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Summary

� Biocrusts are phototroph-driven communities inhabiting arid soil surfaces. Like plants, most

photoautotrophs (largely cyanobacteria) in biocrusts are thought to exchange fixed carbon

for essential nutrients like nitrogen with cyanosphere bacteria. Here, we aim to compare ben-

eficial interactions in rhizosphere and cyanosphere environments, including finding growth-

promoting strains for hosts from both environments.
� To examine this, we performed a retrospective analysis of 16S rRNA gene sequencing data-

sets, host–microbe co-culture experiments between biocrust communities/biocrust isolates

and a model grass (Brachypodium distachyon) or a dominant biocrust cyanobacterium

(Microcoleus vaginatus), and metabolomic analysis.
� All 18 microbial phyla in the cyanosphere were also present in the rhizosphere, with addi-

tional 17 phyla uniquely found in the rhizosphere. The biocrust microbes promoted the

growth of the model grass, and three biocrust isolates (Bosea sp._L1B56, Pseudarthrobacter

sp._L1D14 and Pseudarthrobacter picheli_L1D33) significantly promoted the growth of both

hosts. Moreover, pantothenic acid was produced by Pseudarthrobacter sp._L1D14 when

grown on B. distachyon exudates, and supplementation of plant growth medium with this

metabolite increased B. distachyon biomass by over 60%.
� These findings suggest that cyanobacteria and other diverse photoautotrophic hosts can be

a source for new plant growth-promoting microbes and metabolites.

Introduction

Biological soil crusts (biocrusts) are photoautotroph-dominated
soil surface communities dwelling in many low-productivity eco-
systems such as drylands and cover c. 12% of the terrestrial sur-
face (Rodriguez-Caballero et al., 2018). These surface
communities provide multiple critical ecosystem functions such
as stabilizing the surface of bare soil, retaining soil moisture, and
capturing nutrients; these functions vary depending on the suc-
cessional stage (Elbert et al., 2012; Strauss et al., 2012; Belnap
et al., 2016; Chamizo et al., 2016). Early-succession biocrusts
(light crusts, less mature) were formed when pioneer primary
producers (typically filamentous cyanobacteria such as Microco-
leus vaginatus) colonize bare ground of drylands through
the production of exopolysaccharides that bind soil particles
(Garcia-Pichel & Wojciechowski, 2009). By analogy to a plant
rhizosphere, photoautotrophic cyanobacteria were suggested to
shape heterotrophic bacteria around it, forming a cyanosphere
(Couradeau et al., 2019). Recent studies of ‘core microbiomes’
have shown that root-associated bacterial communities share
common features not only between different accessions of
the same plant species but also across whole groups of plants
(Engelbrektson et al., 2012; Hamonts et al., 2018; Xu et al.,

2018) and even with algae (Dur�an et al., 2022). These shared
common features may extend to biocrust cyanobacteria, since
they are also phototrophic hosts like algae. Interestingly, bacterial
phyla including Proteobacteria, Actinobacteriota, Bacillota, and
Bacteroidota that were commonly recognized as taxonomic core
microbiomes associated with plant roots (Engelbrektson et al.,
2012; Coleman-Derr et al., 2016; Lemanceau et al., 2017; Yeoh
et al., 2017; Dur�an et al., 2022) were also found in biocrust ‘cya-
nosphere’ communities (da Rocha et al., 2015; Couradeau et al.,
2019).

Host exudation of metabolites is another commonality
between the ‘cyanosphere’ and the region surrounding plant roots
(i.e. the rhizosphere). Indeed, studies have shown that plants and
a filamentous cyanobacterium found in biocrusts both secret exu-
dates to recruit microbiomes in exchange for nutrients (Baran
et al., 2015; Swenson et al., 2018; Couradeau et al., 2019). For
plants, this impact of exudation on the rhizosphere microbiome
and the surrounding rhizosphere soil is known as the rhizosphere
effect (Sasse et al., 2018). For instance, aromatic acids, benzoxazi-
noids, flavonoids, glucosinolates and p-coumaric acid have been
previously found to play important roles in rhizosphere assem-
blies (Bressan et al., 2009; Abdel-Lateif et al., 2012; Zhou &
Wu, 2012; Hu et al., 2018; Zhalnina et al., 2018; Kudjordjie

1246 New Phytologist (2023) 240: 1246–1258 � 2023 The Authors
New Phytologist � 2023 New Phytologist Foundationwww.newphytologist.com

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

Research

https://orcid.org/0000-0002-9994-089X
https://orcid.org/0000-0002-9994-089X
https://orcid.org/0000-0002-2409-9821
https://orcid.org/0000-0002-2409-9821
https://orcid.org/0000-0003-2885-1248
https://orcid.org/0000-0003-2885-1248
https://orcid.org/0000-0001-8688-3323
https://orcid.org/0000-0001-8688-3323
https://orcid.org/0000-0001-6479-8427
https://orcid.org/0000-0001-6479-8427
https://orcid.org/0000-0003-1368-3958
https://orcid.org/0000-0003-1368-3958
https://orcid.org/0000-0001-8404-3259
https://orcid.org/0000-0001-8404-3259
mailto:trnorthen@lbl.gov
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnph.19225&domain=pdf&date_stamp=2023-09-05


et al., 2019). In the diazotroph-enriched cyanosphere associated
with the prominent non-nitrogen-fixing biocrust cyanobacterium
M. vaginatus (Couradeau et al., 2019), a symbiotic relationship
between M. vaginatus and its cyanosphere based on a carbon for
nitrogen nutrient exchange has also been reported in recent stu-
dies (Nelson & Garcia-Piche, 2021; Nelson et al., 2021).

Biocrusts are thought to be similar in composition and struc-
ture to the soil communities and coexist with plants across dry-
lands (Belnap et al., 2016; Havrilla et al., 2019). Previous studies
have shown that biocrust could affect plant growth by mediating
soil environment such as soil structure, fertility, and microclimate
(Belnap, 2006; Concostrina-Zubiri et al., 2013; Tucker
et al., 2017). Although some studies found neutral or negative
effects of biocrust communities on plant performances pre-
viously, biocrusts have been reported to facilitate plant growth
world-wide (Lesica & Shelly, 1992; DeFalco et al., 2001; Zhang
& Nie, 2011; Havrilla et al., 2019), suggesting there might be
some beneficial interactions between biocrust communities and
plants. Given similarities in community structures and recruit-
ment processes between plants and biocrust photoautotrophic
cyanobacteria, we hypothesize that some biocrust microbes that
benefit cyanobacterial hosts might also benefit plants. To investi-
gate this, we first compared the rhizosphere and biocrust cyano-
sphere microbiomes by retrieving and analyzing 16S rRNA
gene sequencing datasets from previous studies (see the Materials
and Methods section). We then used an inoculation experiment
and 16S rRNA gene sequencing to examine host recruitment
of biocrust communities by both the model grass
Brachypodium distachyon and the predominant biocrust cyano-
bacterium M. vaginatus. We observed a host growth-promoting
effect of biocrust bacteria, which we further explored with an
inoculation experiment between biocrust isolates and B. distach-
yon or M. vaginatus. Exometabolite profiles of biocrust isolates
grown on exudates of both B. distachyon root and M. vaginatus
were then used to unravel possible underlying mechanisms for
host growth-promoting effects.

Materials and Methods

Retrospective analysis of 16S rRNA gene sequencing data

To compare microbiomes recruited to the rhizosphere and the
cyanosphere, we first retrieved, reprocessed, and reanalyzed raw
16S rRNA gene amplicon sequencing data (i.e. FASTQ) col-
lected from previous studies (Supporting Information Table S1).
To minimize the bias induced by different sequencing platforms
and primers, we only included a limited set of studies in which
16S-V4 regions of the 16S rRNA gene were amplified using 515-
F and 806-R primer pairs and sequenced on the Illumina MiSeq
platform. Here, we included studies for the cyanosphere of
M. vaginatus and the rhizosphere of six types of grass (i.e. Bromus
inermis, Oryza sativa, Phalaris arundinacea, Phleum pratense,
Sporobolus cryptandrus, and Sporobolus neglectus) from Poaceae
family. The paired-end MiSeq reads were demultiplexed, filtered,
and then processed into merged amplicon sequencing variants
(ASVs) using the DADA2 pipeline (v.1.16; Callahan et al.,

2016). The ASVs were aligned to the SILVA SSU database
(v.138) for a taxonomic assignment using the na€ıve Bayesian clas-
sifier (Wang et al., 2007) implemented by DADA2. All datasets
were subsampled at an even depth of 500 reads to retain as many
datasets as possible.

Biocrust sample collection and storage

Biocrusts were cored and collected with multiple Petri dishes
(6 cm29 1 cm depth) from Dinosaur Mountain (38°4205500N,
109°4103300W; Moab, UT, USA) in October 2018. Samples were
collected along a maturity gradient of cyanobacteria-dominated
biocrusts ranging from light, young to darker, mature (Swenson
et al., 2018). Samples were brought back to Lawrence Berkeley
National Laboratory at ambient temperature and stored in a dark
desiccation chamber, conditions that are known to support long-
term viability. For this study, light biocrusts from an early succes-
sional stage were used as a source of heterotrophic bacteria for
plant and cyanobacterial colonization.

Brachypodium distachyon andM. vaginatus growth
conditions

Seeds of the model grass B. distachyon Bd21-3 (Vogel & Hill, 2008)
were dehusked and surface sterilized in 20% v/v sodium hypochlor-
ite for 30 s and in 70% v/v ethanol for 5min, followed by five rinses
with sterile water. After being stratified for 3 d at 4°C in the dark,
B. distachyon seedlings were germinated on 0.29 Murashige &
Skoog (MS) basal salt mixture (PhytoTech Labs, Lenexa, KS, USA)
with 1% agar (Bio-World, Dublin, OH, USA) plates in a
16 h : 8 h, light : dark regime at 24°C. The MS medium used to
cultivate B. distachyon contains major salts and trace metals. Fabri-
cated ecosystems (EcoFABs; Gao et al., 2018) were sterilized, and
seedlings were transferred to EcoFABs 5 d after germination. The
EcoFABs were filled with 4ml of 0.29 MS medium and incubated
in a 16 h : 8 h, light : dark regime at 24°C with 150 lmolm�2 s�1

light intensity for 5 d before further processing.
The axenic cyanobacterium M. vaginatus PCC 9802 (4ml)

grown in 19 BG 11 medium (Sigma-Aldrich) was incubated in 12-
well cell culture plates (Corning, Tewksbury, MA, USA) in a
12 h : 12 h, light : dark regime at 24°C, with 15 lmolm�2 s�1 light
intensity for 5 d before further processing. The BG 11 medium used
to cultivateM. vaginatus contains major salts and trace metals.

The microbial inoculation on B. distachyon and
M. vaginatus

To compare the biocrust microbiome recruited to M. vaginatus
and the root of B. distachyon, we inoculated B. distachyon and
M. vaginatus with soil water from biocrusts. Three biological
replicates of biocrust inoculum were prepared individually by
stirring 2 g biocrust in 20 ml 0.85% NaCl solution (Sigma-
Aldrich) at 24°C for 5 min and setting aside for 15 min, followed
by filtration through an autoclaved 20 lm Whatman filter paper
(Cytiva, Marlborough, MA, USA) to remove nematodes or
micro-arthropods while retaining microorganisms (van de

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 240: 1246–1258
www.newphytologist.com

New
Phytologist Research 1247

 14698137, 2023, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19225, W

iley O
nline L

ibrary on [12/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Voorde et al., 2012). Three replicates of filtered soil water sam-
ples were collected separately and added to three EcoFABs and
three wells of a 12-well cell culture plate with a final OD600 of
0.02 to inoculate three replicates of B. distachyon and M. vagina-
tus, respectively. Three replicates of uninoculated M. vaginatus
were cultivated in three wells of the same 12-well cell culture
plate as inoculated samples. The rest of the filtered soil water
samples were centrifuged at 3000 g for 10 min, their supernatants
were discarded, and the sediments were collected and stored at
�80°C before total DNA extraction. The uninoculated controls
and the inoculated B. distachyon were then incubated in a
16 h : 8 h, light : dark regime at 24°C with 150 lmol m�2 s�1

light intensity for 5 d. Plant roots were subsequently collected by
excision of the root from the shoot c. 5 mm below the rosette, fol-
lowed by washing roots in 10 ml 19 PBS (Leinco Technologies,
St Louis, MO, USA). Shoot tissues of each B. distachyon plant
were collected separately from root tissues, and shoot and root
biomass were both measured at harvest. The uninoculated con-
trols and the inoculated M. vaginatus were incubated in a
12 h : 12 h, light : dark regime at 24°C with 15 lmol m�2 s�1

light intensity for 14 d. Chla absorbance at 665 and 720 nm
(Ritchie, 2006) was measured using a microplate reader (Biotek,
Santa Clara, CA, USA) to assess biomass production by extract-
ing 1 ml of M. vaginatus from each culture well. The rest of
3 mlM. vaginatus from each well was washed with 19 PBS and
spun down, and pellets were collected for further analysis. The
collected plant roots and M. vaginatus pellets were stored in Lys-
ing Matrix E tubes (MP Biomedicals, Santa Ana, CA, USA) at
�80°C before total DNA extraction.

To further evaluate the host growth-promoting effect of bio-
crust bacteria, we selected a variety of biocrust bacterial isolates
(Table 1) belonging to 3 phyla (Actinobacteriota, Proteobacteria,
and Bacillota) from an existing isolate collection to inoculate the
root of B. distachyon andM. vaginatus, respectively. These isolates
were isolated from biocrusts in a previous study (da Rocha
et al., 2015). The biocrust samples used for isolation and this
study were from the same location but collected at different
times. Biocrust isolates that could grow in liquid medium were
cultured to saturation (30°C, 15 ml round-bottom Falcon tubes,
shaken at 200 rpm) in 5 ml of 19 R2A medium (HiMedia
Laboratories, Kennett Square, PA, USA) for 5 d, then spun
down, and washed three times with 19 PBS before resuspending
in 19 PBS. The OD600 of each strain was determined using a
plate reader (Biotek). Three replicates of B. distachyon grown in
0.29MS medium andM. vaginatus grown in 19 BG11 medium
were inoculated with resuspended biocrust isolates to a final com-
posite OD600 of 0.02. Biocrust isolates that could not grow in
19 R2A liquid medium were grown on 19 DIFCOTM R2A agar
(BD Biosciences, San Jose, CA, USA) plates for 5 d, and a colony
of each bacterium was washed three times with 19 PBS before
inoculating the hosts. The uninoculated controls and the inocu-
lated B. distachyon were grown for 14 d under a 16 h : 8 h, light :
dark regime cycle, 24°C with 150 lmol m�2 s�1 light intensity
until harvest. The shoot and root tissues of each plant were har-
vested separately to determine biomass. The uninoculated con-
trols and the inoculated M. vaginatus were incubated in a

12 h : 12 h, light : dark regime at 24°C with 15 lmol m�2 s�1

light intensity for 14 d. Chla fluorescence of 1 mlM. vaginatus
samples from cell culture wells was determined to assess biomass
production. After harvesting, the root tissues of each B. distachyon
or 1 mlM. vaginatus were then washed using 19 PBS, and subse-
quently, an aliquot (15 ll) of the washed solution was spread
onto 19 R2A agar plate and cultured under 30°C for 5 d to
determine the survival of the isolates in the media in the presence
of B. distachyon root or M. vaginatus. Bacterial colonies on these
plates were compared to colonies without hosts to ensure that
they originated from the same isolates.

The effect of pantothenic acid on B. distachyon andM.
vaginatus

To evaluate the growth-promoting effects of pantothenic acid on
hosts, we cultivated three replicates of B. distachyon on 0.29 MS
agar in Nunc Bioassay Dishes (Sigma-Aldrich) supplemented with
0.01 lM, 0.1 lM, 1 lM, 0.01 mM, and 0.1 mM pantothenic acid
(Sigma-Aldrich). The control plants were cultivated on a 0.29 MS
agar dish. Meanwhile, three replicates of 4mlM. vaginatus grown
in 19 BG11 medium supplemented with 0.01 lM, 0.1 lM,
1 lM, 0.01 mM, and 0.1 mM pantothenic acid were cultured in a
12-well cell culture plate. The control M. vaginatus grown in 19
BG11 medium were also cultured in the 12-well cell culture plate.
After 28 d of cultivation, shoot and root biomass of B. distachyon
was measured separately, and Chla of 1mlM. vaginatus was mea-
sured to estimate biomass production.

Table 1 Selected biocrust isolates for co-culture experiment.

Biocrust
isolates Phylum Genus/species

Closest ANI
placement
(%)

L1B01 Actinobacteriota Patulibacter sp. L1B01 89.31
L1B27 Actinobacteriota Solirubrobacter sp. D1B35 89.72
L1B36 Actinobacteriota Arthrobacter oryzae 98.96
L1B40 Proteobacteria Paracraurococcus sp. 1N-11 88.86
L1B44 Actinobacteriota Modestobacter versicolor 99.15
L1B45 Actinobacteriota Williamsia muralis 94.40
L1B56 Proteobacteria Bosea sp. Leaf344 87.60
L1D06 Actinobacteriota Williamsia sp. B3_4TCO2 97.22
L1D14 Actinobacteriota Pseudarthrobacter sp. 87.17
L1D33 Actinobacteriota Pseudarthrobacter picheli

(also known as
Pseudarthrobacter
phenanthrenivorans

Sphe3)

91.28

D1B11 Bacillota Bacillus mycoides 97.34
D1B20 Bacillota Methylobacterium

extorquens
96.57

D1B50 Proteobacteria Belnapia moabensis 97.29
D2B09 Actinobacteriota Kribbella flavida 95.75
D2B23 Actinobacteriota Modestobacter versicolor 99.11
D2B31 Proteobacteria Bradyrhizobium

sp003020075
99.99

D2B56 Bacillota Bacillus mycoides 97.45
D2D21 Actinobacteriota Micromonospora sp. 99.33
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DNA extraction, amplification, and sequencing data
analysis

To compare the microbiome recruited to B. distachyon and
M. vaginatus after inoculation by biocrust soil water, DNA of
three replicates of frozen filtered soil inoculum, uninoculated
controls and inoculated B. distachyon roots and M. vaginatus was
extracted using the FastDNATM SPIN Kit (MP Biomedicals) fol-
lowing the modified manufacturers’ recommendations (Zheng
et al., 2019). Aliquots (1 ll) of DNA extracts were quantified
with the Qubit dsDNA HS assay kit and Qubit 3.0 fluorometer
(Invitrogen). DNA templates of each sample were sent to the
Sequencing Core Facility at the La Jolla Institute for Immunol-
ogy (San Diego, CA, USA) for library preparation and amplicon
sequencing. Briefly, the V4 hypervariable region of the 16S
rRNA gene (c. 291 bp) was amplified via polymerase chain reac-
tion (PCR) with the modified 515-F (50 GTG CCA GCM GCC
GCG GTA A 30) and modified 806-R (50 GGA CTA CHV
GGG TWT CTA AT 30) primer pairs (Caporaso et al., 2012).
The library was prepared by adaptor ligation and PCR using the
TruSeq Nano DNA Library Prep Kit (Illumina, San Diego, CA,
USA) according to the TruSeq Nano protocol (FC-121-4003;
Illumina). The MiSeq was run in the 29 250 cycle configuration
using the MiSeq Reagent kit v3 (Illumina). The DADA2
(v.1.16) pipeline (Callahan et al., 2016) was used to demultiplex
paired-end MiSeq reads before processing into merged amplicon
sequence variants (ASVs). The ASVs were aligned to the SILVA
SSU database (v.138) for a taxonomic assignment using the na€ıve
Bayesian classifier (Wang et al., 2007) implemented by DADA2.

We performed whole-genome sequencing (WGS) of 18 bac-
terial isolates by extracting whole-genomic DNA (data are not
available for Arthrobacter oryzae_L1B36 and Micromonospora
sp._D2D21 due to DNA contamination) from the isolate using
MasterPureTM Gram Positive DNA Purification Kit (Lucigen,
Middleton, WI, USA) following the manufacturers’ recommen-
dations. Aliquots (1 ll) of DNA extracts were subsequently quan-
tified with the Qubit dsDNA HS assay kit and Qubit 3
fluorometer (Invitrogen). DNA template of the sample was sent
to Novogene Corp. Inc. (Sacramento, CA, USA) for library pre-
paration and WGS with Illumina NovaSeq 6000 instrument
with PE150. The low-quality reads were filtered using PRINSEQ-
LITE v.0.20.4, and the quality-corrected reads were assembled into
contigs using SPADES v.3.15.5. The assembly qualities were then
checked by CHECKM v.1.1.3 before the genomes were annotated
using PROKKA v.1.14.6. Taxonomic assignments of the genomes
were provided using the GTDB-TK database v.1.0.2. We then
performed a phylogenetic analysis of the isolates. The phyloge-
nomic species tree (Fig. S1) of Pseudarthrobacter phenanthrenivor-
ans Sphe3_L1D33 was constructed using 49 core, universal genes
defined by COG (Clusters of Orthologous Groups) domains.
Closely related genomes were selected from public genomes on
RefSeq. Genome relatedness was determined by an alignment
similarity search to a selected subset of the 49 COG domains.
The genomes were then used in a multiple sequence alignment
(MSA) for each COG family. The curated alignments are
trimmed using GBLOCKS to remove poorly aligned sections of

the MSA. Finally, the MSA was concatenated, and the phyloge-
netic tree was reconstructed using FASTTREE2 with maximum
likelihood algorithm. The final tree was visualized in ITOL v.6.6.
The closest reference strain was found to be Pseudarthrobacter
phenanthrenivorans Sphe3_L1D33 with an average nucleotide
identity (ANI) of 91.28% ANI, indicating that it is a new species
(Konstantinidis & Tiedje, 2005). Given its dramatic positive
impact on plant growth (see the Results section) and its phyloge-
netic novelty, we name it Pseudarthrobacter picheli. ‘Picheli’ in
recognition of Ferran Garcia-Pichel’s important contributions to
the field of biocrust research. The same methods were applied
to determine the closest reference strains for the other 15 selected
isolates (except for Arthrobacter oryzae_L1B36 and Micromonos-
pora sp._D2D21 due to DNA contamination). The 16S rRNA
gene sequences of Arthrobacter oryzae_L1B36 and Micromonos-
pora sp._D2D21 were obtained from a previous study (da Rocha
et al., 2015). We then blasted sequences of these two isolates with
the NCBI NR-database using BLAST online tool (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) for bacterial genus or species assign-
ment. The highest identity was selected as the identified genus or
species (Table 1).

Metabolomic analysis

To further examine whether biocrust isolates excrete metabolites
that potentially promote the growth of the hosts, we used a meta-
bolomic approach to profile exometabolites of 18 biocrust iso-
lates grown in hosts’ exudates. Specifically, we germinated
B. distachyon seeds on 0.29 MS agar plates and transferred seed-
lings (three seedlings per container) to three autoclaved Microbox
round containers (Sac O2, Deinze, Belgium) 5 d after germina-
tion. The Microboxes were filled with 300 ml 0.29 MS medium
and 1100 g 5 mm glass beads (VWR, Radnor, PA, USA). The
B. distachyon were cultivated in a 16 h : 8 h, light : dark regime at
24°C with 150 lmol m�2 s�1 light intensity for 14 d with weekly
medium change; plant root exudates were collected at 7- and 14-
d intervals and pooled together. The M. vaginatus was cultivated
in six 650 ml Cellstar suspension culture flasks (VWR) filled with
150 ml 19 BG11 medium. All M. vaginatus were cultivated in a
12 h : 12 h, light : dark regime at 24°C, with 15 lmol m�2 s�1

light intensity for 14 d. Similar to B. distachyon, the growth med-
ium was changed weekly, and the exudates of M. vaginatus were
collected at 7- and 14-d intervals and combined. The pooled exu-
dates (1800 ml) of B. distachyon or M. vaginatus were frozen, lyo-
philized, and then resuspended in 90 ml sterile water to prepare
20-fold concentrated exudates. Next, we cultured three replicates
of individual biocrust isolates (30°C, 5 ml round-bottom Falcon
tubes, shaken at 200 rpm) in the 20-fold concentrated exudates,
which were collected from the root of B. distachyon or spent med-
ium of M. vaginatus. We observed slow growth of these isolates
in hosts’ exudates, and no quantitative growth data were
recorded. Isolates were cultivated for 14 d before collecting the
spent medium. After 14 d of cultivation, 1 ml of each collected
spent medium was filtered and immediately stored at �80°C
before further analysis. The frozen spent media were further lyo-
philized and then resuspended in 1 ml of methanol, vortexed for
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30 s, and sonicated in an ice water bath for 15 min. Methanol
extracts were centrifuged at 9000 g for 3 min to remove insoluble
salts, and the supernatants were dried using a SpeedVac Concen-
trator (Thermo Fisher Scientific, Waltham, MA, USA). The
dried material was then resuspended in 150 ll of methanol with
13C- and 15N-labeled internal standards and filtered through
0.22 lm centrifuge tubes (Nanosep MF; Pall Co., NY, USA)
before LC–MS/MS analysis. Polar metabolites were separated
using Agilent 1290 series HPLC installed with an InfinityLab
Poroshell 120 HILIC-Z, 2.19 150 mm, 2.7 lm column
(683775-924; Agilent Technologies, Santa Clara, CA, USA).
The MS data were acquired using a Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scien-
tific) in both positive and negative ionization modes. LC–MS/
MS method parameters are defined in Table S2. The metabolo-
mic data were analyzed using METATLAS toolbox (Bowen &
Northen, 2010; Yao et al., 2015) to obtain the extracted ion
chromatography and peak height. Identification of metabolites
(Table S3) was performed by comparing measured MS/MS frag-
mentation spectra, m/z values, and retention times with those of
standard reference compounds analyzed using the same methods.

Statistical data analysis

All statistical analyses were performed using R software v.3.6.1
(R Core Team, 2019). Kruskal–Wallis test and Dunn’s test were
applied to compare microbial relative abundance in the rhizo-
sphere and the cyanosphere. The UpSet plot was made using the
‘UPSETR’ package to visualize intersections between bacterial/
archaeal phyla found in the rhizosphere and the cyanosphere
based on retrospective data analysis. The Welch’s t-tests were
applied to compare the growth-promoting effects of biocrust
communities, isolates and pantothenic acid on the biomass pro-
duction of hosts. Principal coordinates analysis (PCoA) based on
Bray–Curtis dissimilarity was performed using ‘VEGAN’ package
to visualize microbial communities (at ASV level) in the rhizo-
sphere and the cyanosphere in the retrospective study, or in the
biocrust inoculum and recruited to B. distachyon and M. vagina-
tus after inoculated by the biocrust soil water. Linear regression
was performed to assess the correlation between biomass produc-
tion of B. distachyon and M. vaginatus after being inoculated by
biocrust isolates for 14 d. Metabolites detected in exudates of
uninoculated B. distachyon and M. vaginatus were compared with
medium control and extraction control by Tukey’s HSD and
were visualized in a dotplot. The exometabolites of biocrust iso-
lates grown in hosts’ exudates that were significantly different
(if at least one sample group had an adjusted P < 0.05 when com-
pared to those of medium blanks with two-tailed t-tests) from the
background were clustered based on Euclidean distance in heat-
maps; all biocrust isolates were clustered based on Euclidean dis-
tance as well. Metabolite levels for individual bacterial exudates
can be found in Table S3. Nonmetric multidimensional scaling
(NMDS) ordinations based on Bray–Curtis dissimilarity were
performed using ‘VEGAN’ package to visualize the dissimilarities in
exometabolites of biocrust isolates grown in both hosts’ exudates.
The selection of candidate molecules for host growth promotion

was done by correlating the metabolite levels with the biomass of
each host (Pearson R > 0.4). All reported P values were corrected
for multiple testing using the ‘p.adjust’ function (method = ‘BH’;
Benjamini & Hochberg, 1995) in R.

Amplicon libraries of the sequenced biocrust controls and
inoculated hosts were rarefied to 974 sequences for bacteria/
archaea analysis, to ensure even sampling depth and retain as
many datasets as possible for microbial community relative abun-
dance comparison. The alpha-diversity including microbial rich-
ness (i.e. Chao1) and diversity (i.e. Shannon) indices were
analyzed using the ‘PHYLOSEQ’ package in R.

Results

The rhizosphere contained all of the major phyla contained
in the cyanosphere

To compare the microbiomes in rhizosphere environments with
those in cyanosphere environments, we performed a retrospective
analysis of published 16S rRNA gene sequencing data. A total of
51 116 989 16S rRNA gene sequences from 181 rhizosphere
samples and 40M. vaginatus cyanosphere samples were analyzed
and classified into 210 742 distinct ASVs. After rarefying to iden-
tical sequence depth (500), we obtained 108 500 high-quality
sequences forming 8739 ASVs that could be assigned to 35
phyla, and 620 genera (ASVs assigned to M. vaginatus were
excluded from further analysis). We found significantly lower
microbial richness and diversity in cyanosphere samples com-
pared with rhizosphere samples (Chao1, P < 0.001; Shannon,
P < 0.001; Fig. S2). Twelve phyla showed a relative abundance of
> 1% of the total bacterial/archaeal community in either rhizo-
sphere or cyanosphere. Specifically, Proteobacteria, Bacteroidota,
Cyanobacteria, Acidobacteriota, Myxococcota, Actinobacteriota,
Verrucomicrobiota, Planctomycetota, Chloroflexota, Gemmatimona-
dota, Bacillota, and Desulfobacterota accounted for the largest pro-
portion of sequences of bacterial/archaeal communities (Fig. 1a).
Members of Proteobacteria were abundant in both the rhizo-
sphere and the cyanosphere (Fig. 1a). Additionally, Bacteroidota
and Cyanobacteria (excluding M. vaginatus) were found at higher
relative abundances in the cyanospheres than in the rhizospheres,
accounting for almost 50% of cyanosphere sequences but < 10%
of the rhizosphere, while more Acidobacteria, Verrucomicrobiota,
and Planctomycetota were found in the rhizosphere. Interestingly,
we found that all 18 phyla in the cyanosphere were also present
in the rhizosphere, and 17 additional phyla were found in the rhi-
zosphere but not in the cyanosphere (Fig. 1b; Table S4). While
at higher taxonomy levels there are 18 shared phyla between the
rhizosphere and the cyanosphere, there are substantial differences
at the ASV level (Fig. S3).

Analysis of recruitment of biocrust bacteria by
B. distachyon andM. vaginatus

Given commonalities in the rhizosphere and the cyanosphere
communities at the phylum level, we performed plant and cyano-
bacteria colonization experiments using the same biocrust soil
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water as an inoculant. Here, we collected the roots of the model
plant (B. distachyon) after 5 d of inoculation to avoid moisture
damage to plant leaves caused by touching the inner wall of the
EcoFABs. The dominant biocrust cyanobacterium (M. vaginatus)
was grown in a dedicated growth chamber and was harvested
after 14 d of inoculation with biocrust soil water. The DNA of
the biocrust inoculum and each inoculated host was extracted
and subjected to 16S rRNA gene amplification and sequencing.

Nineteen bacterial phyla were found in the biocrust inoculum,
with Proteobacteria, Bacteroidota, Actinobacteriota, and Cyanobac-
teria accounting for > 80% of sequences (Fig. 2a; Tables S5, S6).
Microcoleus vaginatus and other 12 ASVs belonging to Cyanobac-
teria were found in the biocrust inoculum, including two other
Microcoleus, Phormidium, Tychonema, and Wilmottla (Table S5).
However, no Cyanobacteria were recruited to both hosts which
may be due to potential nutrient competition between these

(a) (b)

Fig. 1 Comparison of mean relative abundances of bacterial/archaeal phyla in the rhizosphere and the cyanosphere. (a) Relative abundance of the
bacterial communities identified in the rhizosphere (181 samples) and the cyanosphere (40 samples) at the phylum level based on retrospective data
analysis. Data represent the mean relative abundance of all 181 samples in the rhizosphere or 40 samples in the cyanosphere. (b) UpSet plot showing the
quantitative intersection of the shared and unique bacterial phyla in the cyanosphere and the rhizosphere. All 18 bacterial phyla present in the cyanosphere
were also present in the rhizosphere and the rhizosphere contains 17 bacterial phyla not in the cyanosphere.

(a) (b)

Fig. 2 Hosts inoculated by biocrust communities (n = 3). (a) Relative abundance of the biocrust bacterial/archaeal communities in the inoculum and
recruited to Brachypodium distachyon andMicrocoleus vaginatus at the phylum level; data represent the mean of three replicate samples. Values for each
replicate are available in Supporting Information Table S6. (b) Root biomass, shoot biomass, and total biomass production of B. distachyon after 5 d of
inoculation by the biocrust soil water. The points represent the values of individual samples. The error bars are SE. Significance levels of biomass differences
between inoculated plants and uninoculated controls were obtained with Welch’s t-tests: *, P < 0.05; **, P < 0.01.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 240: 1246–1258
www.newphytologist.com

New
Phytologist Research 1251

 14698137, 2023, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.19225, W

iley O
nline L

ibrary on [12/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Cyanobacteria and other microbial species, as well as competition
between Cyanobacteria and the hosts within the hydroponic sys-
tems. This also revealed that B. distachyon and M. vaginatus
recruited a total of 7 and 8 bacterial phyla, respectively (Fig. 2a),
of which, Proteobacteria, Bacteroidota, Actinobacteriota, and Bacil-
lota were recruited to both hosts. Proteobacteria and Bacteroidota
accounted for almost 90% of sequences recruited to both B. dis-
tachyon and M. vaginatus. Chloroflexota and Myxococcota were
only found to be associated with B. distachyon, while Cyanobac-
teria, Deinococcota, and Gemmatimonadota were only recruited to
M. vaginatus. Notably, various putative plant growth-promoting
bacteria (PGPB) were recruited to both B. distachyon and M.
vaginatus, including seven families of Proteobacteria and one
family of Bacteroidota, that is, Rhodanobacteraceae, Beijerinckia-
ceae, Caulobacteraceae, Pleomorphomonadaceae, Comamonadaceae,
and Cytophagaceae (Table S5). Consistent with our retrospective
study, microbes recruited to our plant/cyanobacterial hosts are
substantially different at the ASV level (Fig. S4).

Notably, B. distachyon inoculation with the biocrust soil water
resulted in higher root, shoot, and total biomass (Fig. 2b) by 1.9-,
2.2-, and 2.1-fold, respectively. By contrast, M. vaginatus Chla
fluorescence, an indicator of cyanobacterium growth, did not
change significantly (P = 0.45) after 14 d of inoculation com-
pared with uninoculated controls (Fig. S5). These results suggest
that either the soil extract contained microbes, nutrients, and/or
metabolites that were needed by the plant and not the cyanobac-
terial host, or the extracts contained cyanobacterial inhibitors as
well as promoters which resulted in a neutral effect on cyanobac-
terial hosts. It is also possible there are different interactions
between native biocrust cyanobacteria and the isolates M. vagina-
tus strain used in this study.

Three Biocrust isolates promoted the growth of both
B. distachyon andM. vaginatus

Given the observed growth promotion of B. distachyon by the soil
water from biocrusts, we next examined growth promotion by
individual biocrust isolates from an existing collection (da Rocha
et al., 2015). To do this, we selected 18 bacterial isolates (Table 1)
based on our 16S rRNA gene sequencing data and performed a
host–microbe co-culture experiment using individual biocrust
isolates to inoculate the root of B. distachyon and cultures of
M. vaginatus.

Each B. distachyon was harvested after 14 d of inoculation by
isolates when it reached the inner wall of the EcoFABs. After
14 d of inoculation of B. distachyon, by washing host tissues using
19 PBS, and subsequently plating an aliquot (15 ll) of
the washed solution onto 19 R2A agar plates, we found that 15
of 17 isolates (Modestobacter versicolor_D2B23 was excluded due
to contamination) survived in the media; Micromonospora
sp._D2D21 and Paracraurococcus sp._L1B40 were the excep-
tions. Overall, three isolates (Bosea sp._L1B56, Pseudarthrobacter
sp._L1D14, and Pseudarthrobacter picheli_L1D33) positively
influenced the total biomass production of B. distachyon (Fig. 3).

We also evaluated the different effects of the isolates on the
root and shoot biomass and found shoot biomass was increased

(74%) after inoculation with Pseudarthrobacter picheli_L1D33.
Other observations include, that root biomass was increased
between 128% and 381% by Solirubrobacter sp._L1B27, Bosea
sp._L1B56, Pseudarthrobacter sp._L1D14, Pseudarthrobacter
picheli_L1D33, and Belnapia moabensis_D1B50 (Fig. S6). Mean-
while, all tested biocrust bacterial isolates survived in the media
after 14 d of inoculation of M. vaginatus but showed different
effects on host growth, that is, positive, neutral, or negative. Nine
out of 17 isolates including Bosea sp._L1B56, Pseudarthrobacter
sp._L1D14, and Pseudarthrobacter picheli_L1D33 significantly
promoted M. vaginatus growth to an extent of 50–70%;
three isolates (Paracraurococcus sp._L1B40, Micromonospora
sp._D2D21, and Arthrobacter oryzae_L1B36) showed no growth-
promoting effects, and the remaining five isolates exerted a nega-
tive effect on the biomass production ofM. vaginatus (Fig. 3).

When comparing the host growth promotion effects, we find
that the responses of B. distachyon and M. vaginatus to most iso-
lates are not highly correlated (R2 = 0.05; Fig. S7), but Bosea
sp._L1B56, Pseudarthrobacter sp._L1D14, and Pseudarthrobacter
picheli_L1D33 showed a consistent promotion effect on the bio-
mass production of both hosts (Fig. 3).

Metabolites mediate beneficial plant–microbe interactions

To determine whether biocrust isolates secrete metabolites that
potentially promote the growth of the photoautotrophic hosts,
we used exometabolomics (Baran et al., 2015) and conducted
LC–MS/MS analysis of exometabolites of biocrust isolates
grown in a medium made of exudates from B. distachyon root or
M. vaginatus, which revealed that a cocktail of chemicals that vary
in composition, including nucleotides, amino acids, organic
acids, sugars, and vitamins (Table S3), was secreted by roots of
B. distachyon and M. vaginatus. The peak height of these metabo-
lites in uninoculated controls can be seen in Fig. S8.

All 18 biocrust isolates consumed aspartic acid but secreted
dihydroxybenzoic acid when grown in root exudates of B. distach-
yon (Fig. S9a), while they consumed hypoxanthine, guanosine,
N-acetyl-glutamic acid, and N-alpha-acetyl-lysine and secreted
thymine and malonic acid when grown in M. vaginatus exudates
(Fig. S9b). Among all metabolites, 20-deoxyadenosine, adenine,
hypoxanthine, deoxycytidine, 20-deoxyguanosine, cytidine, gua-
nosine, methionine, proline, lysine, agmatine sulfuric acid,
valine, alanine, and citrulline were consumed by all three PGPB
while thymine, indole-3-acetic acid, and dihydroxybenzoic acids
were secreted when they were grown in both hosts’ exudates
(Fig. S9). Moreover, the metabolites consumption/secretion pat-
terns showed some clustering by phylogeny in both hosts’ exu-
dates (Fig. S10).

After comparing the abundance of metabolites secreted by
PGPB and by the other tested isolates, we found pantothenic acid
was the only metabolite secreted by PGPB that was relatively
higher in PGPB than in controls when grown in both hosts’ exu-
dates. Although both hosts secreted some pantothenic acid (PA),
the levels of pantothenic acid were found to increase in spent
media of Pseudarthrobacter sp._L1D14 and Pseudarthrobacter
picheli_L1D33 grown in hosts’ exudates (Fig. 4a). To further
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investigate the effect of pantothenic acid on host biomass produc-
tion, we cultivated B. distachyon and M. vaginatus in media sup-
plemented with several different concentrations with PA,
including 0.01 lM, 0.1 lM, 1 lM, 0.01 mM, and 0.1 mM PA,
based on literature values (Williams & Rohrman, 1935), and
compared the biomass production with the controls. We col-
lected each B. distachyon after 28 d supplemented with pantothe-
nic acid when it reached the edge of the culture plates. We found
a significant growth-promoting effect of PA on B. distachyon with
0.01 lM PA, with no significant effect on M. vaginatus biomass
28 d of cultivation (Fig. 4b).

Discussion

Plant roots and the biocrust cyanobacterium M. vaginatus have
been known to release metabolites that play key roles in mediat-
ing plant–microbe interactions, for example, by improving the
root microenvironment to recruit beneficial bacterial partners or
suppressing pathogens (Walker et al., 2003; Rodr�ıguez-Celma
et al., 2013; Baran et al., 2015; Zhalnina et al., 2018). In this
study, we investigated beneficial host–bacteria interactions in
both the rhizosphere and the cyanosphere. Specifically, we com-
pared microbiomes in the rhizosphere and the cyanosphere by

(a)

(b)

*

*

*

*
*

*

**

*

*

*

*

*

* *
*

*

Fig. 3 Total biomass production of (a)
Brachypodium distachyon and (b)
Microcoleus vaginatus after 14 d of
inoculation by individual biocrust isolates
(n = 3). The points represent the values of
individual samples. The error bars are SE. The
gray dashed line represents the mean value
of uninoculated controls. The red-highlighted
x-axial labels represent biocrust isolates that
promote the growth of both hosts, and the
blue-highlighted x-axial label represents
control samples without bacterium.
Significance levels of biomass differences
between inoculated hosts and uninoculated
controls were obtained by Welch’s t-tests:
*, P < 0.05.
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analyzing retrospective 16S rRNA gene sequencing data, con-
ducting host inoculation experiments with biocrust communities
and isolates, performing exometabolite profiling, and evaluating
the effect of metabolites on host biomass production. To our
knowledge, this is the first study revealing bacterial growth pro-
motion across these two domains of photoautotrophs.

Our retrospective analysis showed that all 18 microbial phyla
found in the cyanosphere were also present in the rhizosphere,
and 17 phyla were present in the rhizosphere but not the cyano-
sphere (Fig. 1b), consistent with lower bacterial diversity typically
detected in biocrusts than in soils (da Rocha et al., 2015; Fitzpa-
trick et al., 2018). Among the shared microbes, Proteobacteria
and Bacteroidota were abundant in both the rhizosphere and the
cyanosphere, in line with previous findings showing them as
members of the ‘core microbiome’ in the rhizosphere of diverse
grass species (Naylor et al., 2017; Pickett et al., 2021). This is
likely due to their ability to invade and persist outside the roots
of distinct plant species (Hacquard et al., 2015) and cyanobac-
teria. Niche adaptation (e.g. to nutrient availability) may also
explain the prevalence of these taxonomic groups in the rhizo-
sphere and the cyanosphere as they were typically considered
copiotrophs adapted to C-rich conditions (common in both
environments; Hacquard et al., 2015; Ling et al., 2022). As stu-
dies on the biocrust cyanosphere have only emerged recently,
there are limited public datasets on cyanosphere microbiomes
available for our comparisons. Yet, our findings confirmed the
presence of shared bacterial phyla in the rhizosphere and cyano-
sphere, though they are substantially different at the ASV level.

Host inoculation experiments with biocrust soil water revealed
significant growth promotion for B. distachyon (Fig. 2b) but not
M. vaginatus (Fig. S5), the opposite of what was hypothesized.
Given subsequent observations that biocrust isolates can promote
M. vaginatus growth (Fig. 3), this observation either suggests that
the growth-promoting bacteria were not recruited in this portion
of the study, possibly due to competition with other microorgan-
isms, or suggests competing positive and negative effects of
recruited microbes. Although there are differences in recruited
microbiomes by both hosts, our host inoculation experiments
with biocrust soil water showed that Proteobacteria and Bacteroi-
dota were dominant phyla recruited to both B. distachyon root
and M. vaginatus. This included a set of putative PGPB (such as
members from the Comamonadaceae family). Proteobacteria and
Bacteroidota have also been found to be associated with the roots
of diverse grass species, including Brachypodium distachyon, Zea
mays, Sorghum sp., and Triticum sp. (Donn et al., 2015; Kawa-
saki et al., 2016; Naylor et al., 2017). Our host inoculation
experiments revealed clear differences at the ASV level yet with
many of the same phyla of bacteria recruited to both hosts, con-
sistent with our retrospective data analysis.

To investigate strain-specific host growth promotion, we
inoculated B. distachyon roots andM. vaginatus with diverse indi-
vidual biocrust isolates. Intriguingly, we observed that the same
bacterial isolates promoted host growth in both prokaryotic and
eukaryotic hosts. Specifically, three isolates including Bosea
sp._L1B56, Pseudarthrobacter sp._L1D14, and Pseudarthrobacter
picheli_L1D33 successfully promoted biomass production in

both hosts after inoculation (Figs 3, S6). As one of the most fre-
quently soil-isolated Actinobacteriota, Pseudarthrobacter has been
previously reported to promote plant growth. For example, Pseu-
darthrobacter oxydans SBA82 was reported to increase the shoot
biomass yield of different types of plants (Ghasemi et al., 2018).
Pseudarthrobacter sp. NIBRBAC000502770 was found to pro-
duce a high amount of indole acetic acid which promotes plant
growth (Ham et al., 2021). Bosea species have been isolated from
lupin root nodules (De Meyer & Willems, 2012) and identified
from wheat rhizosphere soil (Rilling et al., 2018) and are typically
recognized as nitrogen-fixing heterotrophic bacteria associated
with plants; possibly, the observed host growth promotion by
Bosea may involve nitrogen fixation, and other effects such as
local environmental conditions (e.g. O2 concentrations or host
growth-promoting related genes expression) may be additional
factors. Such PGPB found in the rhizosphere may enhance plant
growth directly, by facilitating nutrient acquisition or modulating
plant hormone levels, or indirectly, by protecting plants from
pathogens and abiotic stresses (Glick, 1995; De Souza et al.,
2015).

Exometabolomic analysis was performed to provide additional
insights into bacterial recruitment and growth promotion effects.
Both B. distachyon and M. vaginatus exudates comprise a broad
range of metabolites, including nucleotides, amino acids, organic
acids, sugars, and vitamins (Table S3). Exometabolite profiles of
all bacterial isolates grown in both hosts’ exudates were clustered
by bacterial phylogeny (Fig. S10). This is consistent with pre-
vious studies showing two model strains of Roseobacter secreting a
similar set of metabolites that may help the growth of marine
microbes (Wienhausen et al., 2017), as well as two Streptomyces
strains that shared core metabolites (Sottorff et al., 2019). In our
study, a set of metabolites that include 20-deoxyadenosine, ade-
nine, hypoxanthine, deoxycytidine, 20-deoxyguanosine, cytidine,
guanosine, methionine, proline, lysine, agmatine sulfuric acid,
valine, alanine, and citrulline were secreted by both hosts and
were consumed by all 3 PGPB (Bosea sp._L1B56, Pseudarthro-
bacter sp._L1D14 and Pseudarthrobacter picheli_L1D33), sug-
gesting similar host–microbe interactions and a possible common
recruitment mechanism via similar compounds exudation by
both hosts. This was also observed in the synthetic phycosphere
of marine phytoplankton, where photosynthetic hosts recruit
beneficial bacteria through the secretion of metabolites (Fu
et al., 2020).

Two of the Actinobacteria tested in this study (Pseudarthrobac-
ter sp._L1D14 and Pseudarthrobacter picheli_L1D33) promoted
biomass production in either host. Excitingly, these two plant
and cyanobacteria growth-promoting Pseudarthrobacter were
found to secrete pantothenic acid when growing in both hosts’
exudates. Pantothenic acid is a water-soluble vitamin that is a pre-
cursor in the synthesis of coenzyme A produced by plants, bac-
teria, and molds (Marek-Kozaczuk & Skorupska, 2001). The
stimulative effect of pantothenic acid on plant growth has been
reported earlier, including on the growth of alfalfa seedlings
(a flowering plant), Lemna (a free-floating aquatic plant), pota-
toes, Ricciocarpos natans, and other green plants (Williams
et al., 1933; McBurney et al., 1935; Williams & Rohrman, 1935).
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Subsequent plant and cyanobacteria growth studies with B. dis-
tachyon and M. vaginatus revealed that this compound resulted in
a 60% increase in B. distachyon biomass but no increase in M.
vaginatus biomass after 28 d. There are many possible explana-
tions for the lack of growth promotion by pantothenic acid. The
concentrations could be too low, other factors may be limiting or

another process such as nitrogen fixation explains the growth pro-
motion observed in our co-culture study. For example, members
of Arthrobacter and Bacillus were found to fix nitrogen and pro-
mote the growth ofM. vaginatus in a co-culture experiment (Nel-
son et al., 2021). Based on this and the observed positive impact
of pantothenic acid on B. distachyon and not M. vaginatus,

Fig. 4 Pantothenic acid (PA) production by individual isolates cultured on hosts’ exudates (n = 3). PA relative abundance (peak height) detected in spent
media collected from exudates of (a) Brachypodium distachyon or (b)Microcoleus vaginatus with growing biocrust isolates. Pantothenic acid in control
samples is produced by hosts. The red-highlighted x-axial labels represent biocrust isolates that promote the growth of both hosts, and the blue-
highlighted x-axial label represents control samples without bacterium. PA effect on host growth. Significance levels obtained by Welch’s t-tests reflect
the difference of PA signal in spent media collected from inoculated hosts compared with uninoculated controls: *, P < 0.05. (c) Total biomass produc-
tion of B. distachyon orM. vaginatus after growing on 0.29 MS agar or 19 BG11 medium supplemented with or without 0.01 lM PA for 28 d. The
points represent the values of individual samples. The error bars are SE. The gray dashed line represents the mean value of uninoculated controls. Signifi-
cance levels of host biomass production in media supplemented with PA compared with controls without PA in growing media were obtained by
Welch’s t-tests: *, P < 0.05.
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increased nitrogen availability may be an important benefit to the
non-diazotrophic cyanobacterial host.

Here, we found that there were 18 shared phyla recruited by
plant and cyanobacterial hosts. Given that cyanobacterial bio-
crusts preceded plants in colonizing lands, it is possible that
plants evolved to maintain some of the beneficial interactions
especially those mediated by small molecule metabolites. Consis-
tent with this and the observed similarities in recruitment at the
phylum level, we found that some bacteria benefit both hosts.
Specifically, we found that three biocrust isolates (Bosea
sp._L1B56, Pseudarthrobacter sp._L1D14 and Pseudarthrobacter
picheli_L1D33) promoted biomass production of both B. dis-
tachyon and M. vaginatus and pantothenic acid secretion by these
isolates was found to promote plant growth. Overall, this suggests
the potential of cyanobacteria and other diverse photoautotrophic
hosts as a pool for new plant growth-promoting microbes and
metabolites.
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