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ABSTRACT Biological soil crusts (biocrusts) are communities of microbes that inhabit
the surface of arid soils and provide essential services to dryland ecosystems. While re-
sistant to extreme environmental conditions, biocrusts are susceptible to anthropo-
genic disturbances that can deprive ecosystems of these valuable services for decades.
Until recently, culture-based efforts to produce inoculum for cyanobacterial biocrust
restoration in the southwestern United States focused on producing and inoculating
the most abundant primary producers and biocrust pioneers, Microcoleus vaginatus
and members of the family Coleofasciculaceae (also called Microcoleus steenstrupii com-
plex). The discovery that a unique microbial community characterized by diazotrophs,
known as the cyanosphere, is intimately associated with M. vaginatus suggests a sym-
biotic division of labor in which nutrients are traded between phototrophs and hetero-
trophs. To probe the potential use of such cyanosphere members in the restoration of
biocrusts, we performed coinoculations of soil substrates with cyanosphere constitu-
ents. This resulted in cyanobacterial growth that was more rapid than that seen for
inoculations with the cyanobacterium alone. Additionally, we found that the mere
addition of beneficial heterotrophs enhanced the formation of a cohesive biocrust
without the need for additional phototrophic biomass within native soils that contain
trace amounts of biocrust cyanobacteria. Our findings support the hitherto-unknown
role of beneficial heterotrophic bacteria in the establishment and growth of biocrusts
and allow us to make recommendations concerning biocrust restoration efforts based
on the presence of remnant biocrust communities in disturbed areas. Future biocrust
restoration efforts should consider cyanobacteria and their beneficial heterotrophic
community as inoculants.

IMPORTANCE The advancement of biocrust restoration methods for cyanobacterial
biocrusts has been largely achieved through trial and error. Successes and failures
could not always be traced back to particular factors. The investigation and applica-
tion of foundational microbial interactions existing within biocrust communities con-
stitute a crucial step toward informed and repeatable biocrust restoration methods.

KEYWORDS biological soil crust, cyanobacteria, cyanosphere, soil microbiology, soil
restoration, biocrust

Biological soil crusts (biocrusts) are globally occurring phototroph-driven microbial
communities (1) composed primarily of cyanobacteria (2), algae (3), lichens (4), and

bryophytes (5) that support a diverse community of heterotrophic bacteria (6), archaea
(7), and fungi (8) contained within the top layer of soils throughout dryland ecosys-
tems. These communities are estimated to cover 12% of Earth’s terrestrial surface (9)
and provide essential ecosystem services wherever present (10–12). Incipient biocrust
communities are formed when pioneer cyanobacteria, typically filamentous bundle-
forming Microcoleus vaginatus and members of the family Coleofasciculaceae (formerly
referred to as the Microcoleus steenstrupii complex) (13, 14), which includes newly
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characterized genera such as Funiculus, Parifilum, Arizonema, Crustifilum, and
Crassifilum, provide initial soil stabilization against erosion (2, 12). Depending on envi-
ronmental conditions, other key biocrust organisms, such as heterocystous cyanobac-
teria, lichens, and bryophytes (15–17), can colonize and further contribute to biocrust
functionality through increased soil fertilization (18). While naturally resistant to the
high temperatures and drought common to dryland ecosystems (19, 20), biocrusts are
particularly vulnerable to disruptive forces associated with human activities, especially
during periods of desiccation (21, 22). Compressional forces from activities such as
ranching and foot/vehicle traffic can cause fragmentation of biocrust communities that
leads to the degradation and loss of associated ecosystem services (21, 22). Given that
the growth of biocrusts is constrained to short periods following sparse precipitation
events (20, 23, 24), the natural recovery of degraded communities can range from
years to centuries (25, 26).

Given biocrusts’ important role in dryland ecosystem processes, developing meth-
ods that enable the rapid restoration of degraded biocrust communities and their asso-
ciated services has become a focus of restoration efforts in dryland ecosystems.
Because biocrust communities are driven by their phototrophic members, current
advances in biocrust restoration have centered on the isolation and/or scale-up of
these components for eventual transplantation into degraded areas (27–31). However,
the survival of cultivated biocrust inoculum in the field is notoriously unreliable (32,
33) and, in general, lower than that reported for inoculation strategies based on slur-
ries of remnant biocrust communities (25, 34, 35). This suggests that nonphototrophic
microbial components of biocrusts may also play an important role in survival of bio-
crust inoculum.

Recent studies have provided evidence that the pioneer biocrust cyanobacterium
Microcoleus vaginatus is capable of spatially arranging neighboring soil bacteria into a
cyanosphere microbiome (analogous to the rhizosphere), outsourcing necessary func-
tional traits, such as nitrogen fixation, to other bacteria in exchange for photosynthates
(36–39). Resource trading within this pioneer consortium facilitates the initial establish-
ment of biocrust communities on nutrient-poor bare soils, and future restoration
efforts should consider this relationship. In this regard, the growth-promoting effects
of cyanosphere heterotrophs on M. vaginatus under nitrogen limitation have been
demonstrated through coculturing experiments in a laboratory setting (37), but
whether these benefits are transferable to soil substrates, harsh climatic conditions, or
other pioneer cyanobacteria, such as those from the family Coleofasciculaceae, remains
to be tested. Here, we tested the potential use of this pioneer consortium, containing
pedigreed heterotrophic and phototrophic components, in the restoration of
degraded biocrust communities and the production of biocrust inoculum by inoculat-
ing soil substrates under both optimized and representative environmental conditions
and monitoring biocrust development. We hypothesized that coinoculation of pioneer
cyanobacteria with heterotrophic cyanosphere partners will reduce the time necessary
to form a resource trading relationship, thus accelerating the development of a cohe-
sive biocrust.

RESULTS
Effect of beneficial heterotrophs onM. vaginatus growth on sterile soil substrate.

We cocultured M. vaginatus PCC9802, an axenic strain originally isolated from biocrust
from the U.S. Southwest, on sterilized soil substrate with each beneficial heterotrophic
isolate (Arthrobacter sp. strain O80, Massilia sp. strain METH4, and/or Bacillus sp. strain
O64) to determine their effect on phototrophic growth under laboratory conditions
(Fig. 1). After 12 growth/desiccation cycles, yields of cocultures with Arthrobacter sp.
strain O80 and Massilia sp. strain METH4 were significantly higher (55% higher yield for
both) than those of noncocultured controls (analysis of variance [ANOVA], P , 0.05 for
both), while yields of cocultures with Bacillus sp. strain O64 and Escherichia coli K-12
were similar to those of noncocultured controls (ANOVA, P = 0.90 for O64 and 0.75 for
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K-12). Yields of individual cyanosphere isolates showed no difference in growth promo-
tion (ANOVA, P. 0.21 for all). Yields of cocultures with a mixture of cyanosphere heter-
otrophs were significantly higher than those obtained by either inoculating with M.
vaginatus alone (190% higher yield) (ANOVA, P , 0.001) or coculturing with individual
isolates (;100% higher yield) (ANOVA, P , 0.001 for all). Full data sets of chlorophyll a
(Chl a) determinations can be found in Table S1 in the supplemental material. Since
incubations were carried out in an open container, it was important to monitor for ad-
ventitious colonization (40). Microscopic examination of experimental and control
plates showed no cyanobacterial contaminants across the duration of the experiment.

Beneficial heterotrophs’ effect on hot-desert biocrust inoculum. We tested the
application of pioneer cyanobacterial isolates (M. vaginatus N8 and Allocoleopsis sp.
strain N19) and beneficial cyanosphere heterotrophs, both separately (cyanobacteria
and heterotrophs) and together as a phototroph/heterotroph consortium, on the de-
velopment of biocrust on unsterilized native soils from a hot-desert location under
field conditions. After 12 growth/desiccation cycles, both cyanobacteria and consor-
tium treatments grew significantly from the initial inoculation levels (ANOVA, P , 0.05
for cyanobacteria and P , 0.001 for consortium) yielding averages of 8.0 and 35.8 mg
Chl a m22, respectively, with consortium yields significantly exceeding those of the
cyanobacterial treatment (ANOVA, P , 0.001) (Fig. 2A). The heterotroph-alone treat-
ment and the uninoculated control yielded averages of 0.07 and 0.09 mg Chl a m22,
respectively, and did not grow significantly (ANOVA, P = 0.26 for heterotrophs and 0.07
for the control) (Fig. 2A). Full data sets of Chl a determinations and visual aspects of
treatments can be found in Table S2 and Fig. S2, respectively. The bacterial community
composition already existing in the hot-desert soil substrate harbored Actinobacteria,
Proteobacteria, Crenarchaeota, and Acidobacteria as major components, with minimal
cyanobacterial abundance at the phylum level (,0.03% of total bacterial community)
(Fig. S1A). Final bacterial community compositions showed an increase in cyanobacte-
rial abundance where cyanobacterial biomass was added (cyanobacteria and consor-
tium) (Fig. S1A). In particular, the inoculated cyanobacterial isolate Allocoleopsis sp.
strain N19 accounted for up to 33% and 60% of the reads bacterial community reads
in cyanobacterial and consortium treatments, respectively (Fig. S1A), and over 99% of
cyanobacterial reads in both cyanobacteria and consortium treatments. (Fig. 2B). We
detected the presence of two of the three inoculated heterotrophs (Bacillus sp. strain
O64 and Arthrobacter sp. strain O80) (Table S3) in the appropriate addition treatments;

FIG 1 Biomass dynamics (mean biomass 6 standard deviation [SD], n = 3) of M. vaginatus PCC9802 cocultured
with individual heterotrophic cyanosphere bacteria (left) or with an equal-proportion cyanosphere heterotroph
mixture (right) on sterile hot-desert soil substrates under laboratory conditions for 12 wetting events. Controls for
growth trials were M. vaginatus PCC9802 grown alone and in coculture with a noncyanosphere heterotrophic
isolate, Escherichia coli K-12. Asterisks indicate treatments yielding significantly higher biomass than M. vaginatus
PCC9802 grown alone (*, P , 0.05; **, P , 0.001).
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however, M. vaginatus N8 was entirely absent from all treatments and controls at the
final time point (Fig. 2B).

Beneficial heterotrophs effect on cold-desert biocrust inoculum.We similarly tested
the application of pioneer cyanobacterial isolates (M. vaginatus HS016 and Arizonema sp.
strain HS024) and beneficial cyanosphere heterotrophs, both separately (cyanobacteria
and heterotrophs) and together as a phototroph/heterotroph consortium, on the devel-
opment of biocrust on unsterilized native soils from a cold-desert location under field
conditions. After 12 growth/desiccation cycles, all treatments grew significantly from the
initial inoculation levels (t test, P , 0.003 for all treatments), yielding 6.8, 6.9, and 8.1 mg
Chl a m22 for heterotroph, cyanobacterial, and consortium treatments, respectively. Only
the consortium yielded significantly more phototrophic biomass than the uninoculated
control (ANOVA, P , 0.05), though differences in final yields were not significant among
inoculation treatments (ANOVA, P = 0.17) (Fig. 3A). The controls, however, also grew sig-
nificantly (t test, P, 0.001) from the initial levels, yielding 3.9 mg Chl am22. Full data sets
of Chl a determinations and visual aspects of treatments can be found in Table S2 and
Fig. S3, respectively.

FIG 2 (A) Biomass dynamics (mean biomass 6 standard deviation [SD], n = 5) of unsterilized hot-desert soil
substrates inoculated with beneficial heterotrophs, pioneer cyanobacteria, or both beneficial heterotrophs and
cyanobacteria (consortium) under field conditions. (B) Cyanobacterial abundance and community structure of
initial substrate compared to treatments and control incubated for 12 wetting events, as determined by high-
throughput 16S rRNA gene analysis coupled to qPCR.

FIG 3 (A) Biomass dynamics (mean biomass 6 standard deviation [SD], n = 5) of unsterilized cold-desert soil substrates inoculated
with beneficial heterotrophs, pioneer cyanobacteria, or both beneficial heterotrophs and cyanobacteria (consortium) under field
conditions. (B) Cyanobacterial abundance and community structure of initial substrate compared to treatments and controls
incubated for 12 wetting events, as determined by high-throughput 16S rRNA gene analysis coupled to qPCR.
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The composition of the initial bacterial community of the cold-desert soil used as the
substrate showed the presence of Proteobacteria, Actinobacteria, and Cyanobacteria as
major components at the phylum level (Fig. S1B). The cyanobacterial community of the
cold-desert soil substrate was dominated by chloroplast sequences (.42% of cyanobac-
terial community), indicating the presence of eukaryotic algae, followed by trace amounts
of typical cyanobacterial biocrust organisms such as Microcoleus vaginatus, Allocoleopsis,
Parifilum, Nostoc, and Trichocoleus (Fig. 3B). The composition of the bacterial community
at the final time point showed a modest increase in cyanobacterial abundance across all
addition treatments (Fig. S1B). Within the cyanobacterial community, there were shifts to-
ward an incipient biocrust community. In particular, increases of pioneer cyanobacteria
such as M. vaginatus and genera of the Coleofasciculaceae, including Allocoleopsis and
Arizonema, were observed compared to the uninoculated control, and in the case of the
heterotroph treatment, this shift in abundance was significant (t test, P , 0.02) (Fig. 3B).
Additionally, two of the three inoculated heterotrophic bacteria (Arthrobacter sp. strain
O80 and Massilia sp. strain METH4) were detected in the heterotroph treatment, while all
three inoculated heterotrophic bacteria were detected within the consortium treatment
(Table S3). Interestingly, sequences undistinguishable from that of Arthrobacter sp. strain
O80 were also detected in the initial soil substrate and were present in the final bacterial
community of all treatments and controls.

Evaluation of effect of beneficial heterotrophs on soils with various levels of
degradation. Beneficial heterotrophs were applied to unsterilized native soil substrates
simulating a gradient of remnant biocrust presence to investigate whether heterotroph
additions alone could accelerate biocrust regeneration. After 12 growth/desiccation
cycles, we observed no significant differences in phototrophic biomass yield between the
inoculation treatment and uninoculated controls in soils that had high (10 mg Chl a m22)
and very low (,0.25 mg Chl a m22) levels of remnant biocrust (t test, P = 0.68 for high
levels and P = 0.79 for very low levels) (Fig. 4). At moderate, low, and incipient remnant
community levels, where initial substrates contained 5, 2.5, and 1.25 mg Chl a m22,
respectively, inoculation treatments yielded significantly more phototrophic biomass
than the uninoculated controls (t test, P, 0.05 for moderate levels, P, 0.003 for low lev-
els, and P, 0.04 for incipient levels) (Fig. 4).

DISCUSSION
Cyanosphere heterotrophs accelerate establishment of biocrust inoculum. In

hot-desert trials, coinoculation of heterotrophic isolates with locally sourced cyano-
bacteria resulted in increases of phototrophic biomass wherever sufficient initial
amounts (.0.25 mg Chl a m22) were present, with phototrophic yields of the consor-
tium being 4-fold higher than that of cyanobacteria alone (Fig. 2A and Fig. S2).
Cyanosphere heterotrophs effectively doubled the speed of biocrust development,
as the consortium treatment required half the wetting events to reach biomass levels

FIG 4 Phototrophic biomass yield of remnant hot-desert biocrust communities incubated with or
without (control) beneficial heterotrophs after 12 wetting events (mean biomass 6 SD, n = 4) as a
function of initial phototrophic biomass. Asterisks indicate significance differences in yield (*, P , 0.05;
**, P , 0.005).
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of the cyanobacterium-only treatment at the final time point (Fig. 2A). However, no
significant phototrophic growth was detected with the addition of cyanosphere hetero-
trophs without cyanobacteria, likely because insufficient cyanobacterial components
were natively present in the soil substrate. Interestingly, while these hot-desert soils were
inoculated with both M. vaginatus N8 and Allocoleopsis sp. strain N19 isolated from these
very soils, only Allocoleopsis sp. strain N19 was present at the final time point (Fig. 2B).
This finding is consistent with the temperature-driven niche differentiation known for
these cyanobacteria, as members of the Coleofasciculaceae (formerly M. steenstrupii com-
plex) tend to be more thermotolerant than M. vaginatus (41), which does not tolerate
mean temperatures above 15°C. The clear growth-promoting effects of heterotroph addi-
tions on Allocoleopsis sp. strain N19 also suggest that filamentous biocrust cyanobacteria
other than M. vaginatus can benefit from interactions with heterotrophs from the M. vagi-
natus cyanosphere, a concept that requires further testing.

The results were less clear in the cold-desert trials. Treatments had very small bene-
ficial effects over the controls after 12 wetting events (Fig. 3A and Fig. S3), and none
surpassed biomass levels of approximately 20 mg Chl a mg21, suggesting that a nutri-
ent limitation to growth in all treatments was at play. However, the nitrogen content
of this cold-desert substrate (27) was more than 10-fold higher than those previously
reported for the hot-desert substrate (see above). As such, nitrogen limitation is an
unlikely culprit. While phototrophic biomass grew only modestly, benefits due to char-
acteristics of the cyanobacterial community composition did occur (Fig. 3B). Pioneer
cyanobacteria, such as M. vaginatus and members of the Coleofasciculaceae such as
Allocoleopsis and Arizonema, which were absent or in very low abundance in the origi-
nal substrate, increased in abundance to dominate the cyanobacterial community
across all treatments. This might have been expected where M. vaginatus and
Arizonema sp. were interventionally added, but interestingly, it also occurred in the
heterotroph addition treatment where no additional phototrophic biomass was added.
Here, these crust-forming cyanobacteria increased to represent.70% of the cyanobac-
terial community, a significant increase compared to the uninoculated controls. This
suggests that even in the absence of significant biocrust yields, beneficial heterotrophs
could still shift the community in a way that poises it for the eventual formation of an
incipient biocrust.

Cyanosphere heterotrophs perform better as a consortium. In all cases, the pres-
ence of cyanosphere heterotrophs, either individually or as a mixture, led to improved
performance of M. vaginatus on soil substrates over M. vaginatus grown axenically or
cocultured with a noncyanosphere heterotroph. The beneficial effects were similar in
all three isolates, but when they were inoculated as a mixture, the beneficial effects
were even greater (Fig. 1). This consortium synergy could be due to different strains
occupying particular environmental niches associated with diurnal fluctuations in tem-
perature and oxygen concentration (42). Indeed, some of the isolates used here
seemed better suited to the particular temperature ranges and soil types used in out-
door experimental trials (Table S3). This suggests that the effective range of environ-
mental conditions for the mutualistic relationship may be increased by adding a
diverse consortium of beneficial heterotrophs.

Heterotroph additions as an alternative for restoring moderately degraded soils.
The remnant biocrust communities within soils of degraded sites constitute a signifi-
cant source of native phototrophic biomass and were previously reported to signifi-
cantly influence overall biocrust community composition (43). Our findings indicate
that when sufficient phototrophic biomass is present (.0.25 mg Chl a m22), merely
adding beneficial heterotrophs can accelerate the consolidation of fragmented com-
munities into a whole biocrust (Fig. 4). These beneficial bacteria tend to be copiotrophs
that are otherwise rare in dryland soils outside their associations with carbon-rich envi-
ronments such as plant rhizospheres (44, 45) and M. vaginatus cyanospheres (36). Our
results indicate that by increasing the presence of these beneficial heterotrophs within
disturbed remnant communities through additions, existing cyanobacteria might
require less time to recruit and sustain copiotrophic populations necessary for the
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formation of a resource trading cyanosphere. Under certain circumstances, hetero-
troph additions could be considered an effective alternative to the production and
inoculation of phototrophic components, which are time intensive to grow (27, 46), dif-
ficult to scale up (28, 43), and vulnerable to biocrust pathogens (46). Unlike filamentous
cyanobacteria, many heterotrophic soil bacteria are simple to isolate, grow rapidly in
liquid culture, and are easily scalable, properties that are invaluable to large-scale res-
toration efforts.

New recommendations for biocrust restoration strategies. Here, we recommend
that future biocrust restoration efforts use a tiered system for determining the best res-
toration strategy based on the presence of existing phototrophic biomass (Fig. 5).
Minimally disturbed areas with high levels of phototrophic biomass need no additional
intervention, requiring only precipitation, time, and protection from further disturb-
ance. Disturbed areas with moderate to low levels of phototrophic biomass may need
only application of beneficial heterotrophic bacteria to facilitate the rapid consolida-
tion of fragmented biocrust communities into full-fledged biocrusts. Severely dis-
turbed or uncolonized areas with very low levels of phototrophic biomass will still
require significant intervention, including but not limited to increasing the abun-
dances of appropriate cyanobacterial pioneers as well as the addition of beneficial
heterotrophic bacteria. Therefore, we recommend that a simple, initial assessment
of both the initial presence and composition of the phototrophic community in soils
of degraded areas be conducted in order to determine the level of intervention
required on a case-by-case basis.

Conclusion. We drew on knowledge of fundamental microbial interactions within
biocrusts to demonstrate the underexplored potential of heterotrophic bacteria in the
establishment of cyanobacterial biocrust inoculum and evaluate their role in enhanc-
ing the consolidation of disturbed biocrust communities, leading to new recommenda-
tions for biocrust restoration strategies for drylands. This study provides evidence that
shifts the paradigm of restoration approaches from an exclusive focus on phototrophic
components to one that includes selected heterotrophic components, often consid-
ered secondary contributors to crust functionality.

FIG 5 Recommendation for restoration of cyanobacterial biocrusts based on presence of phototrophic
biomass at degraded sites.
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MATERIALS ANDMETHODS
Biocrust and soil substrate sourcing. Hot-desert biocrusts and soil substrates were collected in

May 2019 from the Chihuahuan Desert (New Mexico, Jornada Basin Long-Term Ecological Research
Network [LTER] site; 32.56378N, 106.75522W). Hot-desert biocrust communities were sampled using pe-
tri plates (15-cm diameter, 1-cm depth) that were utilized to cut intact biocrust from the field (47). Cold-
desert soil substrates were collected in May 2014 from the Great Basin Desert (Hill Air Force Base, Utah
Test and Training Range; 41.10419N, 113.00820W). Additional cold-desert location details are described
in a previous work (28). For both locations, soil substrate was taken at a depth of 5 to 20 cm. Samples
were air dried and maintained inactive at a low relative humidity (RH; 15%) in darkness until experimen-
tation in spring/fall 2020.

Cyanobacterial isolation and growth conditions for cyanobacterial and heterotrophic strains.
To isolate site-specific pioneer cyanobacterial strains, hot-desert biocrusts were wetted with reverse os-
mosis (RO) water to allow cyanobacterial bundles to migrate toward the soil surface. These bundles
were pulled from the biocrust and incubated on 50% BG11o plus 1% gellan gum (48) for 14 days.
Outgrowth of cyanobacterial biomass from bundles was transferred to 24-well plates with 1 ml BG11 in
culture room conditions (23°C, ;20 mE m22 s21, 14-h light cycle) and slowly scaled up to 20-ml, 150-ml,
and 750-ml cell culture flasks over several weeks as growth permitted. After determination of initial pu-
rity and taxonomy, cyanobacterial strains were assigned based on microscopy. Genomic DNA was
extracted using a PowerSoil Pro kit (Qiagen, Hilden, Germany) and submitted for Sanger sequencing to
the ASU Genomics core facilities, using the cyanobacterium-specific primers CYA106F/CYA805R (49) as
previously described (28). Forward and reverse sequences were aligned in Geneious version 8.0 (50), and
the 600- to 700-bp consensus sequences were phylogenetically assigned taxonomy using our own cura-
ted cyanobacterial database/tree version 2 (https://github.com/FGPLab/cydrasil/releases/tag/v2.0) via
RAxML (51) and displayed using ITOL (52). Cyanobacterial strains chosen for experimentation were those
with 16S rRNA sequences most closely related to the most abundant cyanobacterial sequences from field
communities as previously described (28). Details of the isolation and selection of cyanobacterial strains for
the cold-desert location are described in a previous work (28). All cyanobacterial strains were maintained in
BG11 medium under culture room conditions (23°C, ;20 mE m22 s21, 14-h light cycle). Isolation and selec-
tion of heterotrophic strains used in experimentation (Bacillus sp. strain O64, Massilia sp. strain METH4, and
Arthrobacter sp. strain O80) are described in a previous work (37). Heterotrophic isolates were maintained
on Burk’s medium plus 1% gellan gum (53) under culture room conditions (23°C).

Assessment of beneficial effects of cyanosphere heterotrophs on axenic Microcoleus vaginatus
in sterile conditions. To quantitatively assess the growth-promoting effects of cyanosphere hetero-
trophs on the growth of M. vaginatus, we inoculated heterotroph strains, both separately and as a mix-
ture on sterilized soil substrate, with an axenic strain of M. vaginatus (PCC9802) originally isolated from
biocrusts in the U.S. Southwest and available through the Pasteur Culture Collection of Cyanobacteria
(Paris, France). A total of 115 g of dry sterilized hot-desert soil substrate (autoclaved 5 times for 20 min
at 121°C) was distributed in 21 petri plates (10-cm diameter, 2.5 cm deep).

All strains were harvested and washed three times prior to inoculation by pelleting cells in a centri-
fuge at 8,000 rpm for 8 min, removing supernatant, and resuspending cells in sterile RO water in order
to remove remnant nutrients from previous medium as previously described (37). The washed cells were
then mixed to create coculture mixtures that were pipetted evenly onto the soil surface at
0.54 6 0.18 mg Chl a m22 for M. vaginatus PCC9802 and at ;108 cells of heterotroph isolates per plate.
Treatments (n = 3) consisted of cocultures of M. vaginatus PCC9802 with individual beneficial heterotro-
phic strains: Bacillus sp. strain O64, Arthrobacter sp. strain O80, Massilia sp. strain METH4, or an equal con-
centration mixture of heterotrophs (O64, O80, and METH4), as well as a nonbiocrust strain, E. coli K-12.
The controls consisted of M. vaginatus PCC9802 grown alone and uninoculated soil substrate. All plates
were incubated by simulating natural wet/dry cycles, with 12 consecutive wet/dry cycles as previously
described (43), providing additions of 25 ml sterile RO water followed by 72 h of desiccation by ambient
evaporation. All plates were incubated at 25°C, under 100 to 120 mE m22 s21 of white light and with a
14-h illumination/10-h dark cycle. For biomass measurements, a cork borer was used to randomly obtain
three soil cores (0.9-cm diameter, 0.5 cm deep) from each replicate plate 24 h after initial wetting and at
the 3rd, 6th, 9th, and 12th wetting events. Sampled cores were air dried and stored at 4°C in the dark
until extraction.

Assessment of beneficial effects of cyanosphere heterotrophs on biocrust pioneer species from
two desert locations. To determine if the growth-promoting effects of beneficial heterotrophs were
retained under field-like conditions and whether this can be applied to climatic and edaphically different
locales, we tested the effect of heterotroph additions on the growth of locally sourced cyanobacterial
pioneer species from hot- and cold-desert locations using unsterilized native soil substrates under field-
like conditions. A total of 225 g of unsterilized dry native substrate from each location was distributed
into 20 petri plates (15-cm diameter, 1 cm deep). Cyanobacterial strains from hot desert (M. vaginatus
N8 and Allocoleopsis sp. strain N19) and cold desert (M. vaginatus HS016 and Arizonema sp. strain HS024)
as well as heterotrophic strains used for inoculation were harvested and washed three times prior to
inoculation by pelleting cells in a centrifuge at 8,000 rpm for 8 min, removing supernatant, and resus-
pending cells in sterile RO water, to remove remnant nutrients from previous medium as previously
described (37). Due to the clumping tendency of filamentous cyanobacterial strains, each strain used
was homogenized by forcing the culture through a sterile 60-ml syringe until observed clumps were
broken apart (28, 54).

For each location, three treatment mixtures were created and pipetted onto their respective soil
surfaces: a cyanobacterial mixture (cyanobacteria), a heterotrophic mixture (heterotrophs), and a

Nelson and Garcia-Pichel Applied and Environmental Microbiology

October 2021 Volume 87 Issue 20 e01236-21 aem.asm.org 8

https://github.com/FGPLab/cydrasil/releases/tag/v2.0
https://aem.asm.org


cyanobacterium-heterotroph mixture (consortium). A total of 5 ml of this mixture was pipetted evenly
onto the respective soil substrates for the following treatments (n = 5): cyanobacteria only, heterotrophs
only, and a cyanobacterium-heterotroph mixture (consortium). Cyanobacterial mixtures containing
equal proportions of cyanobacterial pioneer strains were inoculated onto soil substrates at 4.22 6 0.64
and 2.25 6 1.06 mg Chl a m22 for hot- and cold-desert locations, respectively. Heterotroph bacteria
used for heterotroph and consortium treatments were inoculated at ;109 cells of each heterotroph iso-
late per plate. The controls for each location consisted of uninoculated soil substrates receiving 5 ml of
sterile RO water.

Outdoor growth trials for both hot- and cold-desert locations were performed in an open area in
Phoenix, AZ, in May-June 2020 and November-December 2020, respectively. All plates were incubated sim-
ulating natural wet/dry cycles, with 12 consecutive wet/dry cycles, providing additions of 50 ml RO water
followed by 72 h of desiccation by ambient evaporation. Growth conditions for the outdoor trials were a
maximal light intensity of ;400 to 600 mE m22 s21 and temperatures ranging from 21 to 39°C and 6 to
26°C in May-June 2020 and November-December 2020. Extreme summer temperatures were avoided, as
previously suggested (40, 46). During midday hours of clear days, the experiment was shaded with a thin
white cotton sheet to moderate soil temperature by diffusing light intensity to overcast levels. Chl a deter-
minations were performed by using a cork borer to randomly collect three (1.7-cm diameter, 0.5 cm deep)
cores from each replicate plate 24 h after initial wetting, and at the 3rd, 6th, 9th, and 12th wetting events.
Sampled cores were air dried and stored at 4°C in darkness until extraction.

Assessment of beneficial effects of cyanosphere heterotrophs on various levels of phototrophic
biomass in native soil substrates. Heterotroph additions were made to soil substrates with various lev-
els of diluted biocrust communities in order to determine if the effect of additions of cyanosphere heter-
otrophs alone was dependent on the existing cyanobacterial biomass. Whole biocrust communities
from a hot desert were lightly homogenized with a mortar and pestle and thoroughly mixed with
unsterilized soil substrate to decrease the phototrophic biomass in the mixture to 10 mg Chl a m22. This
mixture was then further diluted with unsterilized soil substrate to obtain soil mixtures with 5, 2.5, and
1.25 mg Chl am22. The controls consisted of both sterilized and nonsterilized soil substrate representing
bare soil substrates. A total of 225 g of each mixed soil was aliquoted into eight petri plates (15-cm di-
ameter, 1 cm deep), half with 5 ml of the heterotrophic mixture (n = 4) described above and half with
5 ml of sterile RO water (n = 4). Outdoor trials took place in an open area in Phoenix, AZ, and growth
conditions were a maximal light intensity of ;400 to 600 mE m22 s21 and temperatures ranging from 6
to 26°C in November-December 2020. All plates were incubated simulating natural wet/dry cycles, with 12
consecutive wet/dry cycles, providing additions of 50 ml RO water followed by 72 h of desiccation by ambi-
ent evaporation. On clear days, a thin white cotton sheet was used to moderate soil temperature by diffus-
ing light intensity to overcast levels. Chl a sampling was performed by using a cork borer to randomly col-
lect three (1.7-cm diameter, 0.5 cm deep) cores from each replicate plate initially and 24 h after final
wetting. Cores from each plate were pooled, air dried, and stored at 4°C in darkness until extraction.

Microbial community composition. Pooled cores from each plate were lightly homogenized with a
mortar and pestle, and a weighted aliquot was used for DNA extraction. Soil DNA was extracted with a
PowerSoil Pro extraction kit (Qiagen) using the standard protocol. Before sequencing, DNA extracts from
the five replicate plates were pooled into three samples. Bacterial/archaeal community analysis was per-
formed via commercial next-generation sequencing in a MiSeq Illumina platform. Amplicon sequencing
of the V4 region of the 16S rRNA gene was performed with the barcoded primer set 515F/806R (55) fol-
lowing the Earth Microbiome Project (EMP) protocol (56) for library preparation. PCR amplifications were
done in triplicate, then pooled, and quantified using a Quant-iT PicoGreen double-stranded DNA
(dsDNA) assay kit (Invitrogen). Two hundred forty nanograms of DNA from each replicate was pooled
and cleaned using a QIAquick PCR purification kit (Qiagen). The DNA in the pooled amplification product
was quantified using an Illumina library quantification kit ABI Prism (Kapa Biosystems) 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 was added to the solution. The library was then loaded in the sequencer using the chemis-
try version 2 (2 � 250 paired-end reads) and following the manufacturer’s specifications (56).
Sequencing was performed in the Microbiome Analysis Laboratory at Arizona State University (Tempe,
AZ, USA), yielding raw FASTQ sequence files.

Bioinformatic analysis. The raw FASTQ file was demultiplexed within the MiSeq Illumina workflow
under default parameters. Paired sequences were demultiplexed and analyzed via QIIME 2.10 (57), using
the DADA2 plugin (58) where sequences were trimmed to include 250 bases from the V4 region, bound
by 515F/806R primers (59), 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 (60). FastTree (61) was used to generate a tree. Taxonomy was assigned with the naive Bayes
classifier trained on the Greengenes 13.8 release. While all phyla were analyzed, additional steps were
taken to identify cyanobacteria due to the poor taxonomic resolution obtained with Greengenes (62).
Cyanobacterial sequences were filtered out from the feature table, and cyanobacterial sequences that
attained at least 0.05% of the total number of cyanobacterial features were then phylogenetically
assigned to the level of greatest taxonomic resolution, generally genus level, using our own curated cya-
nobacterial database/tree version 2 via RAxML (51) and displayed using ITOL (52). For analyses on com-
parisons of Chl a content and total bacterial abundance, statistical tests were performed using R (version
3.4.3) (63). P values from statistical tests were corrected for multiple comparisons.

Chl a determinations. Chl a was used as a proxy for photosynthetic biomass. Pooled samples were
extracted per plate and time point by grinding the soil-cyanobacterium mixture in 90% acetone with a
mortar and pestle for 3 min, as previously described (28, 40, 54). Extracts were then transferred to a 2-ml
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microcentrifuge tube, the volume was adjusted to 2 ml with 90% acetone, and the mixture was vortexed
for 30 s and then stored in the dark for 24 h at 4°C. Absorbance spectra were recorded on a UV-visible
spectrophotometer (Shimadzu UV-1601). Interference from scytonemin and carotenoids was corrected
using a trichromatic equation (64), where appropriate. Chl a yield was calculated by subtracting initial
values from values at the time point of interest.

16S rRNA gene copy number determinations. Absolute abundance of bacteria, used as an addi-
tional proxy for biomass, was determined by qPCR (quantitative real-time PCR) using aliquoted DNA
extracted from homogenized cores for each treatment. After fluorometric determination of DNA concen-
tration in the extract (Qubit, Life Technologies, NY, USA), we used qPCR with a universal (bacterial/arch-
aeal) 16S rRNA gene primer set (338F [59-ACTCCTACGGGAGGCAGCAG-39] and 518R [59-GTATTACCG
CGGCTGCTGG-39]) to determine the number of 16S rRNA gene copies present in each extract. The PCR
was performed in triplicate using the Sso Fast mix (Bio-Rad, Hercules, CA, USA) under conditions pub-
lished previously (15). The final 16S rRNA gene copy number per unit volume of biocrust was deter-
mined from the qPCR data (copies/extract) and the total soil volume used for extraction. The number of
16S rRNA genes obtained by qPCR was later used to arrive at total population sizes for each phylum or
cyanobacterial taxon, by multiplying the total number of genes by the relative abundance of the taxa, as
determined by Illumina sequencing and bioinformatic analyses as previously described (43, 65).

Data availability. Raw sequence data have been submitted to NCBI and are publicly available under
BioProject number PRJNA740061 for experimental trials and under BioProject number PRJNA705202 for
remnant hot-desert biocrust communities.
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