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Abstract

Symbiotic partnerships are widespread in nature and in industrial applications yet there are limited examples of laboratory
communities. Therefore, using common photobionts and mycobionts similar to those in natural lichens, we create an artificial
lichen-like symbiosis. While Aspergillus nidulans and Aspergillus niger could not obtain nutrients from the green algae,
Chlorella, and Scenedesmus, the cyanobacteria Nostoc sp. PCC 6720 was able to support fungal growth and also elevated the
accumulation of total biomass. The Nostoc-Aspergillus co-cultures grew on light and CO, in an inorganic BG11 liquid medium
without any external organic carbon and fungal mycelia were observed to peripherally contact with the Nostoc cells in liquid and
on solid media at lower cell densities. Overall biomass levels were reduced after implementing physical barriers to indicate that
physical contact between cyanobacteria and heterotrophic microbes may promote symbiotic growth. The synthetic Nostoc—
Aspergillus nidulans co-cultures also exhibited robust growth and stability when cultivated in wastewater over days to weeks
in a semi-continuous manner when compared with axenic cultivation of either species. These Nostoc-Aspergillus consortia reveal
species-dependent and mutually beneficial design principles that can yield stable lichen-like co-cultures and provide insights into
microbial communities that can facilitate sustainability studies and broader applications in the future.

Key Points

* Artificial lichen-like symbiosis was built with wild-type cyanobacteria and fungi.

* Physical barriers decreased biomass production from artificial lichen co-cultures.
* Artificial lichen adapted to grow and survive in wastewater for 5 weeks.

Keywords Artificial lichen co-cultures - Microbial consortia - Cyanobacteria - Filamentous fungi - Cell—cell interactions

Introduction

Co-culture systems are becoming widely used as a synthetic
Electronic supplementary material The online version of this article biological platform to mimic cell—cell interactions present in
(https://doi.org/10.1007/500253-020-10663-3) contains supplementary natural systems such as lichens, and as a potential innovative
material, which is available to authorized users. platform for the generation of products of industrial, medical,
and environmental interest (Aanen and Bisseling 2014;
Eymann et al. 2017; Goers et al. 2018; Hom and Murray
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interactions between natural populations, how symbionts sur-
vive in extreme environments, and the potential for added-
value product generation from multispecies systems.
However, with a radial growth expansion of only 0.5-5 mm/
year (Rankovi¢ and Kosani¢ 2015), the extremely slow
growth of natural lichens also imposes practical limitations
for carrying out fundamental and applied research.

A co-culture set-up typically includes two or more different
populations of microbes in order to explore how their interac-
tion changes each partner’s behavior. Schroeckh et al. (2009)
used bacterial-fungal interaction to activate the silent gene
clusters in Aspergillus nidulans and produced new secondary
metabolites. The co-culture of fungal endophyte Fusarium
tricinctum with the bacterium Bacillus subtilis increased the
accumulation of constitutively present secondary metabolites
up to 78-fold and observed seven novel compounds not de-
tected in axenic fungal or bacterial controls (Ola et al. 2013).
Kranner et al. (2005) showed that lichened alga and fungus
upregulated the protective systems in each other during ex-
treme desiccation and irradiation, while the axenic alga and
fungus suffered oxidative damage. Co-cultures were also
found to benefit biomass production, robust growth, and en-
hanced bioproducts yield (Do Nascimento et al. 2013; Hom
and Murray 2014; Picard et al. 2013). The mycobionts de-
scribed above typically depended on an external organic car-
bon source rather than photosynthetically produced sugars or
proteins provided by the photobiont. This interaction differs
from the functional symbiotic interplay in natural lichen and
requires additional costly carbon inputs (Eymann et al. 2017).

To avoid external carbon feeding, genetic tools have been
applied to improve the extracellular sugar production of the
photobiont to support the growth of the mycobiont. As a re-
sult, the cyanobacteria Synechococcus elongatus has been
engineered to express heterologous genes encoding an inver-
tase and a glucose facilitator for the secretion of glucose and
fructose (Niederholtmeyer et al. 2010) as well as a proton-
sugar symporter (cscB) for secretion of sucrose (Ducat et al.
2012). The cscB-expressing cyanobacteria were paired with
heterotrophs capable of uptaking sucrose effectively, includ-
ing Saccharomyces cerevisiae (Ducat et al. 2012),
Rhodotorula glutinis (Li et al. 2017), Pseudomonas putida
cscAB (Lowe et al. 2017), and B. subtilis (Hays et al. 2017).
These synthetic symbioses represented proof of concept stud-
ies to demonstrate the feasibility of creating mutualistic part-
nerships between photoautotrophs and heterotrophs facilitat-
ing cross-feeding between organisms, control of redox envi-
ronment, and other interactions.

In natural lichens, green algae represent the partners in the
vast majority of chlorobionts (Honegger and Nash 2008), and
Nostoc is a commonly observed cyanobiont (Rikkinen 2013)
for generating energy-rich glucans and sugar alcohols provid-
ed to the fungal partner (Eymann et al. 2017). The lichenized
fungal partners often include some Ascomycota-related
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species and free-living filamentous fungi such as Aspergillus
may have evolved from lichen-forming ancestors (Lutzoni
et al. 2001; Stenroos and DePriest 1998). Furthermore, some
Aspergilli species are commercially important to industrial
production of food ingredients, pharmaceuticals, and enzymes
(Meyer etal. 2011). As a result, we examined the potential for
a mutualistic relationship of eukaryotic chlorobionts
(Chlorella and Scenedesmus) or cyanobacteria from the genus
Nostoc to grow in co-cultures with filamentous fungi,
A. nidulans and Aspergillus niger. After confirming the part-
ners composed of symbiosis, biomass accumulation and inter-
action behavior were observed for each microorganism in
both chemically defined BG11 liquid and solid media. This
co-culture stability is important but often missing in synthetic
syntrophic communities (Kim et al. 2008). Hence, we also
observed the adaptation and sustainable growth of the synthet-
ic co-cultures in wastewater, in order to find co-cultures that
can serve as useful synthetic lichen model for investigating
growth promotion in mixed cultures and for evaluating sus-
tainable co-cultures capable of adaptation to harsh environ-
ments such as wastewater.

Methods
Strains, inocula preparation, and culture conditions

Chlorella sorokiniana BRWWTP 002 (GenBank Accession
number: KP645221) was previously isolated from the Back
River Wastewater Treatment Plant and deposited at the
Culture Collection of Algae at the University of Texas at
Austin (UTEX) as UTEX B3011 (Bohutskyi et al. 2015).
Scenedesmus acutus f. alternans UTEX B 72 was purchased
from UTEX. The Nostoc PCC 6720 was obtained from the
Pasteur Culture Collection (PCC). Heterotrophic A. nidulans
(FGSC A991) and A. niger (FGSC A1121) were obtained
from the Fungal Genetics Stock Center (FGSC) as freeze
spore stock in 25% glycerol.

Algae and cyanobacteria strains were propagated in BG11
medium for inocula under the following conditions: standing
cultivation, illumination of 100 pmol/mz/s with 16:8 h light/
dark cycle, temperature of 28+ 1 °C, inorganic carbon sup-
plement with filter-sterilized air enriched with 1% (v/v) CO,.
All the cultures in this study were grown under these condi-
tions unless otherwise specified. BG11 medium contains
1.5 g/ NaNOs, 40 mg/L. K,HPO,, 75 mg/L. MgSO, 7H,0,
36 mg/L CaCl,2H,0, 6 mg/L citric acid, 6 mg/L ferric am-
monium citrate, 1 mg/LL EDTA-Na,, 20 mg/L Na,COs, and
1 mL/L AS. AS is a trace metal solution containing 2.86 g/L
H3BO;, 1.86 g/L MnCl,-4H,0, 0.22 g/L. ZnSOy4 7H,0,
0.39 g/L Na,Mo0O,42H,0, 0.08 g/L CuSO45H,0, and
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For activation of fugal strains, the stored spores were
grown at 28 +1 °C for 14 days on potato dextrose agar
(PDA) plates. Spores were gently scraped from the plates
with adding sterile water, filtered with sterile glass wool,
and washed three times to remove any media components
before incubating at 4 °C for up to 30 days. The spore
solution was counted and used as the inoculum.

The co-culture was inoculated with a photobiont opti-
cal density at 750 nm of 0.1, and a heterotroph concen-
tration of 5—-6 x 10> spores/mL. Axenic controls were
parallelly carried out with same initial cell density. For
axenic phototroph and co-cultures, the cultivation condi-
tions were same with that of inocula preparation: standing
cultivation, illumination of 100 umol/mz/s with 16:8 h
light/dark cycle, temperature of 28 =1 °C, inorganic car-
bon supplement with filter-sterilized air enriched with 1%
(v/v) CO,. Axenic fungi grew in flasks containing stirring
bar on a magnetic stirring plate.

The primary effluent (PE) tested as a substitute medi-
um was collected from Back River Wastewater Treatment
Plant (Baltimore, MD, USA) and autoclaved at 121 °C for
30 min prior to growth experiments. Its characteristics
include total carbon of 94+ 1 mg/L, inorganic carbon of
24 + 0 mg/L, total nitrogen of 23 = 1 mg/L, and total phos-
phorus of 540 mg/L.

Spent medium collection

To prepare algal and cyanobacterial supernatant, axenic
phototrophs were cultured to stationary phase in BG11 medi-
um or PE. The spent medium was collected by centrifugation
at 4000 rpm for 5 min and sterilized by passing through a
0.22-pum filter.

BG11 medium or PE supplemented with glucose (2 g/
L) and vitamins was used to grow fungi with initial con-
centration of 5—6 x 10° spores/mL for 4 days and prepare
fungal supernatant. Post-growth preparation of the super-
natant was the same process used for algae and
cyanobacteria spent media.

For the supernatant trial, the sterilized spent media
were mixed with fresh BG11 or PE medium at different
ratios and fresh BG11 or PE medium was set as negative
control.

Quantification of the cultures

For axenic algal culture, growth was monitored spectrophoto-
metrically by measuring OD;so. For axenic cyanobacterial
cultures, axenic fungal cultures, and co-cultures, dry weight
of the biomass was measured by centrifuging at 4000 rpm for
5 min, washing three times with distilled water, and lyophiliz-
ing in a freeze dry vacuum (LGJ-25, Xiangyi, China).

Solid media experiments of Nostoc and Aspergilli

Spots of phototrophs were achieved by dropping 100 pL of
Nostoc (0.5 of OD750) on solid BG11 or PE plates and incu-
bating for 24 h until no observable liquid remained. Then,
100 uL fungal spore suspensions (5—6 x 10> spores/mL) were
spotted on the plates slightly overlapping with the
phototrophic green trace circle. For axenic Nostoc cultures,
equal volume of sterilized deionized water replaced the fungal
cultures as a negative control. Plates were then grown at 28 +
1 °C, in a 16:8 h light/dark photoperiod with an illumination
of 100 umol/m?/s.

Transwell experiments of Nostoc and Aspergilli

Transwell chambers (Millipore Sigma, Billerica, USA) were
employed in the co-culture system with a physical barrier. The
upper and lower cultures were separated by 0.4-pm pore size
polyester membrane. Briefly, the lower compartment of the
chamber was loaded with 3 mL of Nostoc at an initial OD-5,
of 0.1, and the upper compartment was seeded with a 1 mL
fungal spore suspension at an initial concentration of 5-6 x
10° spores/mL. One milliliter of Nostoc (OD75, of 0.1) was
added into the upper chamber as negative control. Separate
positive controls consisted of a premixed culture containing a
phototroph and a heterotroph and were added into both cham-
bers. Environmental conditions were identical to those in plate
cultivation in last section.

Microscopic analysis

Microscopic examination of cultures was performed using an
Axiovert 200 fluorescence microscope (Carl Zeiss, Jena,
Germany) and a Quanta 200 Environmental scanning electron
microscope (SEM, FEI, Hillsboro, USA). For fluorescent im-
ages taken, transmitted and TxR channels were used for the
cell information under white light and fluorescent light, re-
spectively. The excitation wavelength of fluorescent light
ranged from 460 to 550 nm that results in chlorophyll in cells
emitting red light.

For SEM analysis, cell pellets were formed by centrifuging
at 10,000 rpm for 5 min, fixed in 3% formaldehyde in 0.1 M
Cacodylate buffer for 1 h at room temperature, and then rinsed
in three 15-min washes with Cacodylate buffer. Samples were
postfixed in Palade’s osmium tetroxide for 30 min at room
temperature and 1 h at 4 °C, rinsed three times in distilled
water, and then dehydrated with graded series of cold ethanol
(70, 95, 100%). Finally, samples were then critical point dried
using CO,, mounted on stubs using carbon pads, and silver-
palladium sputter coated. Coated specimens were viewed at
2.7kV.
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Results
Appropriate partners composed of symbiosis

In order to achieve the goal of evaluating mutualistic symbi-
oses for creating synthetic lichen-like microbial communities
for research and applications, the first step is to pair an organic
carbon generating autotroph with an obligately heterotrophic
partner. In this study, we tested freshwater green algae
(Chlorella and Scenedesmus) and cyanobacteria species
(Nostoc), as candidate photobiotic partners paired with hetero-
trophic Aspergilli fungi.

The co-culture of microalgae and fungus

Aspergilli species have filamentous hypha and form flocs
readily in liquid culture (Supplemental Fig. S1), which facil-
itates the recognition of the artificial lichen containing fungus
and unicellular microalgae. Based on that, we concluded that
few fungal spores were germinated in the co-culture of CS02-
A. nidulans, due to the homogeneous green culture suspension
absent of flocculant (Fig. 1a and b). Meanwhile, the spent

Fig. 1 The feasibility of co-
culturing algae and fungus. a, b
The co-culture of C. sorokiniana
and A. nidulans after 3 days of
postinoculation and 8 days of
postinoculation, respectively. ¢
Axenic culture of A. nidulans in
supernatant of C. sorokiniana. d,
e The co-culture of

C. sorokiniana and A. niger after
3 days of postinoculation and

8 days of postinoculation,
respectively. f Axenic culture of
A. niger in supernatant of

C. sorokiniana. g, h
Representative fluorescent
microscopy images of flocculants
formed in C. sorokiniana—

A. niger co-cultures from d and e,
respectively, where red colored
cells pointed by green arrow
indicate C. sorokiniana, and
white arrows indicate fungal
hyphal fragments, scale bar,

10 um

~ 200 ¥
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medium of C. sorokiniana at stationary phase failed to support
the growth of A. nidulans as no fungal hypha formed (Fig. 1c¢).

In contrast, green flocculants with macroscopic structures
formed in the flask of C. sorokiniana—A. niger co-culture after
3 days (Fig. 1d). The flocs enlarged and turned brown after
8 days, suggesting that numerous algal cells had died (Fig.
le). The appearance of flocs represents the germination and
growth of A. niger, and the observation of mycelia (gray fila-
ments) decorated with algal cells (red circle cells) indicates
cohabitation (Fig. 1g and h).

For another algal species Scenedesmus, neither A. nidulans
nor A. niger could access the carbon source in the co-culture
system judging by the homogeneous cultures observed with-
out floc formations (Supplemental Fig. S2).

The co-culture of cyanobacteria and fungus

Nostoc PCC 6720 are filamentous cyanobacteria and formu-
late flocs in axenic cultures (left flask in Fig. 2a and b). In
contrast, axenic cultures of either A. nidulans or A. niger were
unable to grow in the BG11 medium (data not shown).
Alternatively, the flasks inoculated with both PCC 6720 and

I AYED.
¢ _%PER No.5
EEp\.
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Fig. 2 The feasibility of co-culturing cyanobacteria and fungus. a The
picture of flasks culturing axenic Nostoc PCC 6720, co-culture of Nostoc
PCC 6720 and A. nidulans, and co-culture of Nostoc PCC 6720 and
A. niger, from left to right, after 2 weeks of postinoculation. b—d
Representative fluorescent microscope images of cultures in axenic

Aspergilli species contained dark green flocs during the whole
growth period (middle and right flasks in Fig. 2a).
Nonetheless, it was not clear whether the co-culture system
involved was established containing both cyanobacterial and
fungal species. Therefore, fluorescent microscopic images
were taken which indicate the hyphae of A. nidulans and
A. niger interweaved together with the fluorescing Nostoc
cells (Fig. 2c and d). Since axenic culture of both
Aspergillus species was unable to grow in the BG11 medium
alone, the Nostoc PCC 6720 must have supported the hetero-
troph growth of both Aspergilli and furthermore the
Aspergillus did not substantially block the growth of Nostoc
PCC 6720, suggesting that the pairing of Nostoc PCC 6720
and either A. nidulans or A. niger could represent a promising
synthetic lichen.

The growth of fungi in spent medium of Nostoc PCC
6720

In order to the evaluate the source of the nutrients that
were utilized by the fungi to grow, spent medium of
Nostoc PCC 6720 at stationary phase was obtained
through filtration followed by inoculation with the 2
Aspergilli species. Considering the possible exhaustion
of needed elements for fungal growth in spent Nostoc
medium, we also included flasks containing mixtures of
fresh BG11 medium and the supernatant (SN) at different

culture of Nostoc PCC 6720, co-culture of Nostoc PCC 6720 and
A. nidulans, and co-culture of Nostoc PCC 6720 and A. niger,
respectively, where red colored cells pointed by green arrow indicate
Nostoc PCC 6720, and white arrows indicate fungal hyphal fragments,
scale bar 10 pm

ratios. As noted above and shown in Fig. 3, biomass ac-
cumulation for both A. nidulans and A. niger was negli-
gible in pure BG11 medium without any organic carbon
supplementation. However, substantial fungal flocs were
observed along with significant accumulated fungal bio-
mass after incorporating spent medium from Nostoc PCC
6720 (Fig. 3).

When using the supernatant diluted with the same
amount of fresh media (1BG11:1SN) or media consisted
of 3 times as much fresh media (3BG11:1SN), there was
no substantial difference in the levels of A. nidulans bio-
mass accumulated and the amount was almost an order of
magnitude higher than the negative control. The maximum
amount of A. nidulans was achieved in the 100% superna-
tant media with no BG11 added, which indicated that the
nutrients in spent medium of Nostoc were rich enough to
satisfy the growth requirements of A. nidulans. For A. niger,
the higher proportion of spent medium in 1BG11:1SN led
to a slight more fungal biomass than with 3BG11:1SN
(p<0.01). Complete cyanobacterial spent medium also
supported the growth of A. niger, although lower amounts
of biomass were achieved in pure cyanobacterial spent me-
dium, compared with the optimal medium containing 1 part
BGl11 and I part SN (p < 0.05). This difference suggests the
depletion of nutrients or accumulation of certain toxins
which have affected A. niger biomass accumulation in su-
pernatants of Nostoc.

@ Springer
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Fig. 3 The biomass production of
a, ¢ A. nidulans and b, d A. niger
in the supernatant (SN) of Nostoc
PCC 6720. All data are averages
of biological four replicates +
standard deviation. Stars stand for
the significant difference in
comparison to BG11 control by ¢
test
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The growth of Nostoc PCC 6720 in fungal spent
medium

We also grew fungi in BG11 medium supplemented
with glucose and vitamins, collected the spent medium
after 4 days, and then tested their effect on the growth
performance of Nostoc. Compared with fresh BG11 me-
dium, the growth of Nosfoc was stimulated by supple-
mentation with the spent medium of Aspergilli, with a
significant increase in harvested cyanobacterial biomass
(Fig. 4).

Dry weight of cyanobacterial biomass gradually increased
as the proportion of A. nidulans supernatant increased from
1/10, 1/4 1/2, to 3/4. Even with only 1/10 of supernatant of
A. nidulans, cyanobacterial biomass was 1.6-fold higher than
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that of fresh BG11 medium. The maximum level of biomass
with medium containing the highest portion of A. nidulans
supernatant (3/4) was 840 mg/L, which is 2.7-fold higher than
the BG11 control.

For the supernatant of A. niger, the promotion of bio-
mass occurred with supernatant addition in ratios higher
than 1/10, and the highest amount of biomass was
achieved with 1/2 supernatant in the culture medium.
The quantity of biomass declined when using 3/4 super-
natant compared with 1/2. The declined growth of Nostoc
in I1BG11:3SN medium may be attributed to a shortage of
available nutrients necessary for Nosfoc or the accumula-
tion of potentially toxic metabolites.

Collectively, these experiments show that the exudate of
fungi can significantly improve the growth of cyanobacteria.
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The co-culture of Nostoc PCC 6720 and Aspergilli
species

The above results indicated that Nostoc and Aspergilli growth
could benefit from the presence of the other participant in a co-
culture environment. Therefore, we designed pairwise consor-
tia of Nostoc PCC 6720 and Aspergilli species and evaluated
their performance in response to media conditions and phys-
ical interactions.

In liquid media, increased numbers and sizes of the
flocs in co-culture flasks were observed relative to the
axenic Nostoc PCC 6720 during the testing of partner-
ships of Nostoc PCC 6720 with A. nidulans and
A. niger (Fig. 2a), suggesting mutual benefit in pairing
the phototroph and heterotrophs. In order to evaluate the
impact of co-culturing, the accumulation of total biomass
was determined for Nostoc—Aspergilli co-culture (Fig. 5a).
For both co-culture pairings, the dry weight of biomass
significantly increased compared with axenic culture of
Nostoc PCC 6720 for measurements starting at 5 days
until the culture was terminated. By 12 days, the biomass
in the two co-cultures was 80—-100% higher than the
levels obtained for mono-cultures of Nostoc PCC 6720.
No growth was observed over the same period for the
fungal mono-cultures due to the absence of available car-
bon source.

Fig. 5 The real co-culture of a 2000
Nostoc PCC 6720 and Aspergilli

species in liquid BG11 medium or I 15004
on solid agar-containing petri g’

dishes. a Biomass production in Y 1000-
liquid medium. b The schematic 2
diagram of culture spots on solid g
medium. c-e The spots of axenic m 500

Nostoc PCC 6720, co-culture of

Nostoc PCC 6720 and

A. nidulans, and co-culture of
Nostoc PCC 6720 and A. niger,
respectively, where yellow arrows
point towards cyanobacterial
spots and red arrows point to-
wards fungal spots. f and g
Representative fluorescent mi-
croscopy image of spots on d and
e, respectively, where red color
cells pointed by green arrow in-
dicate Nostoc PCC 6720, and
white arrows indicate fungal hy-
phal fragments, scale bar, 10 um.
All data are averages of biological
triplicates + standard deviation.
Stars stand for the significant dif-
ference in comparison with axe-
nic Nostoc control at the same day
by ¢ test

The effect of laying down adjacent cultures of Nostoc
and Aspergilli on solid media is shown in Fig. 5d to g.
We initially spotted 100 puL of liquid Nostoc cultures on
BG11 agar plates and then incubated the plates for 24 h
until no observable liquid remained. Next, 100 pL spore
suspensions of Aspergilli were dropped on the BG11
plates so that they slightly overlapped with the
cyanobacterial circular deposit, as indicated schematically
in Fig. 5b. For the axenic cultures of Nostoc, equal vol-
ume of sterilized MilliQ water replaced the fungal culture
as a negative control. After growing for 2 weeks, more
intensely green colonies appeared for Nostoc PCC 6720
on the petri dishes in the presence of heterotrophic mi-
crobes than the axenic Nostoc culture alone (Fig. 5d and e
versus ¢). Viewing these interactions under a microscope,
fungal hyphae intertwined with the nummular
cyanobacterial cells without any visible inhibition or zone
lines, which represented a greater physical interaction
than observed for the initial overlay conditions (Fig. 5g
versus f). However, few of the fungal mycelia were able
to penectrate the innermost cores of the thickest
cyanobacterial colonies.

The greater thickness and green color intensity of the
Nostoc cultures in the presence of overlaid fungal cells sug-
gest that the fungi offer a growth enhancing effect on Nostoc
cultures on solid media.

-~ 6720
-# 6720-A. nidulans
-+~ 6720-A. niger

@ Springer



6420

Appl Microbiol Biotechnol (2020) 104:6413-6426

The effect of physical interaction between Nostoc and
Aspergilli in co-culture

To compare the importance of physical interactions with
nutrient exchange alone, Nostoc and Aspergilli were cul-
tivated in transwell culture systems. In one case, species
were physically separated by into separate transwell sys-
tems (Fig. 6a, separate) that have semi-permeable mem-
branes prohibiting the direct contact of two partners but
allowing metabolite diffusion and media exchange be-
tween compartments. Considering that more
cyanobacterial filaments were observed in Nostoc—
Aspergilli co-culture (Figs. 2c and d and 5f and g), the
larger lower compartment (3 mL) was inoculated with
Nostoc, while Aspergilli were cultured in the smaller up-
per compartment (1 mL). Alternatively, other cultivations
were performed in which the two species were mixed and
then added into the two different compartments as co-cul-
tures. After culturing for 14 days, cyanobacterial biomass
increased in the physically separated Nostoc—Aspergilli
system with medium exchange, in comparison with the
axenic Nostoc culture (p <0.05) (Fig. 6b), consistent with
the previously observed beneficial impact of providing
fungal spent medium on cyanobacterial growth (Fig. 4).
In addition, the mixed cultures of Nostoc—A. nidulans pro-
duced total biomass level that exceeded the levels produced
from physically separated co-cultures comprised by 40%.
Similarly, biomass obtained in mixed Nostoc-A. niger co-

Fig. 6 The physical interactions
between Nostoc PCC 6720 and a
Aspergilli species. a The

cultures was 66% higher when compared with the physically
separated co-cultures.

In order to more closely examine the interactions of
cyanobacteria and fungi in co-culture, scanning electron mi-
croscope (SEM) was performed showing Aspergilli species
interwoven with Nostoc cells in the mixed co-culture systems
(red circled in Fig. 6¢ and d). Nostoc and Aspergilli species
appeared to grow in tightly knit mats with filament and hy-
phae forming a connecting knob when there was no physical
barrier between the phototroph and heterotroph.

Primary effluent as an alternative source of nutrients
for co-culture

Since mutualistic symbiosis was established in co-cultures of
Nostoc PCC 6720 and Aspergilli species in standard BG11
medium for cyanobacteria, we wondered if this symbiosis
could also occur in harsher environments (e.g., municipal
wastewater) such as primary effluent (PE) collected from
Back River Wastewater Treatment Plant (Baltimore, MD,
USA).

In 6-well culture plates, axenic Nostoc PCC 6720 produced
notably less biomass when grown in PE than in BG11 control
(p<0.0001, Fig. 7b versus a and ¢). However, co-cultures of
Nostoc and A. nidulans in PE achieved visibly higher amounts
of biomass (Fig. 7c versus b), which was more than 2.7 times
higher than the biomass accumulating with Nostoc alone and
comparable with the biomass levels formed in axenic Nostoc

b ®] Upper compartment

3]
1

mm Lower compartment

schematic diagram of transwell
system. b The biomass
production from transwell
compartment. ¢, d Scanning

Biomass (mg)

electron micrograph of Nostoc—

A. nidulans co-culture and
Nostoc—A. niger co-culture, re-
spectively, where fungal mycelia
are thread-like (white arrows) and
cyanobacterial filaments are
chained beads-like (green ar-
rows). Stars stand for the signifi-
cant difference in comparison
with axenic Nostoc control by ¢
test. Red stars represent lower
compartment, black ones stand
for upper compartment, and green
stand for total biomass

D Upper compartment
[[] Lower compartment
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Fig. 7 The culture in 6-well plate with primary effluent. a Axenic culture
of Nostoc PCC 6720 in BG11 medium. b—d Axenic Nostoc PCC 6720,
co-culture of Nostoc PCC 6720 and A. nidulans, and co-culture of Nostoc

culture in chemically defined BG11 medium (Fig. 7e).
However, the co-culture of 6720-A. niger did not exhibit sig-
nificant promotion of biomass production (Fig. 7d and e). The
results show that PE is not ideal for axenic Nostoc PCC 6720
growth, but its co-culture with A. nidulans allows for success-
ful growth of the Nostoc—A. nidulans system in wastewater,
establishing a low-cost resource for co-culture cultivations.

The 6720-A. niger co-cultures showed no difference in
growth compared with Nostoc mono-cultures in shake flasks,
with biomass reaching approximately 600 mg/L after 6 days
for both cultures (Fig. 8a and b). However, for the first 6 days,
the 6720-A. nidulans co-cultures exhibited a higher growth
rate (0.37 day '), compared with the Nostoc mono-culture
0.29 day_l). Furthermore, the final biomass achieved in the
6720-A. nidulans co-cultures (990 mg/L) was far more than
the sum of biomass obtained in the axenic culture of Nostoc
PCC 6720 (560 mg/L) and the axenic culture of A. nidulans
(70 mg/L) operated in parallel.

Similarly, when examined under a microscope, the cultures
containing 6720-A. nidulans cultures contained overlapping
beads of 6720 (green arrow in Fig. 8c) intertwined with
A. nidulans mycelia (white arrow) as observed previously in
Fig. 2c. The fungal mycelia were also observed as control in
the axenic fungal cultures grown in PE added with glucose

Biomass (mg)

Cultures

PCC 6720 and A. niger in primary effluent, respectively. e Biomass
collected from the 6-well plates. Stars stand for the significant difference
in comparison with axenic Nosfoc in PE by ¢ test

(Supplemental Fig. S3). In contrast for the 6720-A. niger cul-
tures, few mycelia were observed under the microscope (Fig.
8d), which differed from the co-culture of 6720-A. niger in
BG11 (Fig. 2d).

Trials evaluating the growth of cyanobacteria in spent
fungal PE medium and vice versa were also carried out to
explore the change of PE by Nostoc or fungi. As shown in
Fig. 9a, the fungal supernatant (orange bars for
A. nidulans and blue bars for A. niger) significantly pro-
moted cyanobacterial biomass accumulation. Lower bio-
mass levels were observed in pure supernatant of
A. nidulans (SN1) than in PE amended with SN1, which
might result from a lack of inorganic nutrients that were
consumed by the fungus. The fungal growth in spent me-
dium of Nostoc was also evaluated (Fig. 9b and c).
Introducing the supernatant of Nosfoc into PE increased
the biomass production of A. nidulans, while adding
Nostoc supernatant from growth in PE produced a negli-
gible difference in A. niger biomass, suggesting metabo-
lites from Nostoc offered no benefit to these fungi.

Finally, another experiment was performed in which the
individual and mixed cultures in PE were added to transwells
and the biomass was followed as performed previously in
BG11 medium (Fig. 9d). For the 6720-A. nidulans cultures,
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Fig. 8 The cultures of Nostoc
PCC 6720 and Aspergilli species
in primary effluent. a Biomass
production. b The final biomass
production. ¢, d Representative
fluorescent microscopy image of
co-culture of Nostoc PCC 6720
and A. nidulans, and co-culture of
Nostoc PCC 6720 and A. niger,
respectively, in primary effluent,
where red color cells pointed by
green arrow indicate Nostoc PCC
6720, white arrows indicate fun-
gal hyphal fragments, and yellow
arrow points to fungal spores.
Scale bar, 10 um. All data are
averages of biological triplicates +
standard deviation. Stars stand for
the significant difference in com-
parison with axenic Nostoc con-
trol at the same day by ¢ test
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the mixing of the two cultures resulted in significantly higher

biomass levels compared with those achieved with separate

cultivation of 6720 and A. nidulans. Conversely, co-culture of

Fig. 9 The axenic cyanobacterial
and fungal biomass production in
the supernatant (SN) of each other
grown and in transwell system
with primary effluent as medium.
a The biomass of Nostoc PCC
6720 in the supernatant of

A. nidulans (SN1) and A. niger
(SN2). b, ¢ The biomass of

A. nidulans and A. niger in the
supernatant of Nostoc PCC 6720,
respectively. d The biomass
production from transwell
compartment. All data are
averages of biological four repli-
cates + standard deviation. Stars
in a—c stand for the significant
difference in comparison with PE
control by ¢ test. Stars in d
represent the significant
difference of total biomass in
paired comparison by # test
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The sustainability of Nostoc PCC 6720-Aspergillus
nidulans co-culture in primary effluent

Primary effluent, as a renewable and inexpensive medium,
could sustain the growth of Nostoc PCC 6720-A. nidulans
co-culture and sustain their mutualistic relationship. In order
to preliminarily analyze the application potential of this co-
culture system, a long-term semi-continuous experiment was
proposed and carried out for mixed cultures with physical
interactions in order to evaluate its sustainability. On a weekly
basis, half of the semi-continuous culture volume was collect-
ed for biomass analysis and was replaced by fresh primary
effluent (Fig. 10). The co-culture recovered rapidly from the
half reduction of cells and culture media and re-suspension in
equal parts fresh PE and spent culture medium. A difference in
biomass between the co-cultures and axenic 6720 cultures was
evident after 2 weeks, demonstrating the superiority of the co-
cultures, at least in terms of biomass accumulation, over the
mono-culture. Moreover, the biomass production of co-
culture continuously increased with time during the semi-

b 350_ dekkk
6720
300+
6720-A. nidulans
D) 250 -
E
o 200- 1
% *kk .
g 150' .
E 100 - ek |LI |_I
50 rl . = r
oLl i B

Week

Fig. 10 Semi-continuous axenic culture of cyanobacteria and co-culture
of Nostoc PCC 6720 and A. nidulans using primary effluent as medium. a
The picture of flasks culturing axenic Nostoc PCC 6720 and co-culture of
Nostoc PCC 6720 and A. nidulans, from left to right, after 5 weeks of
postinoculation. b The biomass harvested every week and total biomass
obtained from the semi-continuous cultures. All data are averages of
biological four replicates + standard deviation. Stars stand for the
significant difference in paired comparison by ¢ test

continuous trial culture period, in which the co-culture bio-
mass was nearly 98% higher at the 5-week time point, and the
total biomass was more than 73% enhanced over all 5 weeks
of cultivations. These findings indicate that the Nostoc—
A. nidulans co-culture adapted to unfavorable PE environ-
ments more rapidly than the mono-culture, demonstrating
the advantages and sustainability of co-cultivating two mutu-
alistic organisms over a single microbe for growing maximiz-
ing biomass in unfavorable environments such as those from
wastewater.

Discussion

In this study, we examined the potential mutualistic relation-
ship of eukaryotic chlorobionts (Chlorella and Scenedesmus)
or cyanobacteria (Nostoc) to grow in co-cultures with filamen-
tous fungi (A. nidulans and A. niger).

Regarding chlorobionts, only the filaments of A. niger were
observed when co-cultured with C. sorokiniana, while no fil-
aments occurred in co-cultures of A. nidulans—C. sorokiniana,
A. nidulans—Scenedesmus, and A. niger—Scenedesmus. These
results suggested that A. nidulans could not obtain carbon
from C. sorokiniana, and Scenedesmus was not a good pro-
vider of organic carbon for fungi. Therefore, these partner-
ships cannot be classified as artificial lichens. A. niger could
grow when in co-culture with C. sorokiniana, perhaps utiliz-
ing components secreted or released from dead algal cells.
Interestingly, no spores germinated within the hypha (Fig.
1f) when A. niger was cultured in the spent medium of
C. sorokiniana. Considering dead algal cells were accompa-
nied by enlarged flocs, it is reasonable to speculate that algal
cells might be damaged by the fungus in order for the fungus
to obtain an organic carbon source. Moreover, given the real-
ity that A. niger can produce cellulase (Srivastava et al. 2018)
and Chlorella was categorized as a cellulosic based organism
(Laurens et al. 2017), we hypothesize that the growth of
A. niger depends principally on the carbohydrates of algal cell
wall as a carbon source. The relationship between
C. sorokiniana and A. niger is similar to parasitism which is
not a good combination for a lichen, either.

A stable synthetic partnership was constructed consisting
of the cyanobacterial species Nostoc PCC 6720 and the
A. niger growing on light and CO, in the absence of external
carbon. Unlike our previous study using sucrose-secreting cy-
anobacterium cscB* S. elongatus as a carbon provider (Li
et al. 2017), this partnership did not require any genetic ma-
nipulation of either species in order to achieve a successful co-
culture.

The different behaviors observed when combining differ-
ent phototrophs and heterotrophs in co-culture indicated that
the symbiotic relationship depends on the specific species,
which has been previously reposted. For example, Du et al.
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(2018) co-cultured the marine alga Nannochloropsis oceanica
with Mortierella elongata or Morchella americana in which
algal growth was observed in the co-culture with M. elongata,
while it turned deadly brown in the co-culture with
M. americana. Further test of interactions between
N. oceanica and other fungi also demonstrated that positive
interactions only occurred from a few Mortierella species and
the alga, while the other fungi neutrally or negatively impact-
ed algal activities (Du et al. 2019). Hence, these previous
findings and our studies suggest that multiple reasons may
exist for encouraging or inhibiting mutualistic relationships
that include but are not limited to: (1) accessible organic car-
bon provided by the phototroph to the heterotroph; (2) similar
desirable cultivation environments (e.g., pH, temperature, aer-
ation, etc.) for the partners; (3) absence of toxic or lethal fac-
tors produced by one organism against the partner.

The cyanobacterial supernatant supported the axenic fun-
gal growth, indicating access of fungi to extracellular metab-
olites of Nostoc as a carbon and/or energy supply. Nostoc
species are capable of producing both extracellular proteins
and extracellular polysaccharides (EPS) (Xue et al. 2017)
which have the potential to serve as energy and carbon source
for the Aspergilli species. The carbon source available to fun-
gal species from cyanobacteria in natural lichens may include
released metabolites, EPS, cell-bonding substances bound to
the cell surface, and even the cell itself (Crittenden and Porter
1991).

Adding A. nidulans and A. niger supernatant to the culture
media boosted the axenic cyanobacterial biomass accumula-
tion by a factor of up to three, although at different dilution
levels of fresh media and fungal spent media. The benefits
between the syntrophic microbes elevated the total biomass
production in batch liquid co-culture systems by nearly 2-fold
compared with the axenic Nostoc cultures in defined BG11
media. Previous research has demonstrated that the presence
of heterotrophs can enhance the growth of phototrophs. For
example, “helper heterotrophic bacteria” have been shown to
reduce the oxidative stress observed for the cyanobacteria,
Prochlorococcus (Morris et al. 2008), and Rhizobium strains
have been shown to improve the growth of eukaryotic
Ankistrodesmus sp. through secreting indol-3-acetic acid
and/or vitamin B12 (Do Nascimento et al. 2013). In another
study, the fungus Rhizidium phycophilum was shown to en-
hance the biovolume of the unicellular eukaryotic
Bracteacoccus sp. (Picard et al. 2013). Our study represents
the first case in which a filamentous fungal species has been
shown to enhance the growth of filamentous cyanobacteria in
co-cultures.

On solid medium, fungi grew on the periphery but not
within the dense Nostoc biomass, perhaps because the
Nostoc cells limit fungal growth possibly due to nutrient com-
petition or oxidative stress from photosynthetic reactions.
These results motivated us to consider further the relative
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importance of the physical interaction versus exclusively nu-
trient exchange on the growth of the Nostoc or Aspergilli
species. Two possible reasons for the physical interaction are
that (1) Aspergilli rely on contact with Nostoc for fast carbon
and energy uptake, and (2) Signaling between the species may
require physical contact. Interestingly, the Aspergillus did not
flourish within very dense Nostoc colonies and instead accu-
mulated on the periphery (Fig. 5D). Thus, if the Nostoc cul-
tures become too dense, these may inhibit fungal growth due
to nutrient competition or perhaps the activation of oxidative
stress. Oxygenic photosynthetic organisms tend to produce
reactive oxygen species, such as highly reactive singlet oxy-
gen from light-harvesting chlorophyll, and superoxide, perox-
ide, and hydroxyl radicals from electron transfer reactions
(Kihara et al. 2014), can impose detrimental effects on many
biological macromolecules, including DNA, proteins, and
membrane of fungi (Abrashev et al. 2008).

However, imposing physical barriers lead to a decrease in
the total biomass obtained to suggest that some direct physical
contact between cyanobacteria and heterotrophic microbes
can promote the overall growth of the co-culture system.
The reduction in biomass production for these separate co-
culture systems may result from the decreased diffusion rates
of nutrients and metabolites between compartments caused by
the transwell membrane. High diffusion rates have been ob-
served to be important to sustain adequate metabolite ex-
change among microbial populations whose expansion de-
pends on nutrients, stimulants, or signals provided by other
species (Weber et al. 2007). The physical interaction between
cyanobacteria and fungi enables access to substances from
each other and may also stimulate both parties to produce
and secrete certain beneficial metabolites. Taken together,
we can posit that physical interactions between Nostoc and
Aspergilli are not a requisite but a promotive condition for
augmenting biomass production in the cyanobacterial-fungal
co-cultures.

Besides enhanced growth of cyanobacterium and fungi in
co-cultivation, potentially adaptive benefits of this partnership
were also tested under wastewater conditions. Although pri-
mary effluent is not an ideal medium for axenic Nosfoc
growth, co-culture with A. nidulans is shown to improve the
growth of Nostoc in this harsh environment. That the biomass
obtained in co-cultures was greater than the sum of biomass in
axenic Nostoc and A. nidulans cultures demonstrated that a
mutualistic association between Nostoc PCC 6720 and
A. nidulans was established in primary effluent. Combining
the two species may be advantageous when considering ap-
proaches to maximize utilization of these wastes for genera-
tion of biomass and bioproducts.

Interestingly, different metabolic events in Nostoc may
change the PE such that the altered medium improves the
growth of A. nidulans. However, unlike in the BG11 medium,
Nostoc could not enhance the growth of A. niger, in the PE.
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Instead of fungal mycelia observed in co-culture of 6720-
A. niger in BG11, A. niger were observed primarily in the
form of spores in the PE co-culture (yellow arrow in Fig.
8d) to suggest that Nostoc might synthesize certain metabo-
lites or cause nutrient deficiencies that could contribute to the
failure of A. niger spore germination in PE. Alternatively,
certain toxins to A. niger that are not problematic to
A. nidulans may appear in the PE which are not present in
BGI11 and prevent fungal germination and growth in co-
cultures with Nostoc 6720.

To examine these alternatives, trials evaluating the growth
of cyanobacteria in spent fungal PE medium and vice versa
were carried out. The enhanced growth of Nostoc and
A. nidulans by adding each other’s spent medium into PE
confirms the mutualistic symbiosis and metabolite exchange
between Nostoc PCC 6720 and A. nidulans.

Furthermore, the impact of physical proximity of Nostoc
on A. nidulans enhances the growth of at least one and perhaps
both species in PE while the physical interactions are prob-
lematic for the 6720-A. niger interactions. The higher total
biomass in mixed cultures of 6720-A. nidulans than the sys-
tem with physical boundaries (Fig. 9d) shows that the mutu-
alistic association, while involving some metabolite ex-
changes, is enhanced with the closer physical intimacy that
comes with the mixed cultures, consistent with what was ob-
served previously in BG11 medium (Fig. 6b). The lower total
biomass of mixed 6720-A. niger co-culture than the corre-
sponding separate system indicates that the Nostoc growing
in PE may produce metabolites or signaling molecules that are
toxic to A. niger but the lower diffusion rates and accessibility
present in the transwell membrane cultures may reduce their
toxicological impact. Thus, when setting up co-culture, the
degree of partners’ contact should be considered whether
well-mixed or partially separated.

Furthermore, the synthetic Nostoc—A. nidulans co-culture
was also able to grow stably in wastewater over a long-term 5-
week semi-continuous condition with biomass levels that
were 73% higher than the Nostoc mono-cultures. In this mu-
tually beneficial symbiosis, besides the possible exchange of
biological macromolecules as nutrients between fungi and
cyanobacteria, A. nidulans might also afford protection to
Nostoc in this harsh environment, which extends the applica-
tion of this artificial lichen to wastewater treatment. The ben-
efits of co-culture were also observed by Muradov et al.
(2015) who screened fungal impact on microalgal
flocculation and bioremediation efficiency in swine
wastewater. Zoller and Lutzoni (2003) also found that the
presence of fungi helped to retain water and serve as a larger
capture area for algae to access minerals in natural lichens
exposed to abiotic environmental stresses.

Based on our results, these synthetic lichen-like platforms
including cyanobacteria and fungi can serve as a valuable
model platform for exploring sustainable mutualism involving

metabolite exchange and other interactions as well as a poten-
tial bioproduction platform for generating valuable fungal or
cyanobacterial products such as secondary metabolites in the
future.

Author contributions LJ participated in the study design, carried out the
whole experiments, and drafted the manuscript. TL, JJ, and YH assisted
the laboratory work and performed the manuscript revision. CB collected
wastewater and revised manuscript. HP contributed to the manuscript
revision. MJB conceived the experimental design, participated, and su-
pervised manuscript preparation and editing. All authors read and ap-
proved the final manuscript.

Funding information This research was financially supported by the US
Department of Energy (DE-SC0019388) and National Science
Foundation under Grant No. CBET-1804733. We would like to thank
the China Scholarship Council (CSC) for funding Liqun Jiang’s doctoral
research in a joint PhD program with Johns Hopkins University.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

References

Aanen DK, Bisseling T (2014) The birth of cooperation. Science 345:2

Abrashev RI, Pashova SB, Stefanova LN, Vassilev SV, Dolashka-
Angelova PA, Angelova MB (2008) Heat-shock-induced oxidative
stress and antioxidant response in Aspergillus niger 26. Can J
Microbiol 54:977-983

Bohutskyi P, Liu K, Nasr LK, Byers N, Rosenberg JN, Oyler GA,
Betenbaugh MJ, Bouwer EJ (2015) Bioprospecting of microalgae
for integrated biomass production and phytoremediation of unster-
ilized wastewater and anaerobic digestion centrate. Appl Microbiol
Biotechnol 99:6139-6154

Crittenden PD, Porter N (1991) Lichen-forming fungi: potential sources
of novel metabolites. Trends Biotechnol 9:409—414

Do Nascimento M, Dublan MLA, Ortiz-Marquez JCF, Curatti L (2013)
High lipid productivity of an Ankistrodesmus-Rhizobium artificial
consortium. Bioresour Technol 146:400-407

Du ZY, Alvaro J, Hyden B, Zienkiewicz K, Benning N, Zienkiewicz A,
Bonito G, Benning C (2018) Enhancing oil production and harvest
by combining the marine alga Nannochloropsis oceanica and the
oleaginous fungus Mortierella elongata. Biotechnol Biofuels 11:
174

Du ZY, Zienkiewicz K, Pol N, Ostrom N, Benning C, Bonito G (2019)
Algal-fungal symbiosis leads to photosynthetic mycelium. Elife 8:
e47815

Ducat DC, Avelar-Rivas JA, Way JC, Silver PA (2012) Rerouting carbon
flux to enhance photosynthetic productivity. Appl Environ
Microbiol 78:2660-2668

Eymann C, Lassek C, Wegner U, Bernhardt J, Fritsch OA, Fuchs S, Otto
A, Albrecht D, Schiefelbein U, Cernava T, Aschenbrenner I, Berg
G, Grube M, Riedel K (2017) Symbiotic interplay of fungi, algae,
and bacteria within the lung lichen Lobaria pulmonaria L. Hoffm.
as assessed by state-of-the-art metaproteomics. J Protenome Res 16:
14

@ Springer



6426

Appl Microbiol Biotechnol (2020) 104:6413-6426

Goers L, Freemont P, Polizzi KM (2018) Co-culture systems and tech-
nologies: taking synthetic biology to the next level. J R Soc Interface
11:1-13

Hays SG, Yan LLW, Silver PA, Ducat DC (2017) Synthetic photosyn-
thetic consortia define interactions leading to robustness and
photoproduction. J Biol Eng 11:4

Hom EFY, Murray AW (2014) Niche engineering demonstrates a latent
capacity for fungal-algal mutualism. Science 345:5

Honegger R, Nash T (2008) Lichen biology. In: Sexual reproduction in
lichen-forming ascomycetes. Cambridge University Press,
Cambridge, UK

Kihara S, Hartzler DA, Savikhin S (2014) Oxygen concentration inside a
functioning photosynthetic cell. Biophys J 106:1882—1889

Kim HJ, Boedicker JQ, Choi JW, Ismagilov RF (2008) Defined spatial
structure stabilizes a synthetic multispecies bacterial community.
Proc Natl Acad Sci U S A 105:18188-18193

Kranner I, Cram WJ, Zor M, Sabine W, Yoshimura I, Stabentheiner E,
Pfeithofer HW (2005) Antioxidants and photoprotection in a lichen
as compared with its isolated symbiotic partners. Proc Natl Acad Sci
US A 102:6

Laurens LML, Markham J, Templeton DW, Christensen ED, Wychen
SV, Vadelius EW, Chen-Glasser M, Dong T, Davisa R, Pienkos PT
(2017) Development of algae biorefinery concepts for biofuels and
bioproducts; a perspective on process-compatible products and their
impact on cost-reduction. Energy Environ Sci 10:23

Li T, Li CT, Butler K, Hays SG, Guarnieri MT, Oyler GA, Betenbaugh
MJ (2017) Mimicking lichens: incorporation of yeast strains togeth-
er with sucrose-secreting cyanobacteria improves survival, growth,
ROS removal, and lipid production in a stable mutualistic co-culture
production platform. Biotechnol Biofuels 10:55

Lowe H, Hobmeier K, Moos M, Kremling A, Pfluger-Grau K (2017)
Photoautotrophic production of polyhydroxyalkanoates in a synthet-
ic mixed culture of Synechococcus elongatus cscB and
Pseudomonas putida cscAB. Biotechnol Biofuels 10:190

Lutzoni F, Pagel M, Reeb V (2001) Major fungal lineages are derived
from lichen symbiotic ancestors. Nature 411:4

Meyer V, Wu B, Ram AF (2011) Aspergillus as a multi-purpose cell
factory: current status and perspectives. Biotechnol Lett 33:469-476

Morris JJ, Kirkegaard R, Szul MJ, Johnson ZI, Zinser ER (2008)
Facilitation of robust growth of Prochlorococcus colonies and dilute
liquid cultures by “helper” heterotrophic bacteria. Appl Environ
Microbiol 74:4530-4534

Muradov N, Taha M, Miranda AF, Wrede D, Kadali K, Gujar A,
Stevenson T, Ball AS, Mouradov A (2015) Fungal-assisted algal
flocculation: application in wastewater treatment and biofuel pro-
duction. Biotechnol Biofuels 8:24

@ Springer

Niederholtmeyer H, Wolfstadter BT, Savage DF, Silver PA, Way JC
(2010) Engineering cyanobacteria to synthesize and export hydro-
philic products. Appl Environ Microbiol 76:3462-3466

Oksanen I (2006) Ecological and biotechnological aspects of lichens.
Appl Microbiol Biotechnol 73:723-734

Ola AR, Thomy D, Lai D, Brotz-Oesterhelt H, Proksch P (2013) Inducing
secondary metabolite production by the endophytic fungus
Fusarium tricinctum through coculture with Bacillus subtilis. J Nat
Prod 76:2094-2099

Picard KT, Letcher PM, Powell MJ (2013) Evidence for a facultative
mutualist nutritional relationship between the green coccoid alga
Bracteacoccus sp. (Chlorophyceae) and the zoosporic fungus
Rhizidium phycophilum (Chytridiomycota). Fungal Bio-UK 117:10

Rankovi¢ B, Kosani¢ M (2015) Lichens as a potential source of bioactive
secondary metabolites. In: Rankovi¢ B (ed) Lichen secondary me-
tabolites: bioactive properties and pharmaceutical potential.
Springer International Publishing, Cham, pp 1-26

Rikkinen J (2013) Molecular studies on cyanobacterial diversity in lichen
symbioses. MycoKeys 6:3-32

Schroeckh V, Scherlach K, Niitzmann H, Shelest E, Schmidt-Heck W,
Schuemann J, Martin K, Hertweck C, Brakhage A (2009) Intimate
bacterial-fungal interaction triggers biosynthesis of archetypal
polyketides in Aspergillus nidulans. Proc Natl Acad Sci U S A
106:14558-14563

Srivastava N, Srivastava M, Mishra PK, Gupta VK, Molina G,
Rodriguez-Couto S, Manikanta A, Ramteke PW (2018)
Applications of fungal cellulases in biofuel production: advances
and limitations. Renew Sust Energ Rev 82:2379-2386

Stenroos SK, DePriest PT (1998) SSU rDNA phylogeny of Cladoniiform
lichens. Am J Bot 85:1548-1559

Weber W, Daoud-El Baba M, Fussenegger M (2007) Synthetic ecosys-
tems based on airborne inter- and intrakingdom communication.
Proc Natl Acad Sci U S A 104:10435-10440

Xue C, Wang L, Wu T, Zhang S, Tang T, Wang L, Zhao Q, Sun Y (2017)
Characterization of co-cultivation of cyanobacteria on growth, pro-
ductions of polysaccharides and extracellular proteins, nitrogenase
activity, and photosynthetic activity. Appl Biochem Biotechnol 181:
340-349

Zoller S, Lutzoni F (2003) Slow algae, fast fungi: exceptionally high
nucleotide substitution rate differences between lichenized fungi
Omphalina and their symbiotic green algae Coccomyxa. Mol
Phylogenet Evol 29:629-640

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



	Evidence for a mutualistic relationship between the cyanobacteria Nostoc and fungi Aspergilli in different environments
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Strains, inocula preparation, and culture conditions
	Spent medium collection
	Quantification of the cultures
	Solid media experiments of Nostoc and Aspergilli
	Transwell experiments of Nostoc and Aspergilli
	Microscopic analysis

	Results
	Appropriate partners composed of symbiosis
	The co-culture of microalgae and fungus
	The co-culture of cyanobacteria and fungus

	The growth of fungi in spent medium of Nostoc PCC 6720
	The growth of Nostoc PCC 6720 in fungal spent medium
	The co-culture of Nostoc PCC 6720 and Aspergilli species
	The effect of physical interaction between Nostoc and Aspergilli in co-culture
	Primary effluent as an alternative source of nutrients for co-culture
	The sustainability of Nostoc PCC 6720–Aspergillus nidulans co-culture in primary effluent

	Discussion
	References


