/10.1007/s00203-023-03778-4

Saimee et al. Environmental Microbiome

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2025) 20:102

two-step cultivation process with a plant growth-promoting bacterium,
Acinetobacter calcoaceticus P23. Chemosphere. 2020;238:124682. https://doi.
0rg/10.1016/j.chemosphere.2019.124682

Tang J, Zhang Y, CuiY, Ma J. Effects of a rhizobacterium on the growth of

and chromium remediation by Lemna minor. Environ Sci Pollut Res Int.
2015;22(13):9686-93. https://doi.org/10.1007/511356-015-4138-y

Toyama T, Kuroda M, Ogata Y, Hachiya Y, Quach A, Tokura K; et al. Enhanced
biomass production of duckweeds by inoculating a plant growth-promoting
bacterium, Acinetobacter calcoaceticus P23, in sterile medium and non-sterile
environmental waters. Water Sci Technol. 2017;76(5-6):1418-28. https://doi.o
rg/10.2166/wst.2017.296

Yamaga F, Washio K, Morikawa M. Sustainable biodegradation of phenol by
Acinetobacter calcoaceticus P23 isolated from the rhizosphere of duckweed
Lemna Aoukikusa. Environ Sci Technol. 2010;44(16):6470-4. https://doi.org/10.
1021/es1007017

Ishizawa H, Tada M, Kuroda M, Inoue D, Ike M. Performance of plant growth-
promoting bacterium of duckweed under different kinds of abiotic stress
factors. Biocatal Agric Biotechnol. 2019;19. https://doi.org/10.1016/j.bcab.201
9.101146

Khairina Y, Jog R, Boonmak C, Toyama T, Oyama T, Morikawa M. Indigenous
bacteria, an excellent reservoir of functional plant growth promoters for
enhancing duckweed biomass yield on site. Chemosphere. 2021;268:129247.
https://doi.org/10.1016/j.chemosphere.2020.129247

Xie WY, Su JQ, Zhu YG. Phyllosphere bacterial community of floating macro-
phytes in paddy soil environments as revealed by illumina high-throughput
sequencing. Appl Environ Microbiol. 2015;81(2):522-32. https://doi.org/10.11
28/AEM.03191-14

ToyamaT, Yu N, Kumada H, Sei K, Ike M, Fujita M. Accelerated aromatic
compounds degradation in aquatic environment by use of interaction
between Spirodela polyrrhiza and bacteria in its rhizosphere. J Biosci Bioeng.
2006;101(4):346-53. https://doi.org/10.1263/jbb.101.346

Ishizawa H, Onoda Y, Kitajima K, Kuroda M, Inoue D, ke M. Coordination of
leaf economics traits within the family of the world's fastest growing plants.

(Lemnaceae). J Ecol. 2021;109(8):2950-62. https://doi.org/10.1111/1365-2745.

13710

Ishizawa H, Tada M, Kuroda M, Inoue D, Futamata H, lke M. Synthetic bacterial
community of duckweed: a simple and stable system to study plant-microbe
interactions. Microbes Environ. 2020;35(4):ME20112. https://doi.org/10.1264/j
sme2.ME20112

Chelius MK, Triplett EW. The diversity of archaea and bacteria in association
with the roots of Zea Mays L. Microb Ecol. 2001;41(3):252-63. https://doi.org/
10.1007/5002480000087

Hodkinson BP, Lutzoni F. A microbiotic survey of lichen-associated bacteria
reveals a new lineage from the rhizobiales. Symbiosis. 2009;49(3):163-80. htt
ps://doi.org/10.1007/513199-009-0049-3

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: High-resolution sample inference from illumina amplicon data. Nat
Methods. 2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869

Anderson MJ. Permutational Multivariate Analysis of Variance (PERMANOVA).
In: Balakrishnan N, Colton Y, Everitt B, Piegorsch W, Ruggeri F, Teugels JL,
editors. Wiley StatsRef: Statistics Reference Online. New Jersey: John Wiley &
Sons; 2017. pp. 1-15.

Legendre P, Legendre L. Numerical ecology. 3rd ed. Amsterdam: Elsevier;
2012.

Dray S, Legendre P, Blanchet G. Packfor: forward selection with permutation
(Canoco p. 46) version 0.0-8. R-Forge.R-project.org. 2009. Accessed 11 July
2024. http://R-Forge.R-project.org/projects/sedar/

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor CM, et

al. PICRUSt2 for prediction of metagenome functions. Nat Biotechnol.
2020;38(6):685-8. https://doi.org/10.1038/541587-020-0548-6

Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27-30. https://doi.org/10.1093/nar/28.1.27
Wang B, Chen C, Xiao Y, Chen K, Wang J, Wang L, et al. A core root bacteria
contribute to plant growth and anisodine accumulation of anisodus tanguti-
cus. BMC Plant Biol. 2023;23(1):655. https://doi.org/10.1186/512870-023-0469
0-1

Glick BR. Plant growth-promoting bacteria: mechanisms and applications.
Scientifica. 2012;2012:963401. https://doi.org/10.6064/2012/963401
Toyama T, Mori K, Tanaka Y, Ike M, Morikawa M. Growth promotion of giant
duckweed Spirodela polyrhiza (Lemnaceae) by Ensifer sp. SP4 through
enhancement of nitrogen metabolism and photosynthesis. MPMI.
2021,35(1):28-38. https://doi.org/10.1094/MPMI-06-21-0157-R

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 15 of 16

Ishizawa H, Kuroda M, Inoue K, Inoue D, Morikawa M, Ike M. Colonization and
competition dynamics of plant growth-promoting/inhibiting bacteria in the
phytosphere of the duckweed Lemna minor. Microb Ecol. 2019;77(2):440-50.
https://doi.org/10.1007/500248-018-1306-x

Huang W, Gilbert S, Poulev A, Acosta K, Lebeis S, Long C, et al. Host-specific
and tissue-dependent orchestration of microbiome community structure in
traditional rice paddy ecosystems. Plant Soil. 2020;452(1):379-95. https://doi.
0rg/10.1007/511104-020-04568-3

Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. Plant-microbiome interac-
tions: from community assembly to plant health. Nat Rev Microbiol.
2020;18(11):607-21. https://doi.org/10.1038/541579-020-0412-1
Garrido-Oter R, Nakano RT, Dombrowski N, Ma KW, McHardy AC, Schulze-
Lefert P. Modular traits of the rhizobiales root microbiota and their evolution-
ary relationship with symbiotic rhizobia. Cell Host Microbe. 2018;24(1):155-
€167155. https://doi.org/10.1016/j.chom.2018.06.006

Agler MT, Ruhe J, Kroll' S, Morhenn C, Kim ST, Weigel D, et al. Microbial hub
taxa link host and abiotic factors to plant Microbiome variation. PLoS Biol.
2016;14(1):1002352. https://doi.org/10.1371/journal.pbio.1002352
Maheshwari P, Sankar PM. Microbial Symbionts: Chapter 42 - Culture-
independent and culture-dependent approaches in symbiont analysis: in
Proteobacteria. In: Dharumadurai D, editor. Cambridge: Academic. 2023. pp.
743-63.

LiY, Zhang Z, LiuW, Ke M, Qu Q, Zhou Z, et al. Phyllosphere bacterial
assemblage is affected by plant genotypes and growth stages. Microbiol Res.
2021,248:126743. https://doi.org/10.1016/j.micres.2021.126743

Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol.
2012;10(12):828-40. https://doi.org/10.1038/nrmicro2910

Hamonts K, Trivedi P, Garg A, Janitz C, Grinyer J, Holford P, et al. Field study
reveals core plant microbiota and relative importance of their drivers. Environ
Microbiol. 2018;20(1):124-40. https://doi.org/10.1111/1462-2920.14031

Lai Z SunY,YuY, Liu Z BaiY, Qiao Y, et al. Plant selection and ecological
microhabitat drive the shrub-associated microbiome selection in reveg-
etated shrub ecosystems. Appl Soil Ecol. 2023;190:105023. https://doi.org/10.
1016/j.aps0il.2023.105023

Leach JE, Triplett LR, Argueso CT, Trivedi P. Communication in the phytobi-
ome. Cell. 2017;169(4):587-96. https://doi.org/10.1016/j.cell.2017.04.025
Mercier J, Lindow SE. Role of leaf surface sugars in colonization of plants by
bacterial epiphytes. Appl Environ Microbiol. 2000;66(1):369-74. https://doi.or
9/10.1128/AEM.66.1.369-374.2000

Yurgel SN, Ajeethan N, Smertenko A. Response of plant-associated microbi-
ome to plant root colonization by exogenous bacterial endophyte in peren-
nial crops. Front Microbiol. 2022;13:863946. https://doi.org/10.3389/fmicb.20
22.863946

Ishizawa H, Tashiro Y, Inoue D, ke M, Futamata H. Learning beyond-pairwise
interactions enables the bottom-up prediction of microbial community
structure. Proc Natl Acad Sci. 2024;121(7):e2312396121. https://doi.org/10.10
73/pnas.2312396121

Zhou L, Zhou Y, Tang X, Zhang Y, Jeppesen E. Biodegradable dissolved
organic carbon shapes bacterial community structures and co-occurrence
patterns in large eutrophic lake Taihu. J Environ Sci. 2021;107:205-17. https://
doi.org/10.1016/j.jes.2021.02.011

Chen X, Cai R, Zhuo X, Chen Q, He C, Sun J, et al. Niche differentiation of
microbial community shapes vertical distribution of recalcitrant dissolved
organic matter in deep-sea sediments. Environ Int. 2023;178:108080. https://
doi.org/10.1016/j.envint.2023.108080

Zhang T, Wang P. The response of bacterial communities to organic matter
in the surface sediment of the Pearl river estuary. Plankton Benthos Res.
2022;17(1):45-56. https://doi.org/10.3800/pbr.17.45

Avila MP, Brandéo LPM, Brighenti LS, Tonetta D, Reis MP, Staehr PA, et al. Link-
ing shifts in bacterial community with changes in dissolved organic matter
pool in a tropical lake. Sci Total Environ. 2019,672:990-1003. https://doi.org/1
0.1016/j.scitotenv.2019.04.033

Scharf BE, Hynes MF, Alexandre GM. Chemotaxis signaling systems in model
beneficial plant-bacteria associations. Plant Mol Biol. 2016,90(6):549-59. https
///doi.org/10.1007/511103-016-0432-4

Ishizawa H, Kuroda M, Inoue D, Morikawa M, lke M. Community dynamics of
duckweed-associated bacteria upon inoculation of plant growth-promoting
bacteria. FEMS Microbiol Ecol. 2020,96(7):iaa101. https://doi.org/10.1093/fem
sec/fiaal01

Hartmann A, Rothballer M, Hense BA, Schroder P. Bacterial quorum sensing
compounds are important modulators of microbe-plant interactions. Front
Plant Sci. 2014;5:131. https://doi.org/10.3389/fpls.2014.00131


https://doi.org/10.1016/j.chemosphere.2019.124682
https://doi.org/10.1016/j.chemosphere.2019.124682
https://doi.org/10.1007/s11356-015-4138-y
https://doi.org/10.2166/wst.2017.296
https://doi.org/10.2166/wst.2017.296
https://doi.org/10.1021/es1007017
https://doi.org/10.1021/es1007017
https://doi.org/10.1016/j.bcab.2019.101146
https://doi.org/10.1016/j.bcab.2019.101146
https://doi.org/10.1016/j.chemosphere.2020.129247
https://doi.org/10.1016/j.chemosphere.2020.129247
https://doi.org/10.1128/AEM.03191-14
https://doi.org/10.1128/AEM.03191-14
https://doi.org/10.1263/jbb.101.346
https://doi.org/10.1111/1365-2745.13710
https://doi.org/10.1111/1365-2745.13710
https://doi.org/10.1264/jsme2.ME20112
https://doi.org/10.1264/jsme2.ME20112
https://doi.org/10.1007/s002480000087
https://doi.org/10.1007/s002480000087
https://doi.org/10.1007/s13199-009-0049-3
https://doi.org/10.1007/s13199-009-0049-3
https://doi.org/10.1038/nmeth.3869
http://R-Forge.R-project.org/projects/sedar/
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/s12870-023-04690-1
https://doi.org/10.1186/s12870-023-04690-1
https://doi.org/10.6064/2012/963401
https://doi.org/10.1094/MPMI-06-21-0157-R
https://doi.org/10.1007/s00248-018-1306-x
https://doi.org/10.1007/s00248-018-1306-x
https://doi.org/10.1007/s11104-020-04568-3
https://doi.org/10.1007/s11104-020-04568-3
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1016/j.chom.2018.06.006
https://doi.org/10.1371/journal.pbio.1002352
https://doi.org/10.1016/j.micres.2021.126743
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1111/1462-2920.14031
https://doi.org/10.1016/j.apsoil.2023.105023
https://doi.org/10.1016/j.apsoil.2023.105023
https://doi.org/10.1016/j.cell.2017.04.025
https://doi.org/10.1128/AEM.66.1.369-374.2000
https://doi.org/10.1128/AEM.66.1.369-374.2000
https://doi.org/10.3389/fmicb.2022.863946
https://doi.org/10.3389/fmicb.2022.863946
https://doi.org/10.1073/pnas.2312396121
https://doi.org/10.1073/pnas.2312396121
https://doi.org/10.1016/j.jes.2021.02.011
https://doi.org/10.1016/j.jes.2021.02.011
https://doi.org/10.1016/j.envint.2023.108080
https://doi.org/10.1016/j.envint.2023.108080
https://doi.org/10.3800/pbr.17.45
https://doi.org/10.1016/j.scitotenv.2019.04.033
https://doi.org/10.1016/j.scitotenv.2019.04.033
https://doi.org/10.1007/s11103-016-0432-4
https://doi.org/10.1007/s11103-016-0432-4
https://doi.org/10.1093/femsec/fiaa101
https://doi.org/10.1093/femsec/fiaa101
https://doi.org/10.3389/fpls.2014.00131

Saimee et al. Environmental Microbiome

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

(2025) 20:102

Williams P. Quorum sensing, communication and cross-kingdom signalling in
the bacterial world. Microbiology. 2007;153(12):3923-38. https://doi.org/10.1
099/mic.0.2007/012856-0

Majdura J, Jankiewicz U, Gatazka A, Orzechowski S. The role of quorum sens-
ing molecules in bacterial-plant interactions. Metabolites. 2023;13(1):114. htt
ps://doi.org/10.3390/metabo13010114

Shrestha A, Grimm M, Qjiro |, Krumwiede J, Schikora A. Impact of quorum
sensing molecules on plant growth and immune system. Front Microbiol.
2020;11:1545. https://doi.org/10.3389/fmicb.2020.01545

Schikora A, Schenk ST, Hartmann A. Beneficial effects of bacteria-plant com-
munication based on quorum sensing molecules of the N-acyl homoserine
lactone group. Plant Mol Biol. 2016;90(6):605-12. https://doi.org/10.1007/511
103-016-0457-8

Davidson AL, Dassa E, Orelle C, Chen J. Structure, function, and evolu-

tion of bacterial ATP-binding cassette systems. Microbiol Mol Biol Rev.
2008;72(2):317-64. https://doi.org/10.1128/MMBR.00031-07

Innerebner G, Knief C, Vorholt JA. Protection of Arabidopsis thaliana against
leaf-pathogenic Pseudomonas syringae by Sphingomonas strains in a con-
trolled model system. Appl Environ Microbiol. 2011;77(10):3202-10. https://d
0i.org/10.1128/AEM.00133-11

Kaczmarczyk A, Campagne S, Danza F, Metzger LC, Vorholt JA, Francez-Char-
lot A. Role of Sphingomonas sp. strain Fr1 phyr-NepR-0*" cascade in general
stress response and identification of a negative regulator of phyr. J Bacteriol.
2011;193(23):6629-38. https://doi.org/10.1128/jb.06006-11

Vogel C, Innerebner G, Zingg J, Guder J, Vorholt JA. Forward genetic in

planta screen for identification of plant-protective traits of Sphingomonas sp.
strain Fr1 against Pseudomonas syringae DC3000. Appl Environ Microbiol.
2012;78(16):5529-35. https://doi.org/10.1128/AEM.00639-12

Yuan ZS, Liu F, Liu ZY, Huang QL, Zhang GF, Pan H. Structural variability and
differentiation of niches in the rhizosphere and endosphere bacterial micro-
biome of moso bamboo (Phyllostachys edulis). Sci Rep. 2021;11(1):1574. https:
//doi.org/10.1038/541598-021-80971-9

Marin I, Arahal DR. Alphaproteobacteria and Betaproteobacteria: The family
Beijerinckiaceae. In: Rosenberg E, Delong EF, Lory S, Stackebrandt E, Thomp-
son F, editors. The prokaryotes. Berlin, Heidelberg: Springer Berlin Heidelberg;
2014. pp. 115-33.

Duan Y, Siegenthaler A, Skidmore AK, Chariton AA, Laros |, Rousseau M, et al.
Forest top canopy bacterial communities are influenced by elevation and

77.

78.

79.

80.

81.

82.

83.

Page 16 of 16

host tree traits. Environ Microbiome. 2024;19(1):21. https://doi.org/10.1186/s4
0793-024-00565-6

Camargo AP, de Souza RSC, Jose J, Gerhardt IR, Dante RA, Mukherjee S, et al.
Plant microbiomes harbor potential to promote nutrient turnover in impov-
erished substrates of a Brazilian biodiversity hotspot. ISME J. 2023;17(3):354—
70. https://doi.org/10.1038/541396-022-01345-1

Miyasaka NRS, Strauss Thuler D, Floh EIS, Handro W, Toledo MBD, Gagioti SM,
et al. During stationary phase, Bejjerinckia derxii shows nitrogenase activity
concomitant with the release and accumulation of nitrogenated substances.
Microbiol Res. 2003;158(4):309-15. https://doi.org/10.1078/0944-5013-00209
Polyanskaya LM, Vedina OT, Lysak LV, Zvyagintsev DG. The growth-promoting
effect of Beijerinckia mobilis and Clostridium sp. cultures on some agricultural
crops. Microbiology. 2002;71(1):109-15. https://doi.org/10.1023/A:101791480
3544

Thuler DS, Floh EIS, Handro W, Barbosa HR. Beijerinckia derxii releases plant
growth regulators and amino acids in synthetic media independent of nitro-
genase activity. J Appl Microbiol. 2003;95(4):799-806. https://doi.org/10.1046
/j.1365-2672.2003.02047 x

Guo S, Tao C, Jousset A, Xiong W, Wang Z, Shen Z, et al. Trophic interactions
between predatory protists and pathogen-suppressive bacteria impact plant
health. ISME J. 2022;16(8):1932-43. https://doi.org/10.1038/541396-022-0124
4-5

Inoue D, Hiroshima N, Nakamura S, Ishizawa H, lke M. Characterization of two
novel predatory bacteria, Bacteriovorax stolpii HI3 and Myxococcus sp. MH1,
isolated from a freshwater pond: prey range, and predatory dynamics and
efficiency. Microorganisms. 2022;10(9):1816. https://doi.org/10.3390/microor
ganisms10091816

Inoue D, Nakamura S, Sugiyama T, lke M. Potential of predatory bacteria to
colonize the duckweed microbiome and change its structure: a model study
using the obligate predatory bacterium, Bacteriovorax sp. HI3. Microbes
Environ. 2023;38(3):ME23040. https://doi.org/10.1264/jsme2.ME23040

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1099/mic.0.2007/012856-0
https://doi.org/10.1099/mic.0.2007/012856-0
https://doi.org/10.3390/metabo13010114
https://doi.org/10.3390/metabo13010114
https://doi.org/10.3389/fmicb.2020.01545
https://doi.org/10.1007/s11103-016-0457-8
https://doi.org/10.1007/s11103-016-0457-8
https://doi.org/10.1128/MMBR.00031-07
https://doi.org/10.1128/AEM.00133-11
https://doi.org/10.1128/AEM.00133-11
https://doi.org/10.1128/jb.06006-11
https://doi.org/10.1128/AEM.00639-12
https://doi.org/10.1038/s41598-021-80971-9
https://doi.org/10.1038/s41598-021-80971-9
https://doi.org/10.1186/s40793-024-00565-6
https://doi.org/10.1186/s40793-024-00565-6
https://doi.org/10.1038/s41396-022-01345-1
https://doi.org/10.1078/0944-5013-00209
https://doi.org/10.1023/A:1017914803544
https://doi.org/10.1023/A:1017914803544
https://doi.org/10.1046/j.1365-2672.2003.02047.x
https://doi.org/10.1046/j.1365-2672.2003.02047.x
https://doi.org/10.1038/s41396-022-01244-5
https://doi.org/10.1038/s41396-022-01244-5
https://doi.org/10.3390/microorganisms10091816
https://doi.org/10.3390/microorganisms10091816
https://doi.org/10.1264/jsme2.ME23040

