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Photosynthetic microorganisms including the green alga Chlamy-
domonas reinhardtii are essential to terrestrial habitats as they
start the carbon cycle by conversion of CO, to energy-rich organic
carbohydrates. Terrestrial habitats are densely populated, and
hence, microbial interactions mediated by natural products are
inevitable. We previously discovered such an interaction between
Streptomyces iranensis releasing the marginolactone azalomycin F
in the presence of C. reinhardtii. Whether the alga senses and
reacts to azalomycin F remained unknown. Here, we report that
sublethal concentrations of azalomycin F trigger the formation of
a protective multicellular structure by C. reinhardtii, which we
named gloeocapsoid. Gloeocapsoids contain several cells which
share multiple cell membranes and cell walls and are surrounded by
a spacious matrix consisting of acidic polysaccharides. After azalo-
mycin F removal, gloeocapsoid aggregates readily disassemble, and
single cells are released. The presence of marginolactone biosynthe-
sis gene clusters in numerous streptomycetes, their ubiquity in soil,
and our observation that other marginolactones such as desertomy-
cin A and monazomycin also trigger the formation of gloeocapsoids
suggests a cross-kingdom competition with ecological relevance.
Furthermore, gloeocapsoids allow for the survival of C. reinhardtii
at alkaline pH and otherwise lethal concentrations of azalomycin
F. Their structure and polysaccharide matrix may be ancestral to the
complex mucilage formed by multicellular members of the Chlamy-
domonadales such as Eudorina and Volvox. Our finding suggests
that multicellularity may have evolved to endure the presence
of harmful competing bacteria. Additionally, it underlines the
importance of natural products as microbial cues, which initiate
interesting ecological scenarios of attack and counter defense.
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oil is an extremely densely populated habitat, and hence,

microbial interactions are nearly inevitable (1). Green algae
are often overlooked when soil ecosystems are discussed despite
their pivotal role as primary producers of organic carbohydrates
fixing roughly 39 g carbon per square meter of soil per year (2,
3). As photosynthetic microorganisms, algae convert CO, to
energy-rich organic carbon sources and thereby refuel the carbon
cycle. The green alga Chlamydomonas reinhardtii is a common
member of wet soils and is hence subject to biotic and abiotic
stress (2, 4, 5). Stress leads to the development of adaptive mech-
anisms that enable survival and increase the evolutionary fitness
of microorganisms. Chlamydomonas spp. react to NaCl stress (6),
Ca®* deprivation, ethylenediaminetetraacetic acid (EDTA),
organic acids (7, 8), chloroplatinic acid (9), phosphate limitation
(10), acidic pH (11), and sublethal levels of pollutants (12) with
the production of palmelloids, which are characterized by multi-
ple rounds of failure of daughter cells to escape the parental cell
wall after cell division. Chlorella vulgaris forms palmelloids when

PNAS 2021 Vol. 118 No. 45 2100892118

treated with ecdysteroids (13). The term palmelloid is a catch-all
term that originates in reference to the genus of green algae
Palmella, which typically grows in a cell cluster (6, 14). Chlamydo-
monas spp. can also actively produce aggregates which are
phenotypically different to palmelloids and serve to defend the
algae against harsh stress (14-16).

In addition to abiotic stressors, there are also biotic stressors
such as competition and predation. When C. reinhardtii is threat-
ened by the rotifer predator Brachionus calyciflorus, the green
alga forms palmelloids (17). Paramecium tetraurelia is also a pred-
ator of C. reinhardtii, which likely drove the evolution of C. rein-
hardtii into multicellular aggregates in response to this constant
pressure by predation (18). Palmelloid aggregates are too big in
diameter to be engulfed by P, tetraurelia and thus are protected.
Another biotic stress is exerted by natural products, low molecular
mass compounds with various biological activities often produced
by neighboring microorganisms (19). For instance, the bacterium
Pseudomonas protegens produces the cyclic lipopeptide orfamide
A, which leads to the deflagellation of C. reinhardtii (20).
Other microorganisms accompanying algae in wet soils are
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streptomycetes, known to be prolific producers of natural prod-
ucts (1). These filamentous bacteria are known to readily interact
with other microorganisms. A well-known example is given by
Streptomyces iranensis that induces otherwise silent natural prod-
uct biosynthesis gene clusters in the fungi Aspergillus nidulans and
Aspergillus fumigatus (21, 22). The products of A. nidulans, orsel-
linic acid, and lecanoric acid represent metabolites first described
in lichens (23). A. fumigatus reacts to the streptomycete by the
production of fumigermin, which inhibits the germination of
spores of several Streptomyces species (22). However, these inter-
actions are not exclusive to fungi but also include algae. Recently,
we demonstrated that S. iranensis specifically released the algi-
cidal marginolactone azalomycin F (SI Appendix, Fig. 14) in the
presence of C. reinhardtii. The alga survived this attack by taking
shelter in the mycelium of A. nidulans (24). Whether the alga
senses azalomycin F and reacts to the compound remained
unknown. Here, we describe the discovery of an alternative strat-
egy for the algae to cope with toxin stress without a fungal part-
ner: the formation of so-called gloeocapsoids, a distinct type of
palmelloids differing in function and based on a close resem-
blance of the gloeocapsoid structure to cyanobacteria of the
genera Gloeocapsa and Gloeothece (25). We propose that gloeo-
capsoid formation is an active protective behavior induced by
membrane-targeting marginolactones like azalomycin E, deserto-
mycin A, and monazomycin. Additionally, we propose that the
formation of transient cell aggregates like gloeocapsoids could
have led to the evolution of multicellular green algae such as
Eudorina and Volvox.

Results

Sublethal Azalomycin F Induces the Formation of Multicellular
Aggregates. C. reinhardtii is protected from otherwise lethal
concentrations of azalomycin F when it is in contact with the
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filamentous fungus A. nidulans (24). We aimed to address the
question of whether the alga can also survive without a partner
microorganism. When grown on Tris-acetate-phosphate (TAP)
agar, C. reinhardtii raised the local pH, indicated by the pH
indicator dye bromothymol blue (SI Appendix, Fig. 24) (26).
This alkalization is due to an uptake of acetate from the
medium. Previously, streptomycetes were shown to raise the
surrounding pH by the release of volatile ammonia to inhibit
neighboring bacteria (27). Alkaline pH, in turn, decreased kill-
ing of C. reinhardtii by S. iranensis as well as the activity of aza-
lomycin F in solid medium (SI Appendix, Fig. 2 B and C). To
evaluate reduced toxicity in liquid medium, purified azalomycin
F was added to C. reinhardtii cultured in media with a pH range
of 7 to 9. As a proxy for viability, the autofluorescence of
C. relnhardtu chlorophyll was quantified (28). At pH 7, 5 pg -
mL™"!, azalomycin F was sufficient to kill most C. reinhardtii
cells (SI Appendix, Fig. 2D), an effect not observed when the
alga was cultivated in medium with pH 8 or 9. When C. rein-
hardtii was grown in TAP medium at pH 8 or 9, the autofluor-
escence dropped after 24 h but recovered after 3 to 4 d and
reached levels of the untreated controls. Recovery from azalo-
mycin F exposure was not observed in C. reinhardtii grown at
pH 7. Samples taken from cultures at pH 8 and 9 and treated
with azalomycin F formed an algal lawn on TAP agar, demon-
strating the survival of algal cells, while agar plates from cul-
tures treated with azalomycin F at pH 7 only showed few algal
colonies (SI Appendix, Fig. 3).

MlCI'OSCOplC inspection of C. reinhardtii treated with 5 pg -
mL " azalomycin F at pH 8 after 7 d of incubation revealed that
multicellular aggregates surrounded by a spacious matrix had
formed (Fig. 14). The staining of these aggregates with fluores-
cently labeled concanavalin A binding to a-mannopyranosyl and
a-glucopyranosyl residues found in the cell wall and the plasma
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C. reinhardtii forms gloeocapsoids in contact with sublethal concentrations of azalomycin F. (A) C. reinhardtii in TAP medium at pH 8 treated
1 azalomycin F. (B) C. reinhardtii at pH 7 treated with or without 3 ug - mL~" azalomycin F. (Scale bars: 20 um.) (C) Light micros-

copy picture of C. reinhardtii gloeocapsoids. (D) Light microscopy picture of vegetative cells of G. membranacea. (Scale bars: 10 um.)
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membrane of C. reinhardtii illustrates the presence of multiple cell
envelopes around individual cells (Fig. 14). To study whether
these aggregates are formed only at alkaline pH, C. reinhardtii was
treated with 3 pg - mL ™' azalomycin F at pH 7. In this case,
C. reinhardtii formed the same type of aggregate structures
(Fig. 1B), suggesting that the activity of azalomycin F decreases at
alkaline pH. The staining of the plasma membrane with CellMask
indicated the presence of multiple plasma membranes in addition
to cell walls surrounding the aggregates (SI Appendix, Fig. 44).
The matrix apparently consisted of acidic polysaccharides as indi-
cated with Alcian blue staining (SI Appendix, Fig. 4B). Alcian blue
stains sulfate groups of polysaccharides at pH 0.5 (in 0.5 M HCI),
and at pH 2.5 (in 0.5 M acetic acid), it stains other acidic func-
tional groups (29). Blue staining of the matrix was only observed
at pH 2.5, which indicates nonsulfate acidic polysaccharides. Due
to the similarity of the aggregates to the vegetative growth form of
cyanobacteria of the genera Gloeocapsa and Gloeothece (25), we
called these structures gloeocapsoids (Fig. 1 C and D). They differ
morphologically from both palmelloids and autospores, which lack
a spacious matrix and contain fewer cell membranes (14, 30).
Although palmelloids can be induced by different stressors, in this
study, we applied two stressors, that is, high salt and sodium citrate
to induce palmelloids that served as reference. NaCl-induced pal-
melloids accumulated lipids (6), whereas gloeocapsoids and
sodium citrate—induced palmelloids appear to contain few lipid
bodies (ST Appendix, Fig. 5). This indicates a certain degree of het-
erogeneity between palmelloids. In contrast to palmelloids that
are surrounded by a single outer membrane (6, 18), gloeocapsoids
are surrounded by several membranes. (SI Appendix, Fig. 44).
Gloeocapsoids and palmelloids have in common that in cultures
synchronized by light—-dark cycles, the mother cells divide during
the dark phase, and the daughter cells fail to detach from each
other (SI Appendix, Fig. 6) (31). Hence, we suggest gloeocapsoids
are a distinct form of palmelloids formed to protect C. reinhardtii
from azalomycin E

Gloeocapsoids Form Unusual Pseudomulticellular Structures. To
further substantiate our observation that C. reinhardtii gloeo-
capsoids are surrounded by multiple cell membranes and to
shed further light on their structure, transmission electron
microscopy images were taken. As shown in Fig. 24 (orange
arrows), gloeocapsoids are characterized by multiple mem-
branes and cell walls. Interestingly, one outer membrane of a
gloeocapsoid showed the characteristic indent formed by one of
the flagella (Fig. 24, black arrows) (32), indicating that the
outer membrane is a remnant of a formerly flagellated mother
cell. It is possible that after division of the mother cell, the
daughter cells produced a new membrane but did not separate
and instead maintained the original cell membrane. Whether
azalomycin F targets the flagella or not remains to be deter-
mined. We suggest deflagellation might be due to stress or
impaired cell membrane integrity. Additionally, as indicated by
scanning electron microscopy, the outermost cell membrane of
C. reinhardtii gloeocapsoids appears to be perforated in com-
parison to vegetative cells (Fig. 2B), forming a net-like struc-
ture rather than a coherent membrane. Whether azalomycin F
punctures holes into the outer cell membrane or whether the
mechanical force exerted by the growing daughter cells is
responsible for the torn outer membrane and cell wall remains
to be determined.

The gloeocapsoids of C. reinhardtii appear to carry fewer intra-
cellular starch granules in proximity to the pyrenoid within the
chloroplast. Untreated cells contained 26.2 = 7.9 (n = 5) starch
granules per cell with 6.2 * 2.9 in the gloeocapsoids (n = 5, Fig.
24, marked “S”). Additionally, vegetative C. reinhardtii cells
showed multiple secretory vesicles in the cell periphery (Fig. 24,
blue arrows), which were completely absent in the gloeocapsoids.
The absence of secretory vesicles, which are often associated with
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cross-species communication (33, 34), supports the idea that C.
reinhardtii cells are isolated and thus protected against external
toxin stress within gloeocapsoids. The typical gloeocapsoid features
described here are summarized in a schematic model in Fig. 2C.

Gloeocapsoids Are Transiently Formed Structures. Evolution exper-
iments have shown that multicellular aggregates can evolve after
repeated subcultivation under selection pressure caused by a
predator. These evolved multicellular aggregates remain stable
for many generations in the absence of selection pressure (18).
By contrast, palmelloids induced by stress conditions were found
to be transient (6, 12). Therefore, we addressed the question
whether gloeocapsoids would still remain stable when azalomycin
F pressure was relieved. As shown in Fig. 2D, gloeocapsoids rap-
idly disassembled, and flagellated single cells were detected in
cultures within 4 d of cultivation after azalomycin F was removed.
This indicated that gloeocapsoids are formed transiently as long
as cells are exposed to stress.

Desertomycin A and Monazomycin Are Overproduced by Streptomycetes
in the Presence of C. reinhardtii. Marginolactones are macrolides
whose biosynthesis is initiated by an arginine- or ornithine-
derived starter unit (35). The marginolactones azalomycin F,
desertomycin A, and monazomycin share similar chemical struc-
tures (SI Appendix, Fig. 1 A-C) and are known to disturb cell
membranes (36-38). Azalomycin F is specifically released by
S. iranensis in the presence of C. reinhardtii (24). Therefore, we
tested whether streptomycetes encoding the biosynthetic gene
clusters for desertomycin A and monazomycin respond to
C. reinhardtii. Liquid chromatography—mass spectrometry analy-
ses demonstrated that in the presence of C. reinhardltii, Strepto-
myces macronensis overproduced desertomycin A (Fig. 3 4 and
B). Likewise, Streptomyces mashuensis produced increased
amounts of monazomycin in the presence of the alga (Fig. 3 D
and E). As shown by matrix-assisted laser desorption/ioniza-
tion imaging mass spectrometry, both compounds were found in
the killing zone of C. reinhardtii produced by the streptomycetes
(Fig. 3 B and E). This indicates that marginolactones may serve
to specifically target green algae since their production is trig-
gered by C. reinhardtii.

Marginolactones Trigger the Formation of Gloeocapsoids. To inves-
tigate whether desertomycin A and monazomycin induce the
formation of gloeocapsoids, we added both compounds to
C. reinhardtii. Sublethal amounts of both marginolactones trig-
gered gloeocapsoid formation by C. reinhardtii (Fig. 3 C and F
and SI Appendix, Fig. 7). This result was not surprising given
their considerable structural similarity to azalomycin F. Because
these compounds disturb membrane integrity, we reasoned that
other membrane-active compounds might also trigger gloeocap-
soid formation. This was not the case as concluded from experi-
ments with the membrane-targeting but structurally dissimilar
compounds amphotericin B and daptomycin (SI Appendix, Fig. 1
D and E). Amphotericin B is an antimycotic macrolide, which
targets ergosterols in algae (39). Sublethal concentrations of
amphotericin B did not trigger gloeocapsoid formation in C. rein-
hardtii (SI Appendix, Fig. 84). At 2 pg - mL™', amphotericin B
was lethal to C. reinhardtii (SI Appendix, Fig. 8 B and C). Dapto-
mycin is a well-known cyclic lipopeptide antibiotic, which inter-
feres with bacterial membrane microdomains (40). As shown by
the lack of formation of a polysaccharide matrix and missing mul-
tiple cell membrane layers, daptomycin only induced the forma-
tion of aggregates in C. reinhardtii when applied at sublethal
concentrations (SI Appendix, Fig. 94). An application of 20 pg -
mL " daptomycin was lethal for C. reinhardtii (SI Appendix, Fig.
9 B and C). We thus concluded that only marginolactones such
as azalomycin F, desertomycin A, and monazomycin induced for-
mation of gloeocapsoids since natural products with a different
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Fig. 2. Comparison of the ultrastructure of C. reinhardtii vegetative cells with gloeocapsoids and disassembly of gloeocapsoids after stress relief.
(A) Transmission electron microscopy pictures of vegetative C. reinhardtii cells (Left) and gloeocapsoids (Right). Vegetative cells are surrounded by a single
membrane (orange arrows) and contain multiple starch granules (“S”; 26.2 = 7.9 per cell; n = 5). Gloeocapsoids are surrounded by up to three mem-
branes (orange arrows) and a polysaccharide matrix. In the individual cells, there are fewer starch granules (“S”; 6.2 + 2.9 per cell; n = 5). In their periph-
ery, vegetative cells show secretory vesicles (blue arrows), which are missing in cells embedded in gloeocapsoids. (Scale bars: 2 pm [Top] and 500 nm [Bot-
tom]). (B) Scanning electron microscopy pictures of C. reinhardtii vegetative cells (Left) and gloeocapsoids (Right). The outer membrane of vegetative cells
is intact. In gloeocapsoids, the outer membrane exhibits a perforated net-like structure (holes are marked with red arrows). (Scale bars: 1 pm [Top] and
500 nm [Bottom]). (C) Schematic model of the structure of a gloeocapsoid. (D) Disassembly of gloeocapsoids after removal of azalomycin F. Flagellated
single cells dominated the culture 96 h after azalomycin F was removed. Visible flagella are indicated with blue arrows. (Scale bars: 20 um.)
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Fig. 3. Desertomycin A and monazomycin are overproduced by steptomycetes in coculture with C. reinhardtii, colocalize with C. reinhardtii killing zone
on solid medium, and induce gloeocapsoid formation. (A) Extracted ion chromatogram of an extract of a coculture of C. reinhardtii with S. macronensis
in liquid culture compared with a monoculture of the streptomycete. m/z 1,191.2 to 1,192.2 [M - H]™ corresponding to desertomycin A. (B) Matrix-assisted
laser desorption/ionization imaging mass spectrometry (MALDI-IMS) for desertomycin A. The microorganisms were grown directly on the object slide. The
top picture of the mono- and the coculture represents a schematic overview of the position of the bacterial colony on TAP agar (monoculture) or on a
split agar containing C. reinhardtii only in the right agar half (coculture). The bottom pictures show the overlays of the MALDI-IMS image indicating the
color-coded abundance of ion m/z 1,214.9 + 0.5 Da (desertomycin A, [M + Na]*) and the actual culture. (C) C. reinhardltii treated with 1.5 pg - mL~" deser-
tomycin A forms gloeocapsoids. (Scale bars: 20 um.) (D) Extracted ion chromatogram of an extract of a coculture of C. reinhardtii with S. mashuensis com-
pared to a monoculture of the streptomycete. Extracted ion chromatogram of m/z 1,363.5 to 1,364.5 [M — H]™ corresponding to monazomycin. (E) MALDI-
IMS analysis. (Top) S. mashuensis colony on axenic TAP agar. (Bottom) S. mashuensis on TAP agar containing C. reinhardtii. MALDI-IMS images indicate
color-coded abundance of ion m/z 1,387.3 = 0.5 Da (monazomycin, [M + Na]*). Color code: blue, low abundance and red, high abundance of ion. Mass
spectrometry (MS) spectra of liquid chromatography-MS analyses were compared to an authentical standard for identification. (F) C. reinhardtii treated
with 2.5 pg - mL™" monazomycin with gloeocapsoid formation. (Scale bars: 20 um.)

structural scaffold triggered phenotypically different aggregates
or canonical palmelloids.

Gloeocapsoids Protect C. reinhardtii against Alkaline pH and
Azalomycin F. Aggregate structures are often associated with
protection (14). As gloeocapsoids are readily formed at neutral
and alkaline pH under treatment with azalomycin F, we investi-
gated their capacity to protect encapsulated cells. For this
purpose, gloeocapsoid formation was induced by sublethal
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concentrations of azalomycin F at neutral pH. Then, gloeo-
capsoids and untreated control cells were inoculated in media
with pH values between 9 and 11. After an initial drop, the
autofluorescence of gloeocapsoid-derived cells readily recov-
ered at pH 10 and 11, while that of the untreated cells
showed no recovery (Fig. 44). After 7 d of incubation at pH
10 and 11, the autofluorescence of gloeocapsoid-derived cells
showed a significantly higher autofluorescence than the con-
trol cells (Fig. 4B). This was further demonstrated by plating
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Fig. 4. Gloeocapsoid structures confer resistance to internalized cells against external stressors. (A) Control cells and gloeocapsoids of C. reinhardtii were
inoculated into TAP media covering the pH range from 9 to 11. At pH 9, both vegetative cells and gloeocapsoid-derived cells grew. At pH 10 and pH 11,
gloeocapsoid-derived cells regenerated after an initial drop in autofluorescence, whereas control cells showed no recovery. (B) Autofluorescence at day 7
of C. reinhardtii control cells and gloeocapsoids incubated in TAP medium from pH 7 to 9. (C) C. reinhardtii vegetative cells as well as gloeocapsoids were
treated with 10 and 15 pg - mL~" azalomycin F, and autofluorescence was monitored for 7 d. (D) Final autofluorescence at day 7 of C. reinhardtii control
cells and gloeocapsoids treated with 0, 10, and 15 pg - mL~" azalomycin F. For each time point, n > 4; SEMs are shown. ***P < 0.001 calculated using

one-way ANOVA.

the cells on TAP agar after 7 d of incubation at pH 9 to 11
(SI Appendix, Fig. 104), in which the cells derived from
gloeocapsoids incubated at pH 10 and 11 formed colonies, an
effect not observed for vegetative cells incubated at the
same pH.

Next, the resistance of gloeocapsoids against lethal azalomy-
cin F concentrations was tested. While the autofluorescence of
untreated cells decreased steadily under the treatment with the
toxin, the autofluorescence of gloeocapsoids remained stable
(Fig. 4C). After 7 d of incubation, azalomycin F-treated gloeo-
capsoids showed a significantly higher autofluorescence com-
pared to their azalomycin F-treated vegetative counterparts
(Fig. 4D). Additionally, after 7 d of incubation, the cells were
plated on TAP agar plates. Gloeocapsoids treated with 10 and
15 pg - mL™" azalomycin F formed lawns of C. reinhardtii colo-
nies, while vegetative cells treated with the same amounts of
toxin only formed very few colonies (SI Appendix, Fig. 10B). By
contrast, palmelloids induced by the addition of 100 mM NaCl
and 15 mM sodium citrate to the medium did not protect C.
reinhardtii against lethal concentrations of azalomycin F (S
Appendix, Figs. 11-14). Taken together, our data indicate that
in contrast to canonical palmelloids, gloeocapsoids protect
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C. reinhardtii against alkaline pH and against azalomycin F at
otherwise lethal concentrations.

Discussion

Multicellular Gloeocapsoids Represent a Defense Strategy against
Both Alkaline pH and Azalomycin F. Microorganisms face ever-
changing conditions in their respective habitats. Because of acids
or bases released by microorganisms or farming, the environmen-
tal pH values can vary considerably between 3 and 10 (27, 41).
By the uptake of acetate, C. reinhardtii increased the pH around
its colonies. Under these conditions, the natural product azalo-
mycin F produced by S. iranensis displayed reduced algicidal
activity (SI Appendix, Fig. 2). This explains why a higher azalomy-
cin F concentration was needed to induce gloeocapsoids in C.
reinhardtii at pH 8 than at pH 7. It is remarkable that gloeocap-
soids protect C. reinhardtii both against alkaline pH and azalomy-
cin F since streptomycetes can increase their surrounding pH by
the secretion of ammonia (27). Thus, an increase in pH in combi-
nation with algicidal marginolactones are indicators for the pres-
ence of competing streptomycetes. As a response, C. reinhardtii
forms gloeocapsoids that represent a protective response to the
presence of these harmful bacteria (Fig. 5).
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Fig. 5. Schematic overview of the interaction of Streptomyces spp. with C. reinhardtii. C. reinhardtii induces the release of the marginolactone azalomy-

cin F as well as the overproduction and release of desertomycin A and monazomycin in cocultures with the bacteria Streptomyces iranensis, Streptomyces
macronensis, and Streptomyces mashuensis. Lethal concentrations of these marginolactones lead to bleaching and death of C. reinhardtii. Sublethal con-
centrations trigger the formation of multicellular gloeocapsoids in which the individual cells are surrounded by multiple cell walls, membranes, and a spa-
cious polysaccharide matrix. These aggregates protect the individual cells against otherwise lethal azalomycin F concentrations as well as alkaline pH,
indicating the presence of competing streptomycetes. We hypothesize that the additional membranes and the acidic polysaccharide matrix sequester the
positively charged azalomycin F, and hence, the algicide cannot reach the individual algal cells. After stress is relieved, the gloeocapsoids disassemble and
motile single cells emerge. We hypothesize that sustained sublethal stress leads to the evolution of a multicellular organism exhibiting differentiated cell

types and division of labor.

We have shown that C. reinhardtii required up to 7 d to
develop gloeocapsoids, and therefore concentrations of 10 and
15 pg - mL~! of azalomycin F killed non-pretreated algal cells
within 24 h (Fig. 5) (24). C. reinhardtii only formed resistant
gloeocapsoids at sublethal azalomycin F concentrations. This
reflects an ecological scenario in which C. reinhardtii is not
instantly confronted with high concentrations of an algicide but
rather with a concentration gradient. It is worth noting that this
might be a reason for the unusual release mechanism of azalo-
mycin F. S. iranensis steadily produces the compound but only
secretes it in the presence of C. reinhardtii (24). Production,
storage, and massive release of the algicide upon contact with
C. reinhardtii might be a strategy of the bacteria to circumvent
the algal resistance mechanism by instantly creating a high con-
centration of azalomycin F.

Multicellularity Is a Widespread Protective Mechanism against
Environmental Stressors. We provide evidence that aggregation
facilitates the protection of single cells against environmental
stressors. This is in accordance with observations made for,
e.g., Pseudomonas aeruginosa, that produces biofilms in contact
with antibiotics (42) or when experiencing DNA replication
stress (43). A number of stressors induce the formation of
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palmelloids and actively formed aggregates in C. reinhardtii
(14). Most likely, they play a role in protecting C. reinhardtii
against these stressors. Since the main difference of NaCl- and
sodium citrate—induced palmelloids and azalomycin F-induced
gloeocapsoids is their protection against azalomycin F (Fig. 4
and SI Appendix, Figs. 11-14), we assigned gloeocapsoids to the
family of palmelloids as specialized structures for defense
against azalomycin F.

The matrix of gloeocapsoids is composed of acidic polysac-
charides, which may have the capacity to buffer alkaline pH
and might help to maintain an internal pH near 7. Similarly,
sulfate-reducing bacteria buffer the surrounding pH by secre-
tion of exopolysaccharides (44). The acidic polysaccharide
matrix could also explain the resistance of gloeocapsoids against
azalomycin F (Fig. 4 C and D and SI Appendix, Fig. 10B). We
hypothesize that the guanidyl moiety of azalomycin F is posi-
tively charged at physiological pH and thus may be sequestered
by the negatively charged acidic polysaccharides of the extracel-
lular matrix. Furthermore, membranes are known targets of aza-
lomycin F (24). Since there are several membrane layers present
in gloeocapsoids (SI Appendix, Fig. 44), this might promote
sequestration of azalomycin F over a larger surface area (Fig.
2B). Possibly, the additional surrounding membranes sequester
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marginolactones and thus protect the cytoplasmic membranes
of cells lying underneath (Fig. 5). A similar protective mecha-
nism appears to be realized in the tripartite system examined
recently. The mycelium of A. nidulans is proposed to provide an
increased surface area composed of polar lipids that function to
sequester free azalomycin F, thereby protecting the cohabitating
C. reinhardtii (24).

The formation of multicellular gloeocapsoids represents a
protective strategy that does not require any other microbial
partner organism. From an evolutionary point of view, such a
strategy is in accordance with the theory that multicellularity
initially evolved for survival in a hostile environment (45). Mul-
ticellularity is the fundamental step in the evolution of all
higher organisms such as animals (46, 47) and enables mainte-
nance of internal homeostasis even in the presence of osmotic
stress, extreme pH, toxins, or desiccation (45, 48). This is also
evident in the multicellular volvocine algae of the order Chla-
mydomonadales, Pleodorina and Volvox (49). These algae pro-
duce extracellular matrices, which enable the differentiation of
soma and germ cells and also protect offspring developing
inside the parent spheroid (49). Here, we report that C. rein-
hardtii produces a similar type of polysaccharide matrix. We
highlight that the ability to form polysaccharide matrices is
already present in the most basal member of the volvocine
algae and might have been fundamental for the evolution of
true multicellularity. This is also reflected in the low number of
species-specific genes in Volvox carteri compared to C. reinhard-
tii (50). However, an essential difference found between Volvox
and C. reinhardtii gloeocapsoids is the missing cytoplasmic con-
nection between the individual cells, which enables Volvox cells
to synchronize their behavior (51). Additionally, the polysac-
charide matrix found in gloeocapsoids is linked to specific bac-
terial triggers and thus is formed for protection against harmful
bacteria and could have later resulted in an evolution of multi-
cellularity as suggested by similar experiments from Khona et al.
(6). We hypothesize that multicellular green algae might have
evolved by the sustained presence of bacterial marginolactones
granting protection against these widespread algicides.

Algicidal Marginolactones Are Widespread in Nature. The margin-
olactones azalomycin F, desertomycin A, and monazomycin
exhibit similar structures and target the cell membrane (37, 38,
52, 53). Sublethal doses of these natural products induce the
formation of gloeocapsoids in C. reinhardtii. By contrast,
amphotericin B and daptomycin, which also target the mem-
brane by binding to ergosterol (39) or interfering with
membrane microdomains (54), respectively, did not induce for-
mation of gloeocapsoids (SI Appendix, Figs. 7-9). Thus, it is not
merely membrane stress that leads to gloeocapsoids but rather
the specific activity of marginolactones. For desertomycin A, it
was shown that its activity depends on the primary amine on
the side chain (55). This is supported by the observation that
inactive members of the desertomycin family, the oasomycins,
lack a primary amine in their side chain. The substitution of
this side chain with side chains containing a primary or second-
ary amine created oasomycin derivatives with antibacterial
activity (55). Our data further support the notion that the
activity of marginolactones relies on their positively charged
side chain.

Since marginolactones have been isolated from a number of
actinobacteria, it can be expected that these compounds are
widespread in soil habitats (56, 57). Bioinformatic analyses show
that the azalomycin F biosynthetic gene cluster is present in a
number of streptomycetes isolated from diverse soil samples
across the world (58-61). We previously showed that azalomycin
F was specifically released by S. iranensis in the presence of C.
reinhardtii and possesses algicidal activity against several algal
species (24). Similarly, we demonstrated here that S. macronensis
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and S. mashuensis overproduced their respective marginolactones
in the presence of C. reinhardtii (Fig. 3). It is tempting to specu-
late that the streptomycetes create a spatially confined lethal con-
centration of marginolactones in soil to kill neighboring algae. It
is worth noting that desertomycin G was isolated from a marine
streptomycete present on the surface of a macroalga (62).

Our data suggest that marginolactones may have evolved to
target algae. The widespread distribution of marginolactone-
producing bacteria makes it likely that the compounds affect
C. reinhardtii in its natural habitat. The alga in turn developed
a particular strategy for defense against these compounds that
includes the aggregation of cells, production of a polysaccha-
ride matrix, and maintenance of multiple cell membranes. This
structure, which we named gloeocapsoid, allows C. reinhardtii
to cope with marginolactones and alkaline pH stress.

Materials and Methods

Microbial Strains and Plasmids. Microbial strains used in this study are listed
in SI Appendix, Table 1.

Production and Purification of Azalomycin F from S. iranensis. Azalomycin F
was produced and purified as described in Krespach et al. (24).

Preparation of Solid TAP Medium with pH Indicator and for Evaluation of
Killing of C. reinhardtii by S. iranensis. TAP agar was prepared as published
by Gorman and Levine (63). As a pH indicator, 0.03 g - L™! bromothymol
blue (Sigma-Aldrich) was added prior to the autoclaving of the medium.
For TAP agar without acetate, the pH of the agar was adjusted to 6 by the
addition of HCl. C. reinhardtii was spot inoculated and incubated at 26 °C and
30pE-m2.57".

For the evaluation of the killing of the algae by S. iranensis, C. reinhardtii
was centrifuged with 2,000 x g for 2 min and inoculated into agar that was
allowed to cool to ~35 °C. The final optical density at a wavelength of 750 nm
(ODys50) was adjusted to 2. S. iranensis was washed with TAP medium (centrifu-
gation 12,000 x g for 1 min), and 15 pL was spot inoculated onto agar contain-
ing C. reinhardltii. The coculture was incubated at 26°C and 30 pE - m~2 . s™"
and after 7 d, pictures were taken of the agar plates.

Staining Methods. The staining of C. reinhardtii with concanavalin A, Alcian
blue, SYTOX blue, CellMask, and Nile red are explained in S/ Appendix,
Staining methods.

Induction of Formation of Gloeocapsoids for Resistance Assays. For the stan-
dardized induction of the formation of gloeocapsoids, 200 uL C. reinhardtii
cell suspension (OD75o = 1) was precultured in TAP medium pH 7 for 7 d at
26°Cand 120 rpm at 30 uE - m~2 - s~ with 3 ug - mL~" azalomycin F in 96-well
plates. Control cells were not treated with the compound. After 7 d, cells from
the same treatment were pooled and centrifuged at 2,000 x g for 2 min. The
pellet was resuspended in fresh TAP medium to create a suspension with a
final autofluorescence of 3,000. For the evaluation of resistance against pH,
the pH of the fresh TAP medium was set to a final pH of 9 to 11 using NaOH.
The test was carried out by the inoculation of 200 uL cell suspension into each
well of a 96-well plate.

For testing resistance against azalomycin F, the cell pellet was resuspended
in TAP medium of pH 7 to achieve a final autofluorescence of 3,000 (9 x 10° —
1 x 10° cells mL™"), and 200 uL culture was inoculated into each well of a
96-well plate. Either 10 or 15 pg - mL~" azalomycin F were added to each well
when indicated. Incubation was carried out at 26 °C, 120 rpm, and 30 uE - m 2
-s7". Each 96-well plate was incubated at 26 °C, 120 rpm, and 30 pE-m 257",
Autofluorescence, a proxy for the viability of C. reinhardtii (28), was measured
after excitation at 480 nm, and emission was recorded at 684 nm on a Tecan
Infinite M200 pro microplate reader (Tecan Trading AG).

Electron Microscopy. Sample preparation and electron microscopy are
described in S/ Appendix, Electron microscopy.

Data Availability. All study data are included in the article and/or
SI Appendix.
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