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Abstract

Cyanobacteria colonize the soil surface in deserts where they coexist with other organisms such as mosses, lichens, bacteria,
fungi, archaea, and microalgae, in communities known as biocrusts. Cyanobacteria are of interest for dryland restoration due to
their capacity for survival under water stress, facilitating succession and influencing soil function recovery. In addition, their
large-scale culturing in bioreactors is possible. The aims of this study were to optimize the biomass production of a soil
cyanobacterium (Nostoc commune) and determine the feasibility of employing fertilizers instead of chemicals for their produc-
tion. The suitability of the biomass produced in different culture media for inducing biocrusts was tested by inoculation on
sterilized mine substrate and then measuring several soil properties. Results showed that the growth rate of biomass cultured in
the fertilizer media (0.43 dayfl) was close to the chemical media. After 3 months of incubation in soil the cyanobacteria surface
coverage increased up to 36% and there was no difference between soils inoculated with biomass produced in chemical or
fertilizer media. As the Mann and Myers medium made with fertilizers promoted the best soil improvements, such as increased
soil organic carbon and exopolysaccharide content of 8.9 g kg ' and 2.2 mg g ', respectively, a growth model was calculated to
optimize its production in this medium for future large-scale restoration. Our results demonstrate that Nostoc commune can be

economically produced for improving degraded soils, reducing the cost of the medium by 295 € ha .
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Introduction

Plant interspaces in drylands are frequently colonized by
cyanobacteria and organisms such as lichens, mosses,
microalgae, fungi, archaea, or heterotrophic bacteria, which
live together in close association with soil particles (Belnap
et al. 2016) forming biological soil crusts (BSCs) or biocrusts.
Biocrusts benefit soil fertility (Chamizo et al. 2012), protect it
from water and wind erosion (Rodriguez-Caballero et al.
2012), and increase water availability at the soil surface
(Chamizo et al. 2016), providing important ecosystem ser-
vices in drylands (Rodriguez-Caballero et al. 2017). Their
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recovery should be therefore considered crucial to restoring
ecosystem functioning, and in designing approaches to dry-
land restoration (Bowker 2007). Cyanobacteria are the first
biocrust colonizers of dryland soils (Weber et al. 2016) and
the most resistant, as well as the easiest to culture under lab-
oratory conditions, making them key organisms to inducing
biocrust development on degraded soils (Wang et al. 2009).
For biocrust induction, first a native cyanobacterium strain is
selected, the biomass is produced and then inoculated on the
soils to be restored (Rossi et al. 2017). Several studies have
achieved good results with lab-scale inoculation of
cyanobacteria on soil in Petri dishes (Chamizo et al. 2018;
Muioz-Rojas et al. 2018; Roman et al. 2018; Mugnai et al.
2018a, b). Although there have been some field inoculation
studies (Chen et al. 2006; Wang et al. 2009; Rao et al. 2012,
Lan et al. 2013; Wu et al. 2013a, b; Park et al. 2017), there are
still many problems for its large-scale application to restora-
tion of degraded areas, such as the need for large amounts of
biomass, which may represent a significant production cost.
Nostoc commune is of interest for inoculation trials because
of its suitable ecological and physiological characteristics
(Zhao et al. 2016; Rossi et al. 2017). It is usually found in
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biocrusts inhabiting cosmopolitan dryland environments
(Lange and Belnap 2016), including Mediterranean dryland
ecosystems (Cano-Diaz et al. 2018; Roncero-Ramos et al.
2019). Nostoc spp. are heterocystous cyanobacteria which
have dryland survival strategies, such as pigment (chlorophyll
a, scytonemin, and carotenoids) production, CO, fixation by
photosynthesis (Whitton and Potts 2012), atmospheric nitro-
gen (N,) fixation by heterocysts, and exopolysaccharide
(EPS) generation (Schopf 2013). The matrix of EPS, water,
lipids, proteins, and other compounds surrounding
cyanobacterial trichomes promotes soil colonization by reduc-
ing moisture loss under dry environmental conditions (Rossi
and De Philippis 2015), enhancing soil particle aggregation,
and preventing erosion (De Philippis and Vincenzini 1998). It
also protects cyanobacteria against predation and antibacterial
agents (De Philippis and Vincenzini 1998). Scytonemin in the
matrix protects cells from UV radiation (Garcia-Pichel and
Castenholz 1991). Furthermore, most soil cyanobacterial me-
tabolisms are adapted to hydration-dehydration cycles (Dodds
etal. 1995), remaining inactive during dry periods and becom-
ing active again with water availability. Terrestrial Nostoc spp.
have also shown tolerance to UV-B during desiccation-
rehydration (Gao and Ye 2007) and are an early successional
soil colonizer, following bundle-forming cyanobacteria
(Belnap and Eldridge 2003). These strategies benefit BSCs
by improving soil functions, such as increasing soil fertility
by fixing atmospheric C and N (Belnap 2003); increasing soil
stability, through EPS production, and water availability
(Chamizo et al. 2012, 2016); and decreasing soil albedo
(Roman et al. 2018). Several studies have proven the potential
of Nostoc spp. for inoculation in soil restoration, such
as in the one by Roman et al. (2018), which showed the
successful induction of an incipient biocrust after inoculating
N. commune on different types of soil, leading to an increase
in organic carbon and total nitrogen soil content. Furthermore,
McKenna Neuman et al. (1996) reported that the crust pro-
duced after nurturing N. commune inoculants on sand under
greenhouse conditions provided considerable protection
against wind erosion. Other species belonging to the Nostoc
genus have also been inoculated on soils under laboratory
conditions with good results, e.g., improving soil porosity
(Falchini et al. 1996) or aggregate stability (Rogers and
Burns 1994). These studies suggest that inoculation of
N. commune on dryland soils under natural conditions would
be an effective restoration method. However, for the restora-
tion of large degraded areas, its production would have to be
optimized.

Scaling up cyanobacteria biomass production to inoculate
large degraded areas is one of the most complicated steps in
optimization. In recent decades, the cost of biomass produc-
tion has been lowered by optimizing growing temperatures,
making use of sunlight (Rossi et al. 2017), and using waste-
water instead of a freshwater enrichment medium (Wu et al.
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2018). Nevertheless, the process is still expensive (Hu et al.
2012), and further optimization is necessary if this technology
is to be used to restore large areas. Usually, chemical media
are employed (e.g., BG11 (Rippka et al. 1979) or AN (Allen
and Arnon 1955)). One of the most influential factors in bio-
mass production cost is the medium (Acien et al. 2012), so a
reduction in its cost would be reflected in the total balance.
One strategy for this is the use of agricultural fertilizers, which
have already been used with excellent results for production of
microalgae and water cyanobacteria (Guzman-Murillo et al.
2007; Nayak et al. 2016). However, they have never been used
with soil cyanobacteria.

This study analyzed the feasibility of producing the soil
cyanobacterial strain, N. commune, in fertilizer media as a
low-cost strategy. The biomass produced was then inoculated
on a degraded soil to accelerate the development of BSCs, in
comparison with natural biocrust recovery rates. After
3 months of nurturing, several soil properties were analyzed
to demonstrate the suitability of the inoculants for dryland soil
restoration projects. This article evaluates the best production
strategy based on culture results and their effects on degraded
soil properties.

Materials and methods
Microorganism and culture conditions

The cyanobacterial strain employed was morphologically and
genetically identified as Nostoc commune CANT2 UAM 817
(Roncero-Ramos et al. 2019), order Nostocales. It was isolat-
ed from biocrusts in a limestone quarry in the foothills of the
Sierra de Gador Mountains at 370 m a.s.l. (36° 55’ 20" N, 2°
30" 29" W), in a semiarid region of SE Spain (Luna et al.
2016), and maintained in autoclaved BG11, (Rippka et al.
1979) and Armon+N (Allen and Arnon 1955) liquid media at
25 °C and 70 umol photons m > s .

A two-factor design was used to test the effect of adding a
nitrogen source to culture media and preparing them with
fertilizers instead of chemicals. Nostoc commune was there-
fore cultured in four different media (Table 1), two of which
were prepared using pure chemicals, the traditional BG11
(Rippka et al. 1979) with and without nitrogen, because
N. commune is a nitrogen-fixing cyanobacterium. The third
medium (BG11-F) was made to simulate the composition of
BG11 but prepared using agricultural fertilizers. As com-
pounds (fertilizers and chemicals, see Table 1) were different,
the composition of the BG11 medium made with fertilizers
was adjusted to make the quantities of the main elements as
similar as possible. After adjustment, differences in P and Ca
in media were less than 0.01 g L' and for Na and N less than
0.03 g L™'. The fourth (MM-F) was the Mann and Myers
medium (Mann and Myers 1968) commonly employed for
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Table 1 Composition of culture

media used Fertilizers (g L") BG11-F MM-F Pure compounds (g L) BGl11, BGl1
Ca (NOs), 0.0125 0.640 CaCl,-2H,0 0.0360 0.0360
NaNO; 0.3500 0.260 NaNO; 0.0000 0.5000
MgSO4 0.0370 0.180 MgSO,47H,0 0.0750 0.0750
KH,PO4 0.0290 0.140 K,HPO,4-3H,0 0.0400 0.0400
Welgro* 0.045 0.045 Na,MgEDTA 0.0002 0.0002
Fe 0.0110 0.011 Cg¢H,1FeNO, 0.0060 0.0060
CeHs07 0.0066 0.0066
Na,CO; 0.0200 0.0200
H;BO; 0.0286 0.0286
MnCl,-4H,0 0.0181 0.0181
ZnS047H,0 0.0022 0.0022
Na,Mo0,-2H,0 0.0039 0.0039
CuSO45H,0 0.0008 0.0008
Co (NO3),-6H,0 0.0005 0.0005

*The units of Welgro are mL L'

All fertilizers, except for Welgro, were at 95% of purity (Yara, Spain). Welgro is a solution of micronutrients (B,

Mn, Zn, Mo, Fe, Cu) (Yara, Spain)

large-scale production of microalgae, prepared using fertil-
izers (Sanchez Mirdn et al. 1999; Fernandez et al. 2012;
Barcelo-Villalobos et al. 2018). The molarities of N and P
and the N/P ratio in the media were BG11 (N =0.006 M,
P=0.0004 M, N/P=15), BGl1lg N=0 M, P=0.0002 M,
N/P=0), BGI11-F (N=0.004 M, P=0.0002 M, N/P=9),
and MM-F (N=0.011 M, P=0.001 M, N/P =5). Finally, the
production costs of each culture medium, calculated by taking
into account the prices and quantities of each one of the
chemicals and fertilizers employed to prepare them, were
0.003 € L' (MM-F and BG11-F), 0.018 € L' (BG11,), and
0.03 €L (BGI11).

Photobioreactor and operating conditions

Twelve bubble column reactors with a hemispherical base and a
total volume of 0.3 L (3 cm x 45 cm) were used for the
cyanobacterial production experiments. They were placed in a
temperature-controlled chamber at 25 °C. Eight 28 W fluores-
cent tubes (Philips Daylight T5) were installed horizontally to
provide a solar 12:12 h daylight cycle with a maximum irradi-
ance of 1600 pmol photons m 2 s~ '. The solar cycle was sim-
ulated by turning on a pair of fluorescent tubes every 1.5 h to
increase irradiance, starting out at 290 umol photons m % s ",
followed by 800 and 1400 wumol photons m 2 s™', until
reaching the maximum which lasted 3 h, and then decreasing
following the same pattern. The reactors were continuously
aerated with air sterilized by filtering (0.22 pm, Millex EMD
Millipore) at 0.1 v/v/min (air flow volume per volume of liquid
per minute) to remove oxygen and ensure adequate mixing.

The pH of all culture media was set at 7.8 the first day of the
essay.

The reactors were operated in batch mode. Each reactor
was filled with a culture prepared by mixing each medium
with 10% of a previously adapted inoculum, as the strain must
always be adapted to the medium before batch culturing, es-
pecially in nitrogen-free media. For this, N. commune was
cultured in 0.5 L of nitrogen-free medium until it developed
nitrogen-fixing heterocysts. Three replicates were evaluated
for each medium defined.

Culture monitoring

During batch culturing, each reactor was manually shaken
daily and opened in a sterile atmosphere. Any water that
evaporated was replaced with autoclaved distilled water
and then 10 mL of the culture was extracted. Dry weight,
F/F, and the visible absorption range were measured in
each daily extraction. Dry weight was used to determine
the biomass concentration (Cy,) by filtering (I um pore
size, 9 cm diameter, Whatman) the extract and keeping
the filtered biomass in an oven at 80 °C for 24 h. The
F,/F, ratio was defined as the estimated maximum quan-
tum yield of Q4 reduction, that is, the maximum photo-
chemical efficiency of photosystem II (PSII) (Cosgrove
and Borowitzka 2010), measured with a Junior-PAM fluo-
rimeter (Walz, Germany) after culture adaptation in the
dark for 15 min. Chlorophyll absorption (680 nm and
750 nm) and the complete visible absorption range
(400-700 nm) in the extracts were measured with a
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fluorimeter (Aquapen AP C100, PSI, Czech Republic).
The biomass extinction coefficient (K,), which represents
the biomass light absorption efficiency (Grima et al.
1994), was obtained at the start of the experiment to de-
termine the irradiance attenuation in the culture. It was
calculated by applying the Beer-Lambert law (Beer
1852) as the ratio between the average absorbance in the
visible spectrum and the biomass concentration (Cy) in the
light path through the cuvette (p =0.01 m) (Eq. 1).

K, = m(,\:400—700nm) / (Cov*p) (1)

The average cell exposure to irradiance inside the culture
(I,y) was calculated following Molina Grima et al. (1993) (Eq.
2), as a function of the irradiance in the absence of biomass
(1y), the extinction coefficient of the biomass (Ka), the biomass
concentration (Cp), and the light path through the cuvette (p).

IO (7Ka*C p )
Iavzm*(lfe bp) (2)

The specific growth rate (i), defined as the capacity of
biomass generation per biomass unit, was determined as the
slope of Ln (Cy/Cy) over time (f) (Eq. 3), where Cj is the initial
biomass concentration of the culture (Gomez-Serrano et al.
2015; Morales-Amaral et al. 2015). This parameter is of inter-
est if the culture has growth limitations, such as irradiance. To
determine the quantity of biomass generated per volume of
culture over time, the volumetric biomass productivity (Py)
was calculated as the product of the specific growth rate (1)
and the biomass concentration (Cy) (Eq. 4) (Gomez-Serrano
et al. 2015; Morales-Amaral et al. 2015). Calculations were
performed daily.

 Ln(Cy/Ch)
R 6)
Pb = u*Cb (4)

The parameters (/,,, ks, and ) calculated above were fitted
to the growth model in (Eq. 5) (Molina Grima et al. 1993) to
find the maximum specific growth rate (fi,,y), itradiance con-
stant (/y), and the form parameter (n). This model has been
shown to be useful for representing the growth of microalgae
and cyanobacteria in different production systems. It is mainly
a function of the average irradiance, which also integrates the
geometry of the system, the biomass concentration, and the
cell absorption properties. As a sigmoidal effect has been ob-
served at low light intensities and with nutrient limitations, the
n parameter was included to adjust the growth kinetics for it
(Molina Grima et al. 1993). According to this model, the
growth rate of any microalgal strain is a hyperbolic function
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of the average irradiance inside the culture, which is deter-
mined by external irradiance, the light path length, the bio-
mass extinction coefficient, and the biomass concentration
inside the culture (Eq. 5).

/'[J_
I+ 1,

EPS determination in liquid culture

The EPS in the liquid culture was determined to find out
whether differences in media would affect the N. commune
production of EPS, and whether the quantity of EPS in the
inoculant would influence cyanobacterial colonization of soil.
The Ahmed et al. (2014) method was slightly modified to
extract the total EPS of 0.1 L of liquid culture from each
reactor. Extractions were divided into two categories, the
EPS released in the media by cyanobacteria (labeled, released
EPS (REPS)) and the EPS associated with cells by covalent
bonds (CEPS). The REPS fraction was obtained after
centrifuging culture samples (5000xg, 20 min, 20 °C) and
filtering the supernatant with 0.45 pm filters (Millipore) to
eliminate cyanobacteria cells. The CEPS extraction was done
in two steps. First, the pellet was mixed with 4.5 mL of milli-Q
water and incubated for 1 h at 30 °C while shaking at 120 rpm.
Afterwards, it was centrifuged and filtered under the same
conditions as before, keeping the fraction obtained. The rest
of the CEPS were extracted by adding 4.5 mL of 0.1 M
Na,EDTA to the remaining pellet and incubating it for 4 h at
25 °C while shaking at 120 rpm. Finally, it was centrifuged
and filtered as before and mixed with the previous fraction
extracted with milli-Q water to obtain the whole CEPS frac-
tion. All the extractions were determined by the phenol-
sulfuric acid method (Dubois et al. 1956), measuring absor-
bance (488 nm) with a spectrophotometer (Helios Zeta UV-
VIS, Thermo, UK). Then, both fractions were combined to
obtain the total EPS in each culture.

Cyanobacteria inoculation on soil

Petri dishes (diameter =90 mm, depth =15 mm) were filled
with 80 g of 2 mm-sieved substrate from the limestone quarry,
which had previously been sterilized by autoclaving twice for
20 min at 120 °C, to avoid any interaction with the indigenous
soil community. Then, they were watered from above to pro-
mote the development of a physical soil crust on the surface,
to mimic the natural succession from physical crusts to incip-
ient cyanobacterial biocrusts.

When the batch culture reached the stationary phase, the
contents of the three replicates of each culture medium were
mixed to produce homogenous soil inoculants for each inoc-
ulation treatment. There were seven treatments, which were
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applied on the soil surface in four replicates, for a total of 28
Petri dishes. Four treatments were made up of the N. commune
biomass and their corresponding media: BG11y, BG11, MM-
F, BG11-F. Two more treatments from the culture grown in
BGI11-F were added to test the influence of the fertilizers on
soil: Medium (BG11-F batch culture medium without
biomass) and Cyanobacteria (the cyanobacteria biomass cul-
tured in BG11-F without the medium). The Medium treatment
consisted of 0.015 L of medium from the BG11-F batch cul-
ture, which had previously been filtered to eliminate
cyanobacteria. The Control treatment consisted of watering
the Petri dishes with 0.015 L of distilled water, with no inoc-
ulum. Previous studies had tested the cyanobacteria biomass
concentration to be inoculated in this soil (Roman et al. 2018)
and found the 6 g of dry biomass per m surface proposed by
Magqubela et al. (2010) to be suitable. To reach that concen-
tration per soil surface, all inoculants containing biomass were
dilluted with distilled water to a biomass concentration of
2.66 g L' (except for the Cyanobacteria inoculum which
was filtered and resuspended in distilled water) and 0.015 L
of each was inoculated with a sterile pipette on soil in Petri
dishes, distributing it as uniformly as possible over the entire
surface of each Petri dish.

After inoculation, all Petri dishes were incubated in a
Fitotron Plant Growth Chamber (Air-Frio, Almeria, Spain)
at 25+ 1 °C, under watering and 60 pmol photons m > s
irradiance in a 16-h photoperiod for 90 days. To avoid
disturbing the soil/biocrust surfaces, the Petri dishes were per-
forated on the bottom (very fine pores) before filling and
placed in aluminum plates which were filled with 20 mL per
day (the amount necessary for this soil sample to reach field
capacity) of distilled water two consecutive days a week to
promote cyanobacterial growth in a hydration-desiccation cy-
cle. Trrigation was calculated based on the mean annual rain-
fall at the experimental site during a wet year in the region
(290 mm) (Luna et al. 2016).

Evaluation of induced biocrust characteristics

At the end of the experiment, zenithal images were taken with
a CANON EOS 600D digital camera from a distance of 25 cm
above the sample. Cyanobacteria cover was estimated by ap-
plying a supervised maximum likelihood classification to the
images. Two cover classes were defined, bare soil and
biocrust. Each image was first processed by identifying 600
training points and applying a supervised maximum likeli-
hood classification with ENVI 4.3 (ITT VIS, USA).
Chlorophyll a analyses were performed by the double-
extraction method (Castle et al. 2011), measuring the absor-
bance at 665 nm with a spectrophotometer (Helios Zeta UV-
VIS, Thermo, UK). Surface reflectance response was mea-
sured on all samples with an ASD FieldSpec Hand Held por-
table spectroradiometer (ASD Inc., USA) with a 3.5-nm

optical resolution from 325 to 1075 nm under constant light
conditions. The optical fiber was hung 16 cm from the Petri
dish surface to capture the reflectance of the entire surface of
the dish. Before each measurement, a white reference was
recorded using a Spectralon panel to find the reflectance fac-
tor. Spectral extremes were eliminated to avoid noisy bands,
leaving a spectrum from 400 to 950 nm. Then, a smoothing
procedure based on a cubic polynomial filter with a 17-band
window size was applied (Savitzky and Golay 1964).
Afterwards, the spectral absorption of chlorophyll a
(680 nm) and the carotenoids (490 nm) were calculated
employing the continuum removal technique (Clark and
Roush 1984), and the albedo was determined as the mean of
all bands within the visible spectrum: Rg0_700) (Rodriguez-
Caballero et al. 2015).

Changes in soil chemical properties promoted
by inoculants

At the end of the trial, after measuring cover and spectrum, the
surface crust (0—3 mm deep) was scraped, dried, and ground in
a mortar. Soil organic carbon content (SOC) was determined
by the Walkley and Black method modified by Mingorance
et al. (2007), by measuring the absorbance (590 nm) of the
oxidized organic matter in a spectrophotometer (Helios
Gamma, Thermo, England). 0.1 g of soil was taken for EPS
extraction differentiated into loosely bound EPS (LB-EPS)
and tightly bound EPS (TB-EPS), following the method of
Chen et al. (2014) and Rossi et al. (2018). First, 5 mL of
distilled water was added to the soil, vortexed and left incu-
bating for 15 min at 20 °C. Afterwards, it was centrifuged
(4000%g, 20 min, 9 °C) and the supernatant was extracted
and classified as the LB-EPS fraction. Then, 3 mL of 0.1 M
Na,EDTA was added to the remaining pellet, mixed by
vortexing and incubating for 15 min at 20 °C. After centrifug-
ing as described above, the supernatant was extracted and
stored. Finally, this process was repeated three times and all
supernatants were mixed together and classified as the TB-
EPS fraction. The same method as described in EPS determi-
nation in liquid culture was employed for determining both
fractions.

Statistical analyses

The Anova function (package car) was used to perform
the ANOVA analyses followed by the Tukey post hoc test
to analyze between-treatment differences in soil parame-
ters and the EPS content in the culture media. Data had
previously been analyzed for normal distribution with the
Shapiro-Wilk test and normalized with the Box-Cox equa-
tion (Box and Cox 1964) (boxcox function in the MASS
package). Analyses were performed with R 3.4.2
(Development Core Team 2017).
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Results
Biomass production

After 17 days of batch culture, the largest biomass concentration
was found in the BG11 chemical medium with nitrogen (BG11)
(5.0 g L") (Fig. 1a), and the lower of 2.4 g L', in the BG11
medium, also using chemicals (BG11,), but with no nitrogen
source. With fertilizers instead of chemicals, the biomass con-
centration at the end of batch culture was up to 4.0 g L' in
BG11-F, and therefore similar to culturing N. commune in BG11
made with chemicals, and 3.1 g L™' the Mann and Myers me-
dium, with nitrogen and fertilizers (MM-F), which was only
slightly higher than without nitrogen (BG11). Chlorophyll fluo-
rescence measurements (F,/F},,) presented common values that
ranged from 0.35 to 0.45 in all cases.

In all the culture media, the maximum growth rate was
observed at the beginning of the batch culture when the bio-
mass concentration was lowest and light availability highest
(Fig. 1b). As expected, the growth rate decreased over time in
all the culture media down to close to zero in the stationary
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Fig. 1 Influence of culture medium composition on the biomass
concentration (a), growth rate (b), biomass productivity (c¢), and
exopolysaccharide concentration (d) of N. commune batch cultures in
bubble column photobioreactors under artificial light simulating
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phase at the end of the batch culture. During batch culturing,
the growth rate was clearly lower when the culture medium
had no nitrogen, whereas differences in the other culture me-
dia tested were not large, with maximum growth rates ranging
from 0.43 to 0.50 day .

Both BGI11 media (BG11 and BG11-F) with a nitrogen
source made with either chemicals or fertilizers showed a
maximum biomass productivity of up to 0.5 g L' day ' on
day 7 (Fig. 1c), when the biomass concentration and growth
rate were from 1.9 to 2.0 g L™' (Fig. la) and from 0.26 to
0.29 day' (Fig. 1b), respectively. The maximum biomass
productivity for the Mann and Myers medium was
0.38 g L™! day ', followed by the BG11 medium with no
nitrogen source which was 0.18 g L' day ™.

EPS production in liquid culture

After analyzing the total amount of EPS produced by
cyanobacteria in liquid culture (Fig. 1d), the lowest con-
centration was found in nitrogen-free chemical BGI11

(1.26 g L™"). The highest total EPS concentration of
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3.3 g L' was found in the BG11 medium containing a
nitrogen source and chemicals instead of fertilizers. The
total amounts obtained when culturing the cyanobacteria
in both media made with fertilizers were very similar
ranging from 2.2 to 2.4 g L™'. The amounts of EPS re-
leased in the media (REPS) were not significantly differ-
ent; therefore, the significant differences found in the total
EPS were due to the covalent EPS (CEPS), which follow-
ed the same trend (Fig. 1d).

Induced biocrust characteristics

After 3 months of cyanobacterial incubation in soils,
surface albedo showed the most significant decreases
in soils inoculated with N. commune cultured in the
MM-F, BGI11-F, and BG11, media, ranging from 17.6
to 19.3% (Fig. 2), closely followed by Cyanobacteria
inoculants and BG11 (22.5-22.6%). The albedo found
in the Control (30%) and Medium (27.5%) inoculants
was significantly higher (Fig. 2).

Cyanobacteria coverage significantly increased after
3 months of nurturing in all soils inoculated with biomass
21 to 35% more than the Control and Medium inoculants
(Figs. 2 and 3). Chlorophyll a content was also significantly
higher in soils inoculated with cyanobacteria biomass than
content with the Medium or Control treatments, which was
close to zero (Fig. 2). The significant maximum (4.3 ug g ')
chlorophyll content was reached with the MM-F medium.
Nostoc commune growth in BG11,, BG11-F, and the BG11
media led to lower chlorophyll a content of 1.8, 1.5 and
1.1 ug g ', respectively. Cyanobacteria inoculation with

distilled water (Cyanobacteria) led to a very low content of
0.3 ug g ' (Fig. 2).

The continuum removal technique applied to the reflec-
tance spectrum of inoculated soils showed two character-
istic absorption peaks for all soils inoculated with
cyanobacteria biomass, one related to carotenoid at
490 nm, and the other for chlorophyll a at 680 nm
(Fig. 4). The soils inoculated with MM-F inoculum had
the lowest (i.e., deepest) peak absorption for both chloro-
phyll a (0.66) and carotenoids (0.78), as well as soils
inoculated with BG11, and BG11-F inoculants (chloro-
phyll a 0.73 and carotenoid 0.81). Significantly higher
absorption peaks were observed for soils inoculated with
BG11 (chlorophyll a absorption 0.76, carotenoid absorp-
tion 0.85) and Cyanobacteria inoculants (chlorophyll a
absorption 0.85, carotenoid absorption 0.85).

Changes in soil chemical properties

Three months after quarry soil inoculation, SOC was
significantly higher in all soils inoculated with
N. commune biomass than control soils inoculated with
distilled water or the Medium. Of the inoculants con-
taining cyanobacteria biomass, the significantly highest
increases in SOC were found for cyanobacteria cultured
in MM-F (9.86 g kg''), BGl11, and BG11, media (in a
range of 6.8 to 6 g kg ') (Fig. 5).

Three months after inoculation, both EPS fractions
(TB-EPS and LB-EPS) showed the same significantly
higher trend in all soils treated with inoculants contain-
ing biomass with media than in the Control, Medium,
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Fig. 2 Artificial biocrust characteristics after 3 months (chlorophyll @, albedo, final cyanobacteria coverage). All data are means (n =4). The error bars
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Fig.3 Images of induced biocrust
samples after 3 months for each
treatment

and Cyanobacteria (Fig. 5). Of the inoculants that per-
formed best, the biomass cultured in MM-F medium
(3 mg g ') produced significantly more TB-EPS and
LB-EPS, followed by the BG11; medium (1.2 mg gfl).

Optimized model

The cyanobacteria cultured in the MM-F medium, which
was one of the cheapest media, produced a sufficient
amount of biomass. At the maximum biomass concentra-
tion reached in this medium (3.1 g L) and a cost of
0.003 € L_l, the amount of MM-F required to inoculate
1 ha at a concentration of 6 g m 2 would cost 66 €, which
is 295 € ha ! less than with BG11. Furthermore, as the
cyanobacteria produced in MM-F also led to better

1.0

biocrust properties, the growth model for large-scale pro-
duction was developed for this culture media. The exper-
imental parameters required to develop this growth model
based on Molina Grima et al. (1993) were the extinction
coefficient, the growth rate, and the average irradiance.
The measured extinction coefficient, a specific property
of the biomass, was 0.076 m” g '. From this, the average
irradiance inside the batch culture was calculated and ex-
perimental growth rates were fitted to this variable
(Fig. 6). The rest of the characteristic parameters were
determined by non-linear regression. The maximum spe-
cific growth rate ((max) found was 0.46 dayfl, close to the
maximum reported for other cyanobacteria species
(Markou and Georgakakis 2011), whereas the irradiance
constant (i), meaning the irradiance necessary to reach
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Fig. 4 Continuum removal of chlorophyll ¢ and carotenoid soil absorption of each treatment. All data are means (n =4). Letters indicate significant
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Fig. 5 Changes in soil chemical 14 1

properties induced by
cyanobacteria inoculation (SOC
and EPS content). All data are
means (n =4). The error bars
represent +SE and letters indicate
significant differences (p <0.05)
among treatments

SOC, g-kg™

Control Medium

half of the maximum specific growth rate, was
120 umol photons m > s~', with a form parameter (1)
equal to 3. After the growth model had been found, a
wide range of average irradiances was introduced to cal-
culate their respective model growth rates, shown as a
hyperbole in Fig. 6.

Discussion

The effects of Nostoc cyanobacteria on soil properties
have been studied previously (Falchini et al. 1996;
McKenna Neuman et al. 1996; Maqubela et al. 2010;
Roman et al. 2018), but the influence of culture growing
conditions on the final performance of the soil and

Cyanobacteria

.8-8w ‘sd3 91 pue g1

BG11-F MM-F

BG11

BG11,

mSOC M LB-EPS M TB-EPS

optimal growing conditions for the best overall process
efficiency and cost has received very little attention.
Production has to be optimized to large-scale application
of the process. Thus, low-cost culture media must be se-
lected and suitable growth models for scaling up produc-
tion developed. This study tested two conventional media
employed for cyanobacterial production made with
chemicals, BG11 and BG11,, which are, respectively,
0.027 and 0.015 € L' more expensive than the two fer-
tilizer media tested, BG11-F and MM-F.

Biomass production

We studied the growth of N. commune in four different media
prepared using chemicals or fertilizers and with or without a
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Fig. 6 Variation in Nostoc commune growth rate in the MM-F medium as a function of the average irradiance the cells are exposed to inside the culture.
The continuous line represents the fit of the hyperbolic growth model to the experimental results (dots). All data are means (7 =3)

nitrogen source. The largest biomass concentration was found
in the BG11 chemical medium with nitrogen (BG11), whereas
the minimum was also in the BG11 medium using chemicals
(BG11g) but with no nitrogen source. The BG11-F biomass
concentration at the end of the batch culture was close to
BG11 (Fig. 1a), showing that the fertilizers might not provide
as many nutrients as the culture medium prepared with
chemicals. Nevertheless, biomass concentrations were suffi-
cient to produce the required soil inoculants. It is also one of
the cheapest media (0.003 € L"), and therefore can be consid-
ered a feasible option. With the Mann and Myers medium
(MM-F), with fertilizers and nitrogen, the biomass concentra-
tion was only slightly higher than without nitrogen, suggesting
that some nutrient in this medium was limiting the growth of
N. commune. This could be of interest for future investigation.
The biomass concentration with the culture in the nitrogen-free
medium (BG11,) may have been the lowest because the cells
require more energy for N, fixation than for nitrate (Lara and
Guerrero 1997). As the chlorophyll fluorescence measurements
(F/F,) ranged from 0.35 to 0.45 in all cases, which is lower
than the 0.6-0.7 expected for green algae, but similar to other
measurements in cyanobacteria of 0.4 (Wu et al. 2013a, b), our
cultures were not stressed. According to Schuurmans et al.
(2015), F/Fy, in cyanobacteria may be underestimated due to
intertwining with the respiratory pathway, which leads to a
higher F, (minimal fluorescence) after dark incubation, because
the PSII primary quinone (QA) cannot be fully oxidized. In
addition, the culture medium not only limits the biomass con-
centration but also the growth rate, biomass productivity, and
biochemical composition of the biomass, in this case, the pro-
duction of exopolysaccharides suitable for biocrust formation.
According to Whitton and Potts (2012) the different forms in
which nutrients are present in the environment can affect the
physiological characteristics of cyanobacteria and their capacity
to survive.

The negative effect of nutrient limitation on the perfor-
mance of cyanobacteria has previously been reported

@ Springer

(Goldman 1979). The average growth rate of cyanobacteria
calculated by Liirling et al. (2013) based on growth data from
16 genera (including one from Nostoc) is 0.65 day . In this
study, the maximum growth rate found with culture media
containing a nitrogen source (Fig. 1b) was close to that aver-
age. However, biomass productivity is more relevant, because
it is a better measure of process capacity. Biomass productiv-
ity is a function of strain capacity and suitability of culture
conditions for the selected strain. Thus, several parameters,
such as temperature, pH, CO, supply, dissolved oxygen con-
centration, cyanobacteria physiological state, or nutrient sup-
ply, can determine biomass productivity. However, if all of
them are optimal, light availability is the determining factor
(Molina Grima et al. 1993). The maximal biomass productiv-
ity was obtained with the BG11 medium containing a nitrogen
source and either chemicals or fertilizers (Fig. 1c).
Theoretically, the maximum productivity is achieved when
the growth rate is half of the maximum growth rate
(Fernandez et al. 1998; Gomez-Serrano et al. 2015). Thus,
because the experimentally measured maximal growth rate
was 0.5 day ', the expected optimal growth rate would be
0.25 day ', close to the experimental rate. The Mann and
Myers medium showed a maximum biomass productivity
close to the BG11 medium (Fig. 1c). Finally, the lowest bio-
mass productivity was measured in the BG11 nitrogen-free
medium, thus confirming that this culture medium is unsuit-
able for large-scale production.

EPS production in liquid culture

The exopolysaccharides (EPS) produced by cyanobacteria in
liquid culture can be divided into two main groups: REPS
(Released EPS), which are excreted into the liquid culture
when they become detached from the cells and those that
remained covalently linked to the cell surface (CEPS), as
sheaths or capsules (Pereira et al. 2009). As in this study,
N. commune did not produce different amounts of REPS after
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being cultured in different media, the significant differences
found in the total EPS quantities were caused by a difference
in CEPS production (Fig. 1d). The lowest total EPS concen-
tration in this study was in the nitrogen-free BG11 media
(Fig. 1d), which may be because hypothetically, in absence
of a combined nitrogen source, cells must invest more energy
to fix Ny, and hence have less energy available for EPS pro-
duction (Pereira et al. 2009). However, this process seems to
be species-specific and different factors are probably in-
volved, because contradictory patterns have been described
by other authors who have reported an increase in EPS pro-
duction under nitrogen starvation conditions (De Philippis and
Vincenzini 1998; Kumar et al. 2007). The total EPS concen-
tration was the highest with the BG11 medium with a nitrogen
source and chemicals (Fig. 1d). With fertilizers, the total amount
of EPS produced was lower even though the culture medium
contained the same concentration of nitrogen. This could be due
to the difference in the composition of the nitrogen sources used
in them (De Philippis and Vincenzini 1998), as Ca (NOs), was
added to fertilizers and NaNOs to chemicals (Table 1). Also, the
higher concentration of calcium in the MM-F medium may have
influenced strain performance or precipitation of other compo-
nents, which would then not be available to cyanobacteria. The
differences in total EPS quantities measured could also be due to
factors involved in the induction of the metabolic processes
during the EPS production.

Characteristics of the biocrust induced by inoculation

As cyanobacteria colonize the soil surface (Fig. 3), it becomes
darker, decreasing albedo, as shown by Roman et al. (2018).
The results reported here show how all inoculants containing
cyanobacteria led to lower soil albedo than the control or the
Medium inoculants (Fig. 2). The albedo produced by
cyanobacteria cultured in the MM-F, BG11-F, and BG11, me-
dia was significantly lower (Fig. 2).

Cyanobacteria coverage of soil surfaces significantly in-
creased after inoculating N. commune in all culture media
(Figs. 2 and 3). Again, the biomass cultured in MM-F medium
led to significantly higher chlorophyll a content than any other
treatment except for BG11,. An increase in chlorophyll @ with
natural biocrust development has been reported (Castle et al.
2011), suggesting that it is an indicator of soil colonization by
cyanobacteria. As the soils were sterilized and all the inocu-
lants provided the same quantity of N. commune to the inoc-
ulated soils, the differences in chlorophyll ¢ content after
3 months are probably correlated with the soil colonizing ca-
pacity of each inoculum.

The soils with the MM-F inoculum had the highest chloro-
phyll a content and absorption, carotenoid absorption and
lowest albedo, indicating that cyanobacteria cultured in this
medium had a higher soil colonization capacity than the rest of
the inoculants. Furthermore, as observed in Fig. 2, results with

the Medium inoculum, which were not significantly different
from the control, did not show any improved soil characteris-
tics. Although inoculation of N. commune in distilled water
did not generally perform as well as the BG11-F treatment, it
was still significantly better than the Medium inoculum. Thus,
there must be a synergistic effect when inoculating
N. commune with traces of culture media, which does not
contribute to changes in soil properties, but helps
cyanobacteria to survive and colonize the soil. This input of
micro and macronutrients could be overcoming the lack of
key nutrients in the quarry substrate, especially in the first
stages, leading to a positive effect on cyanobacteria coloniza-
tion, as previous data have shown for mosses and lichens,
which are other BSC components (Bowker 2007).

Changes in soil chemical properties

The inoculation of N. commune led to a significant increase in
SOC content in all cases, showing the best performance when
it was cultured in the MM-F medium (Fig. 5). Cyanobacteria
fix carbon and transform it into compounds that are released
into the soil, increasing the SOC content (Chamizo et al. 2012;
Lange and Belnap 2016). Previous cyanobacteria inoculation
tests employing strains of the Nostoc genus have also reported
an increase in SOC (Rogers and Burns 1994; Muiloz-Rojas
et al. 2018; Roman et al. 2018). The N. commune strain has
already been tested as an inoculum on unsterilized limestone
quarry soils, characterized as a very poor substrate with
1.12 g kg™! of SOC content (Luna et al. 2016), where total
organic carbon gains were over 1000% (Roman et al. 2018).
Both TB-EPS and LB-EPS significantly increased on soil
when cyanobacteria were inoculated, especially in the MM-F
medium (Fig. 5), even though it was not the treatment with the
highest EPS concentration in the culture media (Fig. 1d).
According to Mager and Thomas (2011), EPS composition
is different depending on whether the cyanobacteria are under
nutrient limitations, such as in dryland soils, or in a nutrient-
rich culture media. Our results suggest that apart from com-
position, EPS production also depends on whether
cyanobacteria are in a liquid or soil environment. Moreover,
the culture media employed to produce the cyanobacteria bio-
mass also affected EPS content both in the liquid media
(Fig. 1d) and when used to induce soil biocrust (Fig. 5). One
cause could be that the differences in media influence the
cyanobacterial physiological state, affecting their capacity to
adapt to the soil environment and produce EPS. Furthermore,
we did not find any relationship between a higher concentra-
tion of EPS in liquid culture and the performance of
N. commune after being inoculated on soil. For example, the
BGI11 had the highest total EPS content at the end of the batch
culture, but the lowest chlorophyll a content of the soils inoc-
ulated with cyanobacteria and traces of media (Fig. 2). This
suggests that EPS from liquid culture did not play a key role in
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the soil colonization process or further soil improvement,
which only increased by inoculating cyanobacteria with their
own media.

Optimized model

Analysis of the biocrust properties shows how the N.
commune inoculum produced with MM-F as the culture me-
dium had a stronger effect on soil improvement. As the growth
performance with this medium was optimum, it is highly rec-
ommended for such applications, especially because it is pre-
pared using fertilizers instead of pure chemicals, which re-
duces the cost of the culture media production by
295 € ha'. The process growth model for large-scale
N. commune production must be developed at the experi-
mental conditions used, as this is the first step in defining a
large-scale bioreactor design and operating mode. The results
for a growth model based on Molina Grima et al. (1993) con-
firm hyperbolic variation in growth rate with the average irra-
diance the cells are exposed to inside the culture. The maxi-
mum specific growth rate (14,.¢) found was close to the max-
imum reported for other cyanobacteria species (Markou and
Georgakakis 2011). Using this parameter, the irradiance con-
stant (/) and the form parameter (), the growth model fit the
experimental results (Fig. 6). It is therefore a valuable tool for
designing large-scale production of this strain for dryland soil
restoration strategies.

Conclusions

This study showed that Nostoc commune can be cultured in
media made with fertilizers, thus reducing media production
costs by up to 295 € ha '. Furthermore, the inoculation of
biomass cultured in the MM-F medium promoted significant
improvements in soil properties under laboratory conditions.
BG11-F medium alone did not promote changes in the soil,
while inoculating N. commune with the same medium showed
a synergistic effect on its colonization and soil properties. This
suggests that inoculation with media would assist
cyanobacteria colonization. In order to apply this method,
which could assist other types of restoration, further studies
should be done to confirm these results on soils with different
characteristics. Finally, a growth model is provided for the
optimization of future large-scale production of this strain
for arid soil restoration.
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