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Abstract
Microcoleus vaginatus plays a prominent role as both primary producer and pioneer in biocrust communities from dryland
soils. And yet, it cannot fix dinitrogen, essential in often nitrogen-limited drylands. But a diazotroph-rich “cyanosphere” has
been described in M. vaginatus, hinting that there exists a C for N exchange between the photoautotroph and heterotrophic
diazotrophs. We provide evidence for this by establishing such a symbiosis in culture and by showing that it is selective and
dependent on nitrogen availability. In natural populations, provision of nitrogen resulted in loss of diazotrophs from the
cyanosphere of M. vaginatus compared to controls, but provision of phosphorus did not. Co-culturing of pedigreed
cyanosphere diazotroph isolates with axenicM. vaginatus resulted in copious growth in C and N-free medium, but co-culture
with non-cyanosphere diazotrophs or other heterotrophs did not. Unexpectedly, bundle formation in M. vaginatus, diacritical
to the genus but not seen in axenic culture, was restored in vitro by imposed nitrogen limitation or, even more strongly, by
co-culture with diazotrophic partners, implicating this trait in the symbiosis. Our findings provide direct evidence for a
symbiotic relationship between M. vaginatus and its cyanosphere and help explain how it can be a global pioneer in spite of
its genetic shortcomings.

Introduction

Biological soil crusts (biocrusts) are complex communities of
organisms that inhabit the surface of soils in arid and semi-
arid ecosystems (see [1, 2] for reviews), which account for
nearly 45% of the terrestrial surface [3]. Biocrusts are well
adapted to water limitation and intense solar radiation com-
mon to these ecosystems [4, 5], and depending on the local
climate and soil textures, inhabitants of biocrust communities
may include archaea [6], bacteria [7], algae [8], fungi [9],
lichens [10], and bryophytes [11]. Biocrusts provide valuable
ecosystem services that are closely linked to their

successional stages [12–16]. Early-succession biocrusts are
formed when bare dryland soils are colonized by non-
heterocystous filamentous cyanobacteria, predominantly
Microcoleus vaginatus (M. vaginatus), possibly the most
abundant terrestrial cyanobacterium globally [17], but also
other bundle-forming non-heterocystous filamentous cyano-
bacteria, like those in the less-known M. steenstrupii com-
plex [18]. These cyanobacteria have the ability to secrete an
exopolysaccharide sheath around groups of trichomes
forming supracellular rope-like structures called bundles that
can attach to soil particles and stabilize bare soils [19, 20].
Once stabilized, other organisms, such as heterocystous
cyanobacteria, lichens, and bryophytes, can contribute to the
maturation of the biocrust community, adding new ecosys-
tem services [1].

The role of M. vaginatus as biocrust pioneer species in
dryland ecosystems constitutes an ecological paradox,
because it cannot fix nitrogen [21, 22] but dryland ecosys-
tems are generally poor in nitrogen [23, 24] and barren soils
within them even more so [25, 26], leaving an open ques-
tion as to how this cyanobacterium accesses the nitrogen
necessary for growth and colonization [27]. The presence of
heterotrophic nitrogen-fixers in early successional biocrust
had been predicted [28] and later confirmed [29], but only
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recently has their potential interaction with M. vaginatus
been described [30]: In a recent study, it was demonstrated
that M. vaginatus has a unique bacterial community asso-
ciated to its bundles, a microscopic “cyanosphere” (by
analogy to the rhizosphere). Not only does this cyanosphere
community contain heterotrophic nitrogen-fixing bacteria,
but its nitrogen-fixation potential is typically 100-fold
higher than that of the surrounding biocrust soil [30].
Such spatial concentration of nitrogen-fixing heterotrophs
suggests a potential resource trading relationship where
fixed carbon is traded for fixed nitrogen. This finds support
in the unusually high capacity of M. vaginatus to release
photosynthate and its tendency to take up a large variety of
compounds from the exometabolome [31, 32]. However,
while bacterial communities in biocrusts have been char-
acterized structurally [7], the precise functional roles of
most heterotrophs have not.

An investigation of the proposed symbiotic resource trad-
ing relationship between M. vaginatus and the heterotrophic
bacteria within its cyanosphere would thus be an important
step in understanding the mechanisms of early successional
biocrust formation and the relatively unstudied microbial
ecology of these complex systems. It is reasonable to expect
that nutrient availability may drive potential syntrophic inter-
actions between M. vaginatus and its cyanosphere. If nutrient
limitation is removed, one can also expect a release of the
pressures to keep a diazotrophic cyanosphere, leading to a
shift in cyanosphere community structure and function. Here,
we test two hypotheses: (1) increased nitrogen availability will
affect any existing resource trading relationship between M.
vaginatus and its neighboring diazotrophic heterotrophs by
disrupting the spatial organization of nitrogen-fixers in the
cyanosphere, (2) heterotrophic nitrogen-fixing bacteria found
within the cyanosphere of M. vaginatus are specifically suited
to become resource trading partners. Two parallel approaches
were developed to test these hypotheses. In one, we manipu-
lated naturally occurringM. vaginatus-associated communities
with nutrient additions while monitoring them structurally and
functionally. In the other, we attempted to recreate the alleged
symbiosis using co-cultures of the cyanobacterium with iso-
lated cyanosphere heterotrophs under nitrogen limitation.
Unexpectedly, our experiments also uncovered how condi-
tions leading to the trading relationship induced M. vaginatus
to form bundles, an ecologically important trait that may allow
M. vaginatus to shape its cyanosphere.

Methods

Sampling location and procedures

Early successional biocrusts, specifically those composed
mainly of Microcoleus spp., but not heterocystous

cyanobacteria as determined by 16S rRNA community
composition analysis, were sampled in February 2016 from
the Fort Bliss military base, located in the Chihuahuan
Desert (lat. 32.431069°, long. −105.984151°, El Paso, TX,
USA) [33, 34]. Samples were taken using Petri dishes
(15 cm diameter, 1 cm depth) to cut intact biocrust from the
field [35]. Samples were air dried and maintained inactive at
a low relative humidity (RH 15%) in darkness until
experimentation in March 2017.

Cyanosphere community manipulation and
Microcoleus bundle selection

In order to determine the effect of nitrogen availability on
the hypothesized symbiosis between M. vaginatus and its
diazotrophic cyanosphere, nutrient addition experiments
were performed. Each 15 cm petri plate was divided evenly
and distributed into three sterile 6-well plates (NUNC,
Roskilde, Denmark). To relieve nitrogen limitation, 1 mL of
a N solution (1.25 mM NH4Cl), diluted twofold from con-
centrations used for this purpose in cyanobacterial cultures
[36], was added to six wells of one plate (n= 6). As a
control, 1 mL of a P solution (1.25 mM K2HPO4) was added
to six replicate wells in another plate. For another control,
we added 1 mL of sterile reverse osmosis water (RO) to six
wells in a third plate. We incubated all plates simulating the
natural wetting/drying growth cycle in the field, with nine
consecutive wetting and drying cycles, providing 48 h of
hydration (and activity) followed by 24 h of desiccation
(and stasis). Plates were incubated at 23 °C, under
18–20 μEm−2 s−1 of white light and with a 14 h illumina-
tion/10 h dark cycle. After incubation, individual bundles of
M. vaginatus were pulled from the soil in the wells under
the dissecting scope (see Supplementary Video in [30] for
the exact procedure) and cleansed of excess soil by drag-
ging bundles through sterile 2% agar plates [37]. Pre-
liminary identification of the cyanobacteria in individual
bundles was performed by microscopic observation. A total
of 31 likely M. vaginatus bundles were selected for
sequencing: nine from the N-addition treatment, ten from
the P-addition, and twelve from the control (RO water).

Cyanosphere microbial community composition

Single-bundle DNA was extracted with a Powersoil
extraction kit (QIAGEN, Hilden, Germany) using the
standard protocol, with the exception of final DNA elution
to 60 μL. Bacterial/Archaeal community analysis was per-
formed via commercial next-generation sequencing in a
MiSeq Illumina platform (Illumina, San Diego, CA, USA).
Amplicon sequencing of the V4 region of the 16S rRNA
gene was performed with barcoded primer set 515F/806R
[38] following the Earth Microbiome Project protocol [39]
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for library preparation. PCR amplifications were done in
triplicate, then pooled and quantified using a Quant-iT™
PicoGreen® dsDNA Assay Kit (Invitrogen, Carlsbad, CA,
USA). Two hundred and forty nanograms of DNA of each
replicate was pooled and cleaned using a QIA quick PCR
purification kit (QIAGEN). The DNA in the pooled
amplificate was quantified using an Illumina library Quan-
tification Kit ABI Prism® (Kapa Biosystems, Wilmington,
MA, USA) and diluted with NaOH to a final concentration
of 4 nM, then denatured and diluted to a final concentration
of 4 pM, and 30% of PhiX (Illumina) was added to the
solution. The library was then loaded in the sequencer using
the chemistry version 2 (2 × 250 paired end) and following
manufacturer’s specifications [39]. Sequencing was per-
formed in the Microbiome Analysis Laboratory at Arizona
State University (Tempe, AZ, USA), yielding raw FASTQ
sequence files.

Bioinformatic analysis

The raw FASTQ file was de-multiplexed within the MiSeq
Illumina workflow under default parameters. Paired
sequences were de-multiplexed and analyzed via Qiime2.10
[40], using the DADA2 plugin [41] where sequences were
trimmed to include 250 bases from the V4 region, bound by
515F/806R primers [42], to create a feature table with
representative sequences (features) and their frequency of
occurrence. To remove highly variable positions, sequences
were aligned with the MAFFT program [43]. FastTree [44]
was used to generate a tree. Taxonomy was initially
assigned with the Naive Bayes classifier trained on the
Greengenes 13.8 release. Additional steps were taken to
identify cyanobacteria, due to the poor and unreliable
taxonomic resolution obtained with Greengenes [45]. Cya-
nobacterial sequences were filtered out from the feature
table and those that attained >0.05% of the total number of
cyanobacterial features were phylogenetically assigned
using our own curated cyanobacteria database/tree version-
0.22a (https://github.com/FGPLab/cydrasil/tree/0.22a) via
RAxML [46] and displayed using ITOL [47]. Bundles with
<80% of the cyanobacterial community composition attri-
butable to M. vaginatus were discarded, leaving 17 bundles
for downstream analysis; four control bundles, six for N-
addition treatments and seven for P-addition treatments. For
cyanosphere microbial community analyses, all M. vagi-
natus sequences were removed. Significance in composi-
tional shifts was tested with permutational multivariate
analysis of variance (PERMANOVA) calculated on
Bray–Curtis similarity matrices of relative abundances
derived from sequencing with 9999 permutations and
visualized using 2-D NMDS plots. A similarity percentage
analysis (SIMPER) was performed within the PRIMER
software, v6 [48] to identify which community members

contributed most to the dissimilarity (i.e., were differentially
enriched) between treatments.

Assessment of nitrogen-fixation potential

In order to measure nitrogen-fixing potential of the cyano-
sphere communities, quantitative real-time PCR was used to
quantify the gene copy number of 16S rRNA (a proxy for
bacterial biomass) and nifH (a proxy for nitrogen-fixation
ability) genes using the previously extracted genomic DNA,
as previously described [30]. For 16S rRNA gene quanti-
tation, a universal (bacterial/archaeal) primer set (338F 5′-
ACTCCTACGG GAGGCAGCAG-3′, 518R 5′-GTATTA
CCG CGGCTGCTGG-3′) [49] was used. For nifH quanti-
tation, a high coverage primer set for nifH (IDK3 5′-
GCIWTHTAYG GIAARGGIGG IATHGGIAA-3′, DVV
5′-ATIGCRAAIC CICCRCAIAC IACRTC-3′) [50] was
used. The PCR reactions were performed in triplicate using
the Sso Fast mix (Bio-Rad, Hercules, CA, USA) in a
ABI7900HT thermocycler (Applied Biosystems, Foster
City, CA, USA) under conditions previously published
[30, 51]. Nitrogen-fixation potential for each bundle was
determined by calculating the ratio of nifH/16S gene copy
numbers detected. Ratios were log transformed to comply
with normality and variance homogeneity before testing for
significance between nitrogen-fixation potential among
treatments with a one-way ANOVA using R [52].

Targeted isolation of cyanosphere heterotrophs

Heterotrophic bacteria were isolated from biocrust using a
variety of different enrichments and substrates, from which
candidate bacteria were selected for co-culturing experi-
ments. For the isolation of heterotrophic nitrogen-fixing
bacteria, a modified version of a protocol for diazotroph
isolation [53] was used. One gram of dried intact biocrust
was rehydrated with 1 mL sterile RO water and incubated in
culture room conditions (23 °C, 18–20 μEm−2 s−1, 14 h
light cycle) for 24 h. Rehydrated biocrust was then added to
10 mL phosphate-buffered saline (PBS), vigorously shaken
(120 rpm) for 30 m, and serial diluted in PBS. Dilutions of
10−3 were used for all diazotroph isolations. Nitrogen-free
combined carbon (NFCC) [54, 55] medium was prepared,
using 2 g/L of each of the following carbon sources: glu-
cose, sucrose, trehalose, sodium pyruvate, and sodium
acetate. NFCC plates (1% Gellan gum, 60 mm × 15 mm)
were inoculated with 70 µL of biocrust serial dilution (10−3)
and incubated in darkness under both aerobic (atmospheric
O2) and microaerophilic conditions (2% O2 and 98% N2), at
23 °C for 20 days. Additional aerobic enrichments, fol-
lowing the same inoculation protocol in aerobic conditions
using Burk’s medium [56] and BG110+ 1% sucrose [57]
plates (1% gellan gum) were performed. In order to target
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diazotrophs residing in the cyanosphere specifically,
M. vaginatus bundles were pulled from rehydrated biocrust
and cleansed of excess soil as previously described [37].
Cleansed bundles were then placed on solid enrichment
medium plates (Burk’s, BG110+ 1% sucrose) and incu-
bated under standard conditions (23 °C, 18–20 μEm−2 s−1,
14 h light cycle) for 20 days, after which individual colonies
and heterotrophic biomass near M. vaginatus bundles were
picked based on morphological differences and streaked on
new nitrogen-free media plates (NFCC, Burk’s, and BG110
+ 1% sucrose where appropriate), repeating three times for
each colony transfer, to obtain pure isolates.

Molecular identification of pure isolates and
candidate selection

Genomic DNA was extracted from one colony of each
heterotrophic isolate, resuspending biomass in 30 µL of
sterile RO water in a sterile 0.5 mL PCR tube, microwaving
for 30 s to lyse cells, and flicking tube to agitate. This
process was repeated three times. The 16S rRNA gene was
amplified using general bacterial primers 530F [58], and
1492R [59]. For a reaction volume of 21 µL, the following
amounts were used: 9 µL Go Taq Mastermix 2× (Promega,
Madison, WI, USA), 1 µL of each primer, 9 µL of H2O, and
1 µL of template DNA. The PCR conditions were as fol-
lows: 2 min of denaturation, followed by 35 rounds of
temperature cycling (94 °C for 15 s, 55 °C for 30 s, 72 °C
for 90 s) and a final extension at 72 °C for 7 min. Positive
amplifications were Sanger sequenced at the ASU Geno-
mics core facilities. Forward and reverse sequences were
aligned in Geneious version 8.0 [60] and the 850–900 bp
consensus sequences were submitted to basic local align-
ment search (BLAST) [61]. Taxonomy was initially
assigned based off matches (>97% identity) to 16S rRNA
sequences of strains in the NCBI database. Isolate sequen-
ces were then submitted to BLAST against the 16S rRNA
sequence data from known cyanosphere bacteria as descri-
bed in the literature [29, 30] and from sequencing data
obtained in this study. Isolates matching either source were
selected as candidates for co-culture experiments. Isolates
were classified either as a typical members (or not) of
M. vaginatus cyanosphere, and by their potential ecological
function, as far as it was possible based on a literature
search [62–71] (Table 1).

Nitrogen-fixation screening of heterotrophic
isolates

To screen for nitrogen-fixation ability, isolates were sub-
jected to PCR confirmation. The marker gene for nitrogen-
fixation ability, nifH, was PCR amplified from isolate DNA
using PolF/PolR [72] and IGK3/DVV [50] primer sets. ForTa
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a reaction volume of 21 µL, the following amounts were
used: 9 µL Go Taq Mastermix 2×, 1 µL of each primer, 9 µL
of H2O, and 1 µL of template DNA. The PCR conditions
were as follows: For PolF/PolR, 2 min of denaturation,
followed by 30 rounds of temperature cycling (94 °C for
1 min, 55 °C for 1 min, 72 °C for 2 min) and a final exten-
sion at 72 °C for 5 min. For IGK3/DVV, 10 min of dena-
turation, followed by 40 rounds of temperature cycling
(95 °C for 45 s, 52 °C for 30 s, 72 °C for 40 s) and a final
extension at 72 °C for 10 min. PCR products (6 µL) were
observed on SYBR Safe (Invitrogen) stained 1%
agarose gels.

Co-cultures

Heterotrophic isolates that matched cyanosphere 16S rRNA
sequencing data were co-cultured with an axenic strain of
M. vaginatus (PCC9802), originally isolated from biocrusts
in the US southwest and available through the Pasteur
Culture Collection of Cyanobacteria (Paris, France). M.
vaginatus PCC9802 was maintained in 250 mL vented
suspension culture flasks (Greiner Bio-One, Kremsmünster,
Austria) in BG11 medium under standard conditions (23 °C,
18–20 μEm−2 s−1, 14 h light cycle). Non-diazotrophic het-
erotrophic strains atypical of biocrusts, as well as nitrogen-
fixing isolates typical of biocrusts but not found in the
cyanosphere were also used to serve as controls. All isolates
used for co-culture experiments are listed in Table 1. To
inoculate co-cultures, we harvested ten equivalently sized
colonies of each heterotrophic isolate, resuspending them in
1 mL of nitrogen-free 10% BG110 medium. Both M. vagi-
natus and heterotrophs were washed three times prior to
inoculation by pelleting cells in a centrifuge at 8000 rpm for
8 min, removing supernatant, and resuspending cells in 10%
BG110 medium, to remove remnant N from the previous
medium. The washed cyanobacteria and heterotrophic iso-
lates were diluted ten-fold and combined before being
plated on nitrogen-free medium (10% BG110) solidified
with 1% Gellan gum (n= 3). Using Chl a as proxy for
phototrophic biomass, final inoculation concentration for
M. vaginatus was 0.7 ± 0.04 mg Chl a per plate. Chl a
concentration was determined by adding 100 μL of homo-
genized cyanobacterial stock culture to 900 μL of acetone in
2 mL microcentrifuge tubes containing 0.25 g of 0.5 mm
zirconium beads. Pigments were extracted by bead beating
acetone/culture mixture for 2 min at 30 s intervals, and then
storing in the dark for 24 h at 4 °C. Absorbance spectra and
OD600 were recorded on a UV–visible spectrophotometer
(Shizmadzu UV-1601, Kyoto, Japan). Co-cultures were
incubated at 23 °C, 18–20 μEm−2 s−1, 14 h light cycle for
20 days before final inspection and analysis. After final
inspection, co-culture plates were photographed and ana-
lyzed by importing images into Image J [73]. The software

was then used to calculate percent cover of cyanobacterial
biomass in the 56.8 cm2 area of each replicate plate (n= 3).
Differences in average percent cover among co-cultures
were tested for significance with a one-way ANOVA using
R [52], after performing an arcsine square root transfor-
mation to maintain normality and equal variance required
for parametric testing.

Quantification of bundling behavior of M. vaginatus

Differential bundling behavior ofM. vaginatus was observed
during co-culture trials. To gauge this effect specifically, co-
cultures of cyanosphere isolates and M. vaginatus were
repeated using the isolates previously described (Table 1) on
nitrogen-replete (N+) or nitrogen-deplete (N−), carbon-free
medium solid plates (10% BG11 and 10% BG110 [57],
respectively) for each isolate tested (n= 3), allowed to grow
for 14 days at 23 °C, 18–20 μEm−2 s−1, 14 h light cycle
before being microscopically counted. Sixty bundles per
treatment were chosen by dividing the three petri plates into
quadrants and selecting five bundles at random in each
quadrant. Bundles were selected along a straight transect of
the quadrant to avoid duplication in counting. We deter-
mined the number of trichomes contained at three random
cross-sections along the length of the bundle and calculated
an average. Differences in average bundle size (number of
trichomes per bundle) according to treatment were tested for
significance using R [52] with a nonparametric Wilcox or
Kruskal–Wallis tests, as appropriate.

Results

Cyanosphere community manipulation and
nitrogen-fixation potential assessment

Cyanosphere community compositions differed even at the
phylum level (Fig. S1A), with Bacteroidetes, Proteo-
bacteria, non-Microcoleus Cyanobacteria, and Chloroflexi
accounting for more than 75% of the reads in the N-addition
and P-addition treatments and more than 50% of the reads
in the controls. These differences were significant between
control and either N-addition or P-addition treatments
(PERMANOVA, P < 0.03), but no significant difference
was detected between the N-addition and the P-addition
treatments (PERMANOVA, P= 0.34) (Fig. S1B). At the
sequence variant level, cyanosphere communities were
significantly different in composition across all treatments
(PERMANOVA, P < 0.001) (Fig. 1a). A SIMPER analysis
showed that the P-addition treatment and the control were
enriched in potential nitrogen-fixing taxa such as Azohy-
dromonas, Bacteroides, Methylobacterium, Microvirga,
and Ralstonia (Table S1A), over the N-addition treatment.
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Interestingly, the N-addition treatment resulted in a cyano-
sphere enriched in bacterial taxa such as Fluviicola, Bur-
kholderia, Pseudoxanthomonas, and Achromobacter that
are known for phosphate solubilization, EPS-production,
and siderophore production ability (Table S1B).

Functionally, nifH/16S gene copy number ratios showed
that the bundle cyanosphere communities differed sig-
nificantly in nitrogen-fixation potential according to treat-
ment (ANOVA, P < 0.001) (Fig. 1b), where N-addition
resulted in significantly lower nitrogen-fixation potential
(more than fivefold) over controls or P-addition (Tukey,
P < 0.002 for both), which did not differ between them
(Tukey, P= 0.993).

Pedigree of nitrogen-fixing heterotrophs and
cyanosphere isolate co-culture

Nitrogen-free enrichments yielded 87 aerobic heterotrophic
nitrogen-fixing isolates spanning several phyla. Most were
Actinobacteria, Proteobacteria, and Firmicutes (Table S2).
Although all isolates were screened for the presence of nifH
genes, only 23 yielded positive amplification for the gene.
Despite this, all isolates are maintained on nitrogen-free solid
medium. Perhaps expectedly, only three isolates (3.4%)
could be pedigreed to bona fide members of M. vaginatus
cyanosphere communities by >98% 16S rRNA gene identity:
Bacillus sp. O64, Arthrobacter sp. O80, and Massilia sp.
METH4 (Tables 1, S2), which were chosen for experi-
mentation. In co-culture, M. vaginatus PCC9802 showed a
clear differential response to different heterotrophic isolates.
Expectedly, it did not grow either alone or in co-culture with
non-nitrogen-fixing bacteria on carbon-free, nitrogen-free
solid medium (Figs. 2a–c, S2). It either grew slowly or failed
to grow when co-cultured with nitrogen-fixing bacteria that
are typical of biocrusts but are not associated with the cya-
nosphere (Figs. 2d–f, S2). However, it grew abundantly
when co-cultured with the three nitrogen-fixing strains
characteristic of the cyanosphere community (Figs. 2g–i, S2).
Microscopic observations of co-cultures, particularly those
with cyanosphere-associated heterotrophs, revealed copious
growth of heterotrophic biomass in tight proximity to
M. vaginatus bundles. Additionally, in separated growth
trials, we confirmed that axenic M. vaginatus PCC9802 is
unable to grow in nitrogen-free conditions (Fig. S3A) and all
cyanosphere heterotrophs are unable to grow in carbon-free
conditions (Fig. S3B).

Enhancement of M. vaginatus bundle-formation
ability in culture

Incubation of axenic M. vaginatus cultures under nitrogen-
deplete (N−) conditions resulted in a statistically significant
(if moderate) increase in the average number of
trichomes contained within bundles over that seen in incu-
bations under nitrogen-replete medium (Figs. 3a, S4A).
This resulted from a motility-based aggregation of tri-
chomes rather than from growth, given that no net growth
was observed on N deplete-medium (Fig. S3A). In addi-
tional tests, M. vaginatus was co-cultured with heterotrophs
on N-free medium. Co-culture with two of three of the
cyanosphere diazotrophs (Arthrobacter sp. O80 and Mas-
silia sp. METH4, but not Bacillus sp. O64) resulted in
statistically significant (Kruskal–Wallis test, P < 0.01;
Figs. 3b, S4B) further enhancement of bundle formation
over that measured in axenic M. vaginatus in the same
medium. Co-culture with other bacteria (E. coli K12,
Streptomyces sp. METH2, Ensifer sp. S1, S. marcescens
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D1, Geodermatophilus sp. B17, and Paenibacillus sp. S14)
did not have the same effect or resulted in death of
M. vaginatus PCC9802.

Discussion

Nutrient availability drives cyanosphere community
composition

The addition of nutrients to cyanosphere communities
caused a significant shift in their composition with respect
to untreated controls, the shifts being distinct between
treatments (Fig. 1a). This trend suggests that a relationship
between M. vaginatus and the heterotrophic diazotrophs in
the cyanosphere is dispensable in response to differential
nutrient availability, thus implicating directly nutrient
exchanges as the basis of a symbiosis. The fitness benefit
under changing nutrient conditions would go, in this case,
to the cyanobacterium who would continue to grow in a
shifting environment by selecting appropriate new micro-
bial partners only when needed. A similar behavior is a
common occurrence in plant rhizosphere communities,

where, depending on the needs of the plant, changes in
exometabolite exudation profiles of plant roots can differ-
entially attract or repel specific microbial constituents with
specific functional traits [74, 75]. For the case of N,
potentially diazotrophic members were washed out of the
cyanosphere upon N-addition, but not upon P-addition.
However, because taxonomy is only rarely a safe indicator
of functional traits in bacteria, we sought confirmation
through functional gene assessment. Again here, the relief
of nitrogen limitation resulted in a cyanosphere community
with a significantly lowered nitrogen-fixation potential
(Fig. 1b) confirming the initial assessment. Interestingly, the
addition of N resulted in an apparent enrichment in poten-
tially P-solubilizing bacterial taxa, hinting to the notion that
exchange of organic carbon for nutrients may go beyond C
for N by using different heterotrophic partners. This must
for now remain as a testable hypothesis.

M. vaginatus forms highly specific resource trading
relationships under low nutrient availability

We were able to recreate the C for N resource trading
relationship previously proposed [30] by reassembling its

B) S. marcescens C) E. coli

D) Paenibacillus sp. E) Geodermatophilus sp. F) Ensifer sp.

G) Massilia sp.† H) Arthrobacter sp.† I) Bacillus sp.†

A) ControlFig. 2 Co-cultures of M.
vaginatus PCC9802 with
heterotrophic bacteria on
solid, carbon-, and nitrogen-
free medium after 20 days of
incubation (n= 3). Scale bar is
1 cm. The heterotroph used
varies by panel as: (a) no
heterotrophs (control), (b)
Serratia marcescens D1, (c)
Eschrichia coli K12, (d)
Paenibacillus sp. S14, (e)
Geodermatophilus sp. B17, (f)
Ensifer sp. S1, (g) Massilia sp.
METH4, (h) Arthrobacter sp.
O80, and (i) Bacillus sp. O64.
Bacterial isolates matching
cyanosphere members are
denoted by (†).
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components in vitro through the use of pedigreed, hetero-
trophic bacteria isolated ad hoc from cyanosphere com-
munities. We found that, despite belonging to different
phyla, these heterotrophs typical of the cyanosphere com-
munity rapidly formed a mutualistic relationship with M.
vaginatus in vitro allowing for copious growth of both
partners under nitrogen-free, organic C-free conditions
(Figs. 2g–i, S2), which would have allowed neither to thrive
separately (Fig. S3). While not measured directly, the
conspicuous growth of heterotrophic biomass was con-
centrated in tight proximity to M. vaginatus bundles
(Fig. S4B), indicating that M. vaginatus was the source of
organic carbon needed to complete the C for N mutualism.
That this association is highly specific can be derived from
the fact that co-culture with other heterotrophic diazotrophs
commonly found in biocrusts (but not in the cyanosphere),
failed to produce the same result (Figs. 2d–f, S2), as did co-
culturing with heterotrophs from other environments
(Figs. 2b, c, S2). Interestingly, these cooperative inter-
actions seem to be absent or, in some cases, turn competi-
tive when co-cultured on carbon- or nitrogen-replete
medium, where no growth of M. vaginatus was observed
(Fig. S5A).

Nitrogen limitation and mutualism induce bundling
formation in M. vaginatus

Aggregation of M. vaginatus trichomes into macroscopic
bundles enclosed by a common sheath is a morphogenetic
trait for which the mechanism is unknown. In fact, it is the
diacritical trait that defines the genus Microcoleus, although
it is not expressed in pure culture [12]. While fitness ben-
efits of this bundling behavior are clearly seen in an ability
of various bundle formers to stabilize sedimentary sub-
strates against erosion [19], it still presents potential draw-
backs. Coming together into aggregates of large size will
principally hamper uptake of diffusible nutrients, and cause
self-shading [76], which is something that phototrophs
avoid. Showing that the trait is inducible, as we did here,
gives us a glimpse of what its fitness value might be based
on. Our current observations implicate, by correlation,
enhanced aggregation into bundles as a response to nitrogen
limitation and, particularly also, to the establishment of
mutualisms to thrive under such conditions. This aligns with
observational evidence that the highly motile trichomes of
M. vaginatus remain in their common sheath enclosure
when pulled from environmental samples if kept under
nitrogen limitation, but rapidly disperse from it when
incubated in nitrogen rich medium (Fig. S5B). A priori, a
dense supracellular structure with many trichomes com-
peting for limited resources would not make sense, unless
the resource would be a highly diffusible gas found in high
concentration, like N2. Under nitrogen-fixing conditions,
bundling should not present a major problem. But M.
vaginatus also produced even larger bundles when co-
cultured with nitrogen-fixing heterotrophs associated with
cyanosphere communities, similar in size to those observed
in field samples. The differential response of M. vaginatus
to the presence of cyanosphere isolates suggest that
increasing size may facilitate greater efficiency of resource
trading, perhaps through the formation of more intense
exometabolite gradients in another analogy to the rhizo-
sphere of plants [75], or through the creation of localized
oxygen-free micro-niches during the night, often measured
within biocrusts [77] that might protect nitrogenase, as has
been suggested for the planktonic cyanobacterium, Tri-
chodesmium [78]. But the exact mechanisms remain to be
tested with any rigor.

A mutualistic relationship of global reach and
applied potential

Biocrusts communities are increasingly recognized as key
not only to the local C and N biogeochemical cycles
[79, 80], but also to its global dimension [81]. With a total
biomass estimated at some 54 × 1012 g C [82], terrestrial
cyanobacteria are one of the major components of biocrusts,
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Fig. 3 Trichome content of axenic M. vaginatus bundles incubated
under various conditions (n= 3). a Axenic M. vaginatus PCC9802
on nitrogen-deplete (N−) and nitrogen-replete (N+) solid medium. A
Wilcox test shows significant differences (P < 0.001). b Co-cultured
with various heterotrophic bacteria under N− conditions. Legend
shows strain denomination and (†) denotes isolates matching known
cyanosphere members. A Kruskal–Wallis test with chi-squared p value
adjustments shows significant differences between axenic M. vagina-
tus on N− medium and co-cultures with isolates, Arthrobacter sp. O80
and Massilia sp. METH4 (P < 0.01 and <0.009, respectively), but not
others. Co-cultures with S. marcescens D1, Geodermatophilus sp.
B17, and Paenibacillus sp. S14 resulted in death of M. vaginatus and
could not be quantified.
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and within them, M. vaginatus is the most common and
widespread terrestrial cyanobacterium [17]. Given this
background and the results presented here, it is likely that
the mutualism of M. vaginatus with certain heterotrophs is
responsible for a significant portion of terrestrial nitrogen-
fixation at the global scale, and particularly important in the
increasingly more expansive arid land areas suffering from
loss of biocrust cover, be it by direct human impact [83, 84]
or by effect of global change [18, 85], in which recovery
hinges on the success of pioneer biocrusts formers. The
results presented here also open the door to applied aspects
of biocrust restoration and, in particular, to the sustainable
production of biocrust inoculum for use in ecological
restoration in dryland ecosystems. Current production
approaches have focused solely on the phototrophic com-
ponents [33, 34], but our results suggest that using selected
heterotrophs to enhance production and survival of cyano-
bacterial inoculum may be a new avenue worth considering.

Conclusion

We provided strong evidence for a “carbon for nitrogen”
resource trading relationship between M. vaginatus and
certain members of its cyanosphere community by recon-
structing the hypothesized mutualism from its components
in the laboratory to gauge the ability of two-partner con-
sortia to thrive in C- and N-free media and by showing that
the relationship can be regulated by changing N availability.
Further, we provide evidence that bundle formation by the
cyanobacterium is tied to the conditions leading to mutu-
alism, although its specific role remains to be discerned. We
discuss the relevance of these findings for nitrogen cycling
locally and globally, and their potential for translation to
restoration ecology.

Data availability

Raw sequence data have been submitted to NCBI and are
publicly available under BioProject PRJNA630480.
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