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A mutualistic bacterium rescues a green alga from an antagonist
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Photosynthetic protists, known as microalgae, are key contributors to primary produc-
tion on Earth. Since early in evolution, they coexist with bacteria in nature, and their
mode of interaction shapes ecosystems. We have recently shown that the bacterium
Pseudomonas protegens acts algicidal on the microalga Chlamydomonas reinhardtii.
It secretes a cyclic lipopeptide and a polyyne that deflagellate, blind, and lyse the
algae [P. Aiyar et al., Nat. Commun. 8, 1756 (2017) and V. Hotter et al., Proc. Natl.
Acad. Sci. U.S.A. 118, €2107695118 (2021)]. Here, we report about the bacterium
Mycetocola lacteus, which establishes a mutualistic relationship with C. reinbhardtii
and acts as a helper. While M. lacteus enhances algal growth, it receives methionine
as needed organic sulfur and the vitamins B}, B;, and B, from the algae. In tripartite
cultures with the alga and the antagonistic bacterium P protegens, M. lacteus aids
the algae in surviving the bacterial attack. By combining synthetic natural product
chemistry with high-resolution mass spectrometry and an algal Ca’* reporter line, we
found that M. lacteus rescues the alga from the antagonistic bacterium by cleaving the
ester bond of the cyclic li}laopeptide involved. The resulting linearized seco acid does
not trigger a cytosolic Ca™* homeostasis imbalance that leads to algal deflagellation.
Thus, the algae remain motile, can swim away from the antagonistic bacteria and
survive the attack. All three involved genera cooccur in nature. Remarkably, related
species of Pseudomonas and Mycetocola also act antagonistically against C. reinhardtii
or as helper bacteria in tripartite cultures.
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Microalgae contribute significantly to primary production and are at the basis of food
webs (1). In nature, they interact with a broad variety of microorganisms that influence
their fitness (2). Despite the importance of these interactions for life on Earth, our knowl-
edge about microbial interactions, including those involving microalgae, is still limited.
Multiple studies have established the pivotal role of bacterial and fungal partners in algal
growth promotion (3-6). For example, in both aquatic and soil habitats, bacteria can
supply microalgae with vitamins B; and/or B, in exchange for photosynthate or other
vitamins (7, 8). But bacteria can also inhibit algal growth by secreting algicidal compounds
(9). Often, microbial interactions are studied exclusively in bipartite cultures. In nature,
however, there are more than two microbial species present and communicate among each
other. Hence, additional interaction partners must be considered to understand interac-
tions in complex microbial consortia. The introduction of a third microbial member can
change the type of interaction. For instance, the algicidal effect of the soil bacterium
Streptomyces iranensis on the green microalga Chlamydomonas reinhardtii can be neutralized
by introducing the fungus Aspergillus nidulans, which shields the alga from the bacterial
attack (10). In other cases, so-called helper bacteria prevent antagonistic interactions.
Fungi that are sensitive to bacterial phenazines can be rescued by a second bacterium,
which sequesters these harmful compounds, acting as a sponge (11). Such helper bacteria
can also destroy bacterial toxic cyclic lipopeptides (CLiPs) like tolaasin I by enzymatic
cleavage (12), resulting in the inactivation of the chemical mediator (13).

In previous studies, we used the biciliate soil-dwelling C. reinhardtii as a model organism
(14-16) for studying microbial interactions and analyzed its interactions with different
soil bacteria, including the genus Pseudomonas. These Gammaproteobacteria are present
ubiquitously in aquatic and terrestrial environments (17, 18) and were also found in
synthetic communities of the phycosphere of C. reinhardtii (19). We found that the soil
bacterium Pseudomonas protegens Pf-5 (abbreviated as P protegens from here on) has a
strong inhibitory effect on algal growth (20) with several secondary metabolites of
D protegens being involved (20-22). Some cause immobilization of C. reinhardtii by
removing its cilia, a process known as deflagellation (23). The CLiP orfamide A is the
primary and highly potent toxin causing Ca®* homeostasis disruption and thus
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immobilization with an IC; value of 4.1 uM (22). It also modifies
algal morphology (20). Orfamide A causes a quick reaction (1-min
range) and uses at least four different algal Ca”* channels of the
transient receptor potential type (24). Another compound, the
polyyne protegencin, targets the alga’s eyespot, blinds and lyses
the algal cells within several hours (21).

In this study, we introduced a third interaction partner,
Mpycetocola lacteus, a Gram-positive bacterium from the phylum
Actinomycetota. Like the Gram-negative proteobacteria from the
phylum Pseudomonadota, Mycetocola are widely present in nature.
They have been found not only on mushrooms (12, 25, 26) but
also in bacterial communities of soil, in the desert, or in the deep
sea (27-29). M. lacteus was previously shown to be involved in
fungal-bacterial interactions. It hydrolyzes the CLiP tolaasin I from
Pseudomonas rolaasii involved in harming the mushroom Agaricus
bisporus (12). Here, we show that M. lacteus acts as a helper bac-
terium and rescues the algal cells. It inactivates the CLiP orfamide
A by cleavage, resulting in biologically inactive forms. Moreover,
a related bacterium, Mycetocola tolaasinivorans, is able to cleave this
CLiP. Remarkably, M. lacteus benefits from the presence of the
algae. The algae secrete vitamins By, B;, and By as well as organic
sulfur in form of methionine, which are metabolites essential for
the growth of M. lacteus or its sustained growth in case of B,. Thus,
C. reinhardtii enables the growth of M. lacteus. In return, M. lacteus
enhances algal growth. These findings offer valuable insights into
the dynamic interplay between a mutualistic and an antagonistic
bacterium, influencing the fitness of the algae. Furthermore, they
reveal a shared principle for rendering chemical mediators inactive
in tripartite cultures, encompassing fungal-bacterial as well as
algal-bacterial interactions.

Results

The Bacterium M. lacteus and the Green Alga C. reinhardtii
Benefit from Each Other in Coculture. Before starting with
tripartite cultures between M. lacteus, the algicidal bacterium
P protegens and C. reinhardtii, we investigated the interaction
between the alga and M. lacteus in bipartite cultures. At first, we
studied the growth of M. lacteus alone in a medium that is used
for algal growth. The algal culture medium TAP (Tris-Acetate-
Phosphate) (30) was supplemented with 0.2% (w/v) glucose,
because several members of the genus Mycerocola including M.
lacteus cannot use acetate as a carbon source (31). Although the
glucose-complemented medium did not support the growth of
M. lacteus (Fig. 14), the bacteria grew when cocultured with the
algal cells (Fig. 14). In the coculture, the bacterium reached cell
densities of about 10 times higher than its initial inoculation
density within 4 to 5 d (Fig. 14). C. reinhardtii itself grew well in
the above-mentioned medium, but its growth was still significantly
enhanced in the presence of M. lacteus (Fig. 1B). Thus, both M.
lacteus and C. reinhardtii establish a mutualistic partnership and
benefit from each other in coculture.

C. reinhardtii Provides Vitamins B4, B3, and Bg for M. lacteus as
Well as Organic Sulfur in Form of Methionine. To understand how
C. reinhardtii promotes the growth of M. lacteus in the selected
medium, we investigated whether the algal cells could provide
essential compounds for the bacterium’s growth such as amino
acids or B vitamins. At first, TAP medium with 0.2% (w/v) glucose
was supplemented with a mixture of nine B vitamins (B, B,, B,
B, B¢, B, Bg, By, and B,,) and the 20 proteinogenic amino acids.
Indeed, M. lacteus was able to grow under these conditions, while
it did not grow in the absence of either the amino acids or the B
vitamin mix (Fig. 1 Cand D).
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To determine which amino acids are required for bacterial
growth, M. lacteus was grown in the chosen medium supple-
mented with the nine B vitamins but only one of the 20 proteino-
genic amino acids at a time. Out of the 20 amino acids, both
methionine and cysteine supported the growth of M. lacteus
(Fig. 1Cand SI Appendix, Fig. S1A). In addition, M. lacteus grew
marginally in the presence of tyrosine. All other individually tested
proteinogenic amino acids could not sustain the growth of
M. lacteus under the tested conditions (57 Appendix, Fig. S14).

We also tested whether specific B vitamins are needed. For that,
M. lacteus was grown in TAP medium supplemented with glucose
and methionine, and eight of the nine B vitamins were omitted
one at a time. Our data show that M. lacteus is auxotrophic for
vitamins By and Bs; it needs both vitamins to survive. In addition,
the lack of vitamins B, and B, impaired the growth significantly,
with growth rates 70% (B,) to 90% (B,) lower than compared to
the control (Fig. 1D and ST Appendix, Fig. S1B).

Next, we examined whether C. reinbardtii can support the
growth of M. lacteus by secreting glucose or another carbon source
that can be used by M. lacteus (31). For this purpose, we grew
M. lacteus in TP medium lacking any carbon source (SI Appendix,
Methods) either in mono- (negative control) or in coculture with
C. reinbardtii. As expected, M. lacteus does not grow in TP
medium alone. All cells died after 5 d of incubation (Fig. 1E).
Moreover, no significant growth of M. lacteus was found in a
coculture with C. reinhardtii (Fig. 1E). Thus, the algal cells do not
secrete glucose or another carbon source usable by M. lacteus in a
sufficient amount to sustain bacterial growth.

It is known that Chlamydomonas species can secrete some B vita-
mins (Discussion). However, it was not evident whether they could
release methionine or cysteine. We tested whether C. reinbardtii
could secrete any of the two amino acids to the medium by analyz-
ing the extracellular compounds released. Using high-performance
liquid chromatography, we found that C. reinhardtii can secrete a
compound with the same retention time as the derivatized methio-
nine to the medium, but that seems not to be the case for cysteine
(81 Appendix, Fig. S2).

To verify whether the compound secreted from the algal cells
was indeed methionine, we used an auxotrophic Escherichia coli
mutant that can only grow in the presence of vitamin B, which
is needed for methionine synthesis, or methionine itself. The
mutant’s growth was supported by addition of i) methionine, ii)
vitamin B, as well as iii) the supernatant of a C. reinhardtii culture
added to the bacterial minimal medium (MM) (Fig. 1F). As
C. reinhardtii cannot produce vitamin B, (32), the bacterial
growth rescue must be due to algal secretion of methionine.
Furthermore, we verified whether a cysteine auxotrophic E. coli
mutant can be complemented with the supernatant of a C. reinbardtii
culture (87 Appendix, Fig. S2C). This is not the case, corroborating
that cysteine is not secreted by C. reinbardtii, in contrast to
methionine.

Based on the observation that M. lacteus could not use the
inorganic sulfate present in a TAP medium, and the fact that it
needs methionine as a sulfur-containing amino acid, we checked
whether the bacterium may be auxotrophic for this amino acid.
An alternative is that it cannot reduce the sulfate from the TAP
medium to organic sulfur compounds needed for cysteine and
methionine biosynthesis. For this purpose, we analyzed whether
M. lacteus can use organic sulfur compounds for its growth.
M. lacteus was cultured in a TAP medium supplemented with
glucose, vitamins B}, B;, B5 and B, and one organic sulfur source
ata time, leaving away all proteinogenic amino acids. Our findings
show that M. lacteus grows in the presence of f-mercaptoethanol,
dithiothreitol, glutathione, lipoic acid, and dimethyl sulfoxide
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Fig. 1. While M. lacteus needs methionine and some B vitamins from C. reinhardtii, it enhances algal growth. (A) Axenic M. lacteus cannot grow in TAP medium
with 0.2% (w/v) glucose, but cocultivation with C. reinhardtii enables bacterial growth. The two organisms were cocultivated at a ratio of 1:250 (algae:bacteria)
and grown for 7 d in TAP medium supplemented with 0.2% (w/v) glucose. Bacterial cell densities were calculated by serially diluting and plating on LB medium
daily. Colonies were counted after 2 d of growth, and cell densities were determined considering the dilution factor. Mla: M. lacteus. Asterisks indicate significant
differences between mono- and cocultures (A and B) and between negative controls and supplemented cultures (C-£) as calculated by Student's t test (*P < 0.05;
**P<0.01; and ***P <0.001). The error bars indicate SDs with n = 3 biological replicates per time point and culture. (B) M. lacteus significantly enhances the growth
of C. reinhardtii in TAP medium with 0.2% (w/v) glucose. Algal cells were counted daily using a Thoma cell counting chamber. Cre: C. reinhardtii; see legend of (A)
for further details. (C) M. lacteus needs cysteine or methionine for its growth. TAP medium with 0.2% (w/v) glucose and a mixture of the nine B-vitamins was used
as medium. To investigate the bacterium’s need for amino acids, each M. lacteus culture was supplemented with either no amino acids (—aa), a mixture of the
20 amino acids (+aa), or one amino acid at a time. For details, see S/ Appendix, Methods. The experiments represent the average of three independent biological
replicates with the error bars denoting the SD. (D) M. lacteus needs certain B vitamins for its growth. TAP medium supplemented with 0.2% (w/v) glucose and
methionine was used as medium. To test the bacterial B vitamin requirements, M. lacteus cultures were grown with either no B vitamins (-B-Vit), the mixture of
the nine B vitamins (+B-Vit) or eight out of the nine B vitamins (one different vitamin always absent). See legend (C) for further details. (E) C. reinhardtii does not
provide glucose for M. lacteus. TP medium without acetate and glucose was used as growth medium for a monoculture of M. lacteus and a coculture together
with C. reinhardtii. DO, inoculation; D5, 5 d of growth. (F) C. reinhardtii spent medium provides methionine and thus can complement an E. coli auxotroph mutant
to produce B;,. Comparison of the growth of E. coli K12 DH5« wild type (WT) in M9 MM with an E. coli auxotroph mutant for the production of vitamin B;, in M9
MM supplemented with either nothing, vitamin B,,, methionine (Met), or C. reinhardtii spent medium (supernatant, Sup); see S/ Appendix, Methods for details.

without the need of either methionine or B, (S Appendix,
Fig. $3). Therefore, M. lacteus has no auxotrophy for methionine
but is apparently unable to transform sulfate into organic sulfur
compounds. The secreted algal methionine rescues bacterial
growth by making reduced organic sulfur available.
Subsequently, we quantified the amount of methionine
released by C. reinhardtii (SI Appendix, Fig. S4 A-C), along with
assessing the nature and amount of B vitamins (S Appendix,
Fig. S4 D—F). For this purpose, the supernatants of algal mono-
cultures were analyzed. C. reinhardtii releases about 12 to 18 ng
methionine as well as 1 to 3 ng vitamins B,, B; and B per million
algal cells within 5 d (S Appendix, Table S1 and Methods).
Vitamin B, was not detected in the supernatant. The amounts
of all secreted biomolecules were decreased in a supernatant of
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an algal coculture with M. lacteus compared to the algal mono-
culture (87 Appendix, Table S1), suggesting the uptake of these
compounds by M. lacteus.

Confronting Friend and Antagonist: Helper Bacteria Facilitate
the Recovery of C. reinhardtii after an Attack by Antagonistic
Bacteria. To find out whether M. /lacteus may influence the
antagonistic effect of the bacterium P protegens on C. reinhardtii,
we investigated tripartite cultures of the two different bacteria
together with the algae. For the growth of the cultures, we
used TAP medium supplemented with 0.2% glucose with low
phosphate concentration (SI Appendix, Methods), observed to
generate robust bacterial virulence in a related Pseudomonas species
(33). Algal cell growth is halted upon the first day in coculture
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with P protegens under these conditions (S Appendix, Fig. S5A4).
Under low phosphate concentration, the growth of M. lacteus
is only enabled in coculture with C. reinhardtii (SI Appendix,
Fig. S5B) as seen before (Fig. 14). The growth promotion of the
algal cells by M. lacteus is reduced here (SI Appendix, Fig. S5A).
Under low phosphate conditions, P protegens grows to similar cell
counts in mono- and cocultures with the algal cells (S/ Appendix,
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Fig. 2. The helper bacteria M. lacteus and M. tolaasinivorans, respectively, aid C. reinhardtii in recovering from the antagonistic bacteria P. protegens and
P. tolaasii. (A): Algal and bacterial monocultures as well as bi- and tripartite cultures. The organisms were cocultivated in TAP medium containing 0.1 mM
phosphate supplemented with 0.2% (w/v) glucose at a ratio of 1:250:250 (Cre:Ppr:Mla). Equally treated cultures of C. reinhardtii (Cre), P. protegens (Ppr), and
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along with further replicates. (B): Algal and bacterial cell densities in a bipartite culture of C. reinhardtii and P. protegens over 28 d. For cultivation, see legend of
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to determine cell densities [see (A) and S/ Appendix, Methods for details as well as S/ Appendix, Fig. S71. (C): Algal and bacterial cell densities in a tripartite culture
of C. reinhardltii, P. protegens, and M. lacteus over the course of 28 d. See (B) for further details. (D) Algal and bacterial monocultures as well as bi- and tripartite
cultures. The organisms were cocultivated as described in (A), but P. tolaasii (Pto) and M. tolaasinivorans (Mto) were used as bacteria. Two further independent

biological replicates are shown in S/ Appendix, Fig. S8.
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could vary by some days, it should be noted that the bipartite
culture of P protegens and C. reinhardtii always recovered more
slowly (in most cases never) than the tripartite cultures (Fig. 24
and SI Appendix, Figs. S6 and S7). Thus, M. lacteus not only
promotes algal growth in a bipartite culture, where the algal cells
grow well over the time of the experiment (Figs. 1B and 24, Cre
+ Mla), but also functions as a helper bacterium promoting algal
recovery in the tripartite culture (Fig. 24, Cre + Ppr + Mla).

To get a deeper insight into the beneficial effect of M. lacteus
on C. reinhardtii in the tripartite culture, we analyzed the cell
number of each microorganism and compared it to the bipartite
culture without a helper bacterium. For this purpose, we extracted
genomic DNA from all involved organisms under different con-
ditions. We used the genomic DNA to quantify M. lacteus,
P, protegens, and C. reinhardtii with organism-specific primers via
qPCR (34). The data obtained via qPCR was then converted into
cell densities using correlation curves between cell density and Ct
value (87 Appendix, Fig. S7 B and C and Methods). Cell densities
in the bi- and tripartite cultures changed over time (Fig. 2 B and
Cand S Appendix, Fig. S7). In the tripartite cultures (Fig. 2Cand
SI Appendix, Fig. S7B), both bacteria increased in cell density
within the first 4 d of the experiment compared to inoculation
density. It should be noted that the qPCR-calculated cell densities
of the M. lacteus starting cultures were lower in all three replicates
than the optically determined concentration of the stock before
preparing the dilutions, yet the increase over the first 4 d was
clearly visible in each case. In both the bipartite and tripartite
cultures, the calculated cell densities of C. reinbardtii decreased
during the first days and increased at the end of the second week
(Fig. 2 Band Cand SI Appendix, Fig. S7). At least a low amount
of DNA from C. reinhardtii was detected via qPCR throughout
the whole experiment, even when the alga could not be detected
by visual observation based on the green color of the cultures and
therefore was considered dead. It may be that some part of the
genomic DNA of C. reinbardtii is derived from already lysed cells.
However, the increase in algal cell density occurred earlier and was
stronger in the tripartite cultures, whereas in the bipartite cultures,
the effect was not visible at all or only very late. These data cor-
roborate the role of M. lacteus as a helper bacterium.

We also examined whether related species of Psendomonas and
Mpycetocola may have functions as algicidal and helper bacteria. As
Mpycetocola species have an inactivating effect on the CLiP tolaasin
I (12), we investigated whether C. reinhardtii is influenced by
P tolaasii. Cocultures of C. reinhardtii with P rolaasii revealed
bleaching of the algal cells from the very beginning of the coculture
(Fig. 2D and SI Appendix, Fig. S8) as observed with P protegens
(Fig. 2A). In tripartite cultures with M. rolaasinivorans, the algal
cells recovered after 15 to 16 d (Fig. 2D and S Appendix, Fig. S8).
These data reveal that other Pseudomonas species can also act algi-
cidal and that other Mycetocola species also function as helper
bacteria. To find out whether these genera are closely together in
nature, we reanalyzed some microbiota for their presence (S Appendix,
Methods) and found all three genera (Chlamydomonas, Pseudomonas,
and Mycetocola) together (Discussion).

The Helper Bacterium M. lacteus Linearizes Orfamide A at
Its Ester Bond and Additionally Produces a Double-Cleaved
Product. The CLiP orfamide A is a potent and fast-acting toxin of
P protegens (20, 22). As it was found that M. lacteus can cleave the
CLiP tolaasin I enzymatically (12), we analyzed whether M. lacteus
can also cleave orfamide A (Fig. 34). Therefore, we incubated
20 pM orfamide A for 24 h with i) a M. lacteus cell lysate prepared
from the cells of an overnight culture as well as with ii) the spent
media where M. lacteus was grown overnight. The samples were
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analyzed using Liquid Chromatography-High Resolution Mass
Spectrometry (LC-HRMS) for cleavage products of orfamide A.

In both cases, only minor traces of intact orfamide A with a
mlz 1295.84 [M + H]" (compound 1, chemical formula:
CesH, 14N 00,5 exact mass: 1294.8363) were detected (Fig. 3 A
and B and SI Appendix, Fig. S9). Instead, two major degradation
products were observed (3 and 4a). In both extracts, a product
with a mass shift of +18.01 Da (m/z 1313.85 [M + H]") was
observed, corresponding to the addition of water and therefore
pointing to a hydrolysis reaction. In the cell lysate, the second
cleavage product was as abundant with a mass shift of -281.18
Da (m/z 1014.66 [M + H]"; Fig. 3 A and B and S/ Appendix,
Fig. §9), corresponding to a product missing the C-terminal
tripeptide. This suggestion was verified by MS/MS analyses
(81 Appendix, Fig. S10).

To determine the position of the initially hydrolyzed bond, we
chemically synthesized the putative cleavage products 2 (chemical
formula: Co,H; (N, ,O,g; exact mass: 1312.8469) and 3 (chemical
formula: Cg4H, (N, (O, g; exact mass: 1312.8469, in Fig. 34). These
compounds were used as references for comparative LC-HRMS/MS
analysis (Fig. 3C, upper chromatogram; SI Appendix, Fig. S11).
Furthermore, the double-cleaved product 4a (chemical formula:
CsoHyN-O, 4 exact mass: 1013.6624), Fig. 3 A and C) was
synthesized. It was found that orfamide A is hydrolyzed at the
ester bond (compound 3, Fig. 3A4), which we further verified by
comparing the MS/MS patterns of both ester- and amide-
cleaved compounds with the patterns from the compounds in the
M. lacteus supernatant and cell lysate, respectively (ST Appendix,
Fig. S11 and Methods).

Moreover, we found that the ester cleaved form of orfamide A
(compound 3) is observed in a coculture of P protegens and
M. lacteus, as well as the double-cleaved form (compound 4a),
but in smaller amounts (Fig. 3C and S7 Appendix, Fig. S12). The
alterative compound 2 could not be detected, neither in the super-
natant, nor in the cell lysate, suggesting that ester cleavage must
precede peptide hydrolysis.

We also analyzed whether M. zolaasinivorans (spent medium
and cell lysate) can cleave orfamide A (SI Appendix, Fig. S13).
However, in this case, only the ester cleaved form was found in
significant amounts in both cases. We detected no cleavage of
orfamide A in the supernatant (spent medium) of M. lacteus and
M. tolaasinivorans when heat-treated samples (S7 Appendix,
Methods) were used, suggesting that the secreted compound cleav-
ing orfamide A is an enzyme (S/ Appendix, Fig. S14). In the cell
lysate, we observed a small amount of cleavage of orfamide A even
after heat treatment, indicating that the length of the heat treat-
ment may have been insufficient to fully inactivate the enzyme
putatively involved in the process. The double-cleaved form has
not been found in the cell lysate after heat treatment (87 Appendix,
Fig. S14), suggesting again an enzymatic action.

To narrow down the enzymes potentially involved in the single
and double cleavages, we performed a phylogenetic analysis of
genes encoding hydrolases from M. lacteus that may be able to
cleave orfamide A (S7 Appendix, Fig. S15). It revealed 16 candidate
genes in the genome of M. lacteus encoding mainly peptidases and
esterases.

The Helper Bacterium M. lacteus Biologically Inactivates
Orfamide A by Ester Hydrolysis. Our data so far indicate that
two enzymes may be involved in the cleavage of orfamide A in
M. lacteus. The first enzyme is released to the media. This hydrolase
cleaves the ester bond of the macrolactone ring and produces the
main cleavage product 3 in vivo in coculture of P protegens and
M. lacteus (Fig. 3C). The second enzyme seems to be located in
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Fig.3. M. lacteus produces enzymes cleaving orfamide A into a linear form at its C-terminal ester bond and in a double-cleaved form lacking the three C-terminal
amino acids. (A) Orfamide A (35) and putative degradation products of orfamide A that were chemically synthesized. (B): LC-HRMS showing the degradation
of intact orfamide A (m/z 1295.84 [M + H]*; compound 1) to either orfamide A with one cleavage (m/z 1313.85 [M + H]"; compound 2 or 3) and orfamide A with
two cleavages missing the C-terminal residues Leu-Ser-Val (m/z 1014.66 [M + H]", compound 4a) after 24 h incubation with the spent media (Mla supernatant)
of the overnight culture of M. lacteus in LB or its cell lysate (see S/ Appendix, Methods for details). (C): The Upper part shows LC-HRMS of chemically synthesized
compounds, including intact orfamide A (m/z 1295.84 [M + HI") and variants of the single cleaved degradation products (m/z 1313.85 [M + H]") at the ester or
amide bond as well as the double-cleaved degradation product missing the C-terminal residues Leu-Ser-Val (m/z 1014.66 [M + H]"). Below are cleaved orfamide
A produced in bacterial coculture with M. lacteus (Mla) and P. protegens (Ppr) compared to a Ppr monoculture.
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the cytosol or at the inner membrane of M. lacteus because the
corresponding cleavage product 4a was only detectable in the cell
lysate. This putative peptidase cleaves the three C-terminal residues
Leu-Ser-Val but only after the macrolactone ring has been opened.

Finally, we characterized the biological activity of the determined
single- and double-cleaved orfamide A derivatives by using the chem-
ically synthesized reference compounds. For this purpose, we utilized
a transgenic algal line expressing apo-aequorin as reporter (24) to
measure cytosolic Ca” levels upon exposure to orfamide A and its
derivatives. In contrast to the natural CLiP orfamide A (compound
1), both the single- (compound 3 in Fig. 34) and double-cleaved
orfamide A variants (compound 4a in Fig. 34) did not trigger an
increase in cytosolic Ca”* levels (Fig, 44). Accordingly, unlike natural
orfamide A, these variants did not cause significant deflagellation
(Fig. 4B). Our findings show that both cleavage })roducts of orfamide
A have lost their ability to interfere with the Ca™ signaling pathways
in C. reinhardtii and hence their toxicity.

Discussion

In the past years, the green microalga C. reinhardtii has emerged as
a model to study microbial interactions (36). Here, we have shown
that M. lacteus from the phylum Actinomycetota can live in a mutu-
alistic partnership with this green alga. M. lacteus needs organic
sulfur compounds and the vitamins B,, B, Bs, and B, for growth,
with vitamins B; and B being essential and B, being needed for
sustained growth (Figs. 1 and 5). C. reinhardtii has been reported to
secrete vitamins B; (pantothenate), B, (biotin), and B, (folate) (37).
The release of vitamin B; (nicotinic acid) was shown earlier for the
related C. engametos (37-40). Moreover, the production and uptake
of vitamin B, by C. reinhardtii was known (40), but not its secretion.
Here, we found that C. reinhardtii releases vitamins B;, B;, and Bs.
Our data suggest further that all are taken up by M. lacteus
(81 Appendix, Table S1). We did not find any release of vitamin B,
which was analyzed before only in a heterologous system (37). In
addition to the B vitamins, M. lacteus needs organic sulfur for growth,
and it cannot use the sulfate present in the algal TAP medium.
Notably, C. reinbardtii can secrete methionine into the medium.
Auxotrophy for methionine has been reported for some bacteria and
is associated with specific bacterial methionine-based affinity trans-
porters (41). However, M. lacteus is not auxotrophic for methionine
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as it can utilize organic sulfur compounds to sustain its growth
(81 Appendix, Fig. S3). In the coculture of M. lacteus and C. rein-
hardtii, the alga secretes methionine into the media, which the
bacterial partner can use as a source of organic sulfur.

As in a true mutualistic partnership, C. reinbardtii profits from
the presence of M. lacteus, as indicated by a significant increase in
cell counts (Figs. 1B and 5). However, it is important to note that
the algae can also grow without the bacterium. We do not yet
know how the bacteria stimulate algal growth or which com-
pounds are involved. One possibility is that CO, released by the
bacteria stimulates the algal growth as shown in some cases (42).

M. lacteus has a dual role for the algal cells. It not only supports
algal growth but also functions as a helper bacterium in the tri-
partite cultures with the algicidal bacterium P protegens. For these,
it inactivates the chemical mediator orfamide A (Fig. 5). The initial
step, suggested to be carried out by a heat-labile hydrolase enzyme
released into the supernatant, inactivates the primary biological
function of this CLiP. A second potential enzyme associated with
the cell lysate results in the double-cleaved peak 4a. This product
does not show up after heat treatment, suggesting also in this case
the action of a heat-labile enzyme (SI Appendix, Fig. S14). The
observed cleavage site selectivity may be a result of residue stere-
ochemistry. Peptidases that will hydrolyze amide bonds adjacent
to D-amino acid residues are very rare. Only at the cleavage site
observed, two L-amino acids occur consecutively. A phylogeny
screen suggested at least 16 hydrolase enzymes of M. lacteus that
may be potentially involved in cleaving orfamide A (S7 Appendix,
Fig. S15 and Methods). Linearization of the CLiP alone is enough
to prevent an increase in cytosolic Ca”* and the consequent def-
lagellation of the algal cells. Consequently, the algae remain
motile and can swim away from the antagonistic bacterium. We
hypothesize that the circling of the algal cells by 2 protegens and
their exposure to the bacterial toxic cocktail of secondary metab-
olites (20-22) is thus reduced. In addition, they can use their cilia
to attach to surfaces such as the walls of culture vessels or soil
particles in nature, where bacteria can attack only from one side
and where the algae are thus less exposed to their toxins. Altogether,
these steps contribute to enabling their recovery in the long term.

The two CLiPs pseudodesmin A and tolaasin I, both produced by
P tolaasii, are cleaved by enzymes of M. lacteus and M. tolaasinivorans
as well, rescuing the mushroom A. bisporus from the attack of
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Fig. 4. M. lacteus biologically inactivates orfamide A by cleavage. (4): The algal Ca®" signature was investigated using a C. reinhardtii aequorin reporter line (see
SI Appendix, Methods for details). Orfamide A (compound 1 from Fig. 3A) and its chemically synthesized degradation products (ester-cleaved compound 3 and
double-cleaved compound 4a from Fig. 3A) were dissolved in DMSO and further diluted in TAP medium to a final concentration of 5 pM. As control, DMSO
proportional to 5 uM of compound was used. Each line represents the mean of three independent biological replicates, and each biological replicate includes
three technical replicates. (B) Deflagellation rates of wild-type algal cells treated with 5 uM intact orfamide A and its degradation products (see panel A for details).
DMSO proportional to 5 pM of compounds was used as control. More than 100 cells were counted for each sample. Each column represents the mean of at least
three independent biological replicates. Error bars represent SDs; Student's t test was performed; n.s., not significant and ***pP < 0.001.
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Fig. 5. The helper bacterium M. lacteus uses metabolites secreted by
C. reinhardtii for its growth, enhances algal growth, and rescues the alga from
the attack by P. protegens. The antagonistic bacterium P. protegens deflagellates,
bleaches, and lyses the alga (orange arrow). Pictures are illustrated based on
a 24 h bacterial attack of the algae (21). M. lacteus has a dual function: i) it
promotes the growth of C. reinhardtii (yellow arrow), and it ii) rescues the
alga from P. protegens (dashed orange arrow) by cleaving orfamide A (yellow
arrow), and thus inactivating this CLiP (dashed orange arrow). Chlamydomonas
releases specific B vitamins and methionine, which can be utilized as an
organic sulfur source to support the growth of M. lacteus (green arrow).

P tolaasii (12). Interestingly, P tolaasii acts as an antagonistic bacte-
rium for C. reinhardtii. M. tolaasinivorans rescues C. reinhardtii
(Fig. 2D), functioning as a helper bacterium in this case as well.
Alrogether, M. lacteus and M. tolaasinivorans (12) seem to produce
enzymes that cleave and thus detoxify different bacterial CLiPs, of
which some are secreted to the medium. Indeed, we found that 7.
tolaasinivorans linearizes orfamide A, but a double-cleaved product was
not found in this case (S/ Appendix, Fig. S13). Intriguingly, both M.
lacteus and M. twlaasinivorans function as helper bacteria in
bacterial-fungal (12) as well as in bacterial-algal interactions by using
the same mechanistic principle. They both inactivate CLiPs by lactone
hydrolysis. Given that orfamide A also immobilizes other ciliated
Chlorophyceae algae (20), the described inactivation mechanism
holds broad ecological significance. Moreover, all three genera
(Chlamydomonas, Pseudomonas and Mycetocola) cooccur in nature. C.
reinhardtii was first isolated in a potato field (30). Microbiota in the
potato rhizosphere of High Andes include Pseudomonas as well as
Mycetocola genera along with Chlamydomonas [(43); SI Appendix,
Methods). In this context, it is also worth noting that sugars including
glucose are supplied via root exudates (44—46) in potato fields, as C.
reinhardtii is not releasing any or sufficient carbon source for growth
of M. lacteus (Fig. 1E). M. lacteus and P protegens can both grow on
sugars, including glucose as carbon source (31, 47). In addition, all
three genera (Chlamydomonas, Pseudomonas, and Mycetocola) are pres-
ent in wash water of another crop, rice (SI Appendix, Methods).
Remarkably, a C. reinbardtii strain recruits actively both bacterial
genera (Pseudomonas and Mycetocola) among others, when cultured
in natural soil [(19); S Appendix, Methods).

Investigating research to tripartite microbial interactions in
addition to dual cultures is a first important step to decode the
complexity of microbial interactions, along with their chemical
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mediators and ecological relevance in nature. Tripartite interac-
tions with microorganisms have been studied so far only in a few
cases, but these examples already highlight their ecological poten-
tial. Thus, interactions of three different bacterial species suggest
that community composition and microbiome interactions shape
the regulation of secondary metabolites (48), an emerging field in
natural product research (13). The macroalga Ulva, involved in
green algal blooms, can only grow and develop efficiently in the
presence of two different types of bacteria and involved secondary
metabolites (49). Maintenance of coral-algae—microbe interac-
tions can be used to cope with ocean acidification (50). In the
future, it will be essential to understand such multipartner micro-
bial interactions, along with their provoked changes in secondary
metabolites, to better understand microorganisms and their rele-
vance for life on Earth. This holds especially true for algal-micro-
bial interactions and their role in shaping algal fitness, as algae are
key primary producers, providing O, and fixing CO, on Earth.

Materials and Methods

The C. reinhardtii wild-type strain SAG 73.72 and bacteria (P protegens PF-5, P tolaasii,
M. lacteus and M. tolaasinivorans, respectively) were grown either in mono-, bi-, or
tripartite cultures in TAP medium (30) in the presence of 0.2% (w/v) glucose and in
some cases at a lower phosphate concentration of 0.1 mM phosphate, unless oth-
erwise stated. For some experiments, cultures were supplemented with B vitamins
and/or amino acids, as indicated. Methionine and cysteine as well as B vitamins were
analyzed by HPLC and respective . coli mutants in case of the amino acids.

Orfamide A cleavage was analyzed by LC-HRMS (MS) measurements. A phylog-
eny of hydrolases from M. lacteus potentially cleaving orfamide A was performed
(51 FASTA file Multiple Sequence Alignment_Phylogenetic Tree). Degradation
products of orfamide A were chemically synthesized and used as standards and
for functional analysis along with an aequorin-based Ca* assay.

Three microbiotas were reanalyzed for the presence of the genera Pseudomonas
and Mycetocola along with Chlamydomonas.

Adetailed description of materials and methods can be found in S/ Appendix,
together with additional figures and tables, and a Dataset S1.

Data, Materials, and Software Availability. S/ FASTA file Multiple Sequence
Alignment_PhylogeneticTree can be found in Dataset S1.All other data are included
inthe manuscriptand/or supporting information. Previously published sequencing
data was also used for this work. The original publications for these data are available
in Sl Appendix.All of them are also available through the Sequence Read Archive of
the International Nucleotide Sequence Database Collaboration (51).
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