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Summary

The unicellular alga Chlamydomonas reinhardtii and
the bacterium Pseudomonas protegens serve as a
model to study the interactions between photosyn-
thetic and heterotrophic microorganisms. P.
protegens secretes the cyclic lipopeptide orfamide A
that interferes with cytosolic Ca2+ homeostasis in C.
reinhardtii resulting in deflagellation of the algal
cells. Here, we studied the roles of additional second-
ary metabolites secreted by P. protegens using

individual compounds and co-cultivation of algae
with bacterial mutants. Rhizoxin S2, pyrrolnitrin,
pyoluteorin, 2,4-diacetylphloroglucinol (DAPG) and
orfamide A all induce changes in cell morphology
and inhibit the growth of C. reinhardtii. Rhizoxin S2
exerts the strongest growth inhibition, and its action
depends on the spatial structure of the environment
(agar versus liquid culture). Algal motility is unaf-
fected by rhizoxin S2 and is most potently inhibited
by orfamide A (IC50 = 4.1 μM). Pyrrolnitrin and
pyoluteorin both interfere with algal cytosolic Ca2+

homeostasis and motility whereas high concentra-
tions of DAPG immobilize C. reinhardtii without
deflagellation or disturbance of Ca2+ homeostasis.
Co-cultivation with a regulatory mutant of bacterial
secondary metabolism (ΔgacA) promotes algal
growth under spatially structured conditions. Our
results reveal how a single soil bacterium uses an
arsenal of secreted antialgal compounds with com-
plementary and partially overlapping activities.

Introduction

Eukaryotic microalgae and cyanobacteria fix large

amounts of atmospheric CO2 into organic carbon. These

photosynthetic microorganisms are the dominant primary

producers in aquatic ecosystems and contribute substan-

tially to primary production in terrestrial ecosystems

(Behrenfeld et al., 2001; Elbert et al., 2012). They can

improve soils in various ways, for example, by promoting

the formation and stability of soil aggregates

(Metting, 1986; Alvarez et al., 2021). Microalgae and cya-

nobacteria serve as a food source for consumers at

higher trophic levels of the food web (Schmidt

et al., 2016). Their interactions with other microorganisms

shape food webs and affect the course of biogeochemi-

cal cycles. Generally, the outcome of microbial encoun-

ters is determined by a chemical language consisting of

nutrients, signals, and toxins (Schmidt et al., 2019).

Microalgae engage in different types of microbial interac-

tions that range from mutualistic to commensalistic and
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antagonistic (Hom et al., 2015; Ramanan et al., 2016).

One type of antagonistic interaction involves algicidal bac-

teria that can kill microalgae through physical contact or by

the release of detrimental metabolites or proteins (Mayali

and Azam, 2004; Meyer et al., 2017). Algicidal bacteria

may accelerate algal turnover rates and influence the

dynamics of harmful algal blooms in the oceans (Meyer

et al., 2017). Less is known about algicidal interactions in

terrestrial habitats where the diffusion of secreted algicides

appears more limited than in the open water.
The bacterium Pseudomonas protegens and the

microalga Chlamydomonas reinhardtii are both found
in soils. Together, they form an experimental model to
mechanistically decipher antagonistic algal-bacterial
interactions on the molecular level (Aiyar et al., 2017).
C. reinhardtii is a unicellular alga found in nutrient-rich
temperate soils and a model species for the study of
fundamental biological processes and for ecotoxicolog-
ical analyses (Nestler et al., 2012; Sasso et al., 2018).
P. protegens strain Pf-5, formerly classified as Pseu-
domonas fluorescens (Ramette et al., 2011), is found
in the rhizosphere and produces secondary metabo-
lites including siderophores that protect land plants
against microbial pathogens (Haas and Défago, 2005;
Paulsen et al., 2005). For example, pyrrolnitrin possesses
strong antifungal activity, while pyoluteorin is toxic to
oomycetes and some fungi and bacteria (Gross and
Loper, 2009). In P. protegens, the production of many sec-
ondary metabolites is regulated by a two-component sys-
tem consisting of the sensor kinase GacS and the
response regulator GacA (Kidarsa et al., 2013; Yan
et al., 2018). A ΔgacA mutant is devoid of inhibitory activ-
ity against the fungal phytopathogen Fusarium
verticillioides (Quecine et al., 2016).
C. reinhardtii and P. protegens constitute a geneti-

cally tractable dyad to investigate the role of second-
ary metabolites in algal-bacterial interactions. Aiyar
et al. (2017) found that co-cultivation of P. protegens
with C. reinhardtii results in growth inhibition, altered
morphology and immobilization of the algae. They pro-
posed that P. protegens produces toxins to obtain
nutrients such as trace metals from C. reinhardtii.
Orfamide A, a cyclic lipopeptide secreted by the bac-
teria, perturbs the homeostasis of calcium ions (Ca2+)
in the algal cytosol and causes deflagellation of C.
reinhardtii (Aiyar et al., 2017). Spatial and temporal
variations of cytosolic Ca2+ levels represent distinct
signals that regulate many important processes such
as flagellar function, light perception, or photosynthe-
sis (Wheeler et al., 2008; Hochmal et al., 2016). How-
ever, experiments with an orfamide-deficient mutant
(ΔofaA) suggested that deflagellation and growth inhi-
bition are not only caused by orfamide A but may

involve other metabolites secreted by P. protegens
(Aiyar et al., 2017).

In this work, we explored the role of additional secreted
metabolites of P. protegens in its interaction with
C. reinhardtii using purified compounds and co-cultivation
experiments with mutants of P. protegens that lack differ-
ent metabolites. The aim of our study is to further charac-
terize the activities of bacterial metabolites on growth,
morphology, Ca2+ homeostasis, deflagellation and motil-
ity of C. reinhardtii.

Results

C. reinhardtii is affected by a mixture of secondary
metabolites secreted by P. protegens

P. protegens secretes various secondary metabolites
(Gross and Loper, 2009) that may play important roles in
the antagonistic interaction between C. reinhardtii and
P. protegens. Secreted secondary metabolites were
extracted using ethyl acetate from spent medium of P.
protegens cultivated in Tris-Acetate-Phosphate medium
(TAP). The extract inhibited the growth of C. reinhardtii
on agar plates similar to the inhibition observed by co-
culturing with bacterial cells (Fig. 1A). Liquid algal cul-
tures exposed to the bacterial extracts for 24 h were like-
wise inhibited (Fig. 1B).

We used a previously established aequorin reporter
strain of C. reinhardtii (Aiyar et al., 2017) to monitor pos-
sible perturbations in cytosolic Ca2+ homeostasis by the
mixture of extracted secondary metabolites secreted by
P. protegens. The extract induced a sharp spike in cyto-
solic Ca2+ in C. reinhardtii that peaked within less than a
minute, followed by a weaker but continued Ca2+ eleva-
tion (Fig. 1C, Fig. S2A). Within 1 min, the algal cells also
shed their flagella (also known as cilia) (Fig. 1D, left
panel). Prolonged exposure to the extract for one day
resulted in more severe morphological changes: algal
cells lost their green colour, became slightly distended
and failed to regrow their flagella (Fig. 1D, right panel,
Fig. S1). Algal bleaching, cell distention and loss of fla-
gella were also observed during co-culturing with P.
protegens (Aiyar et al., 2017). These results show that
one or more of the substances secreted by P. protegens
contribute substantially to the adverse effects on C.
reinhardtii.

Quantification of secondary metabolites in the spent
culture medium

We tested whether the presence of C. reinhardtii alters
the composition of secreted metabolites in P.
protegens. Analyses by high-performance liquid chro-
matography coupled to a photodiode array detector
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(HPLC-PDA) revealed that the chemical profiles of the
spent growth medium of axenic P. protegens cultures
and those of co-cultures with C. reinhardtii were very
similar (Fig. 2). Consequently, we chose to conduct
further experiments with the extract from axenic P.
protegens cultures.

To identify specific compounds, the extract of sec-
ondary metabolites was spiked with suitable standards
that were obtained commercially or purified from bacte-
rial culture extracts (see Experimental Procedures).
Using HPLC analysis, we identified pyoluteorin,
2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin and
rhizoxin S2 in the P. protegens culture extracts
(Fig. 3A, Fig. S3A). Using liquid chromatography-mass
spectrometry (LC–MS), we further detected orfamide A
(Fig. S3B). The physiological concentrations of the
compounds that had accumulated in the growth

medium were quantified using standard curves
(Fig. S4). After 2 days of cultivation, the metabolite
concentrations ranged from 29 nM to 11 μM (Fig. 3B).
At a concentration of 11 μM, orfamide A was clearly the
most abundant compound (Fig. 3B). Rhizoxin S2,
DAPG and pyrrolnitrin were detected at 200, 76 and
58 nM, respectively. Pyoluteorin showed the lowest
abundance with a concentration of 29 nM.

2,4-Diacetylphloroglucinol, pyoluteorin, pyrrolnitrin, and
orfamide A immobilize algal cells

We proceeded to test the inhibitory activity of individual
compounds on algal growth under our cultivation condi-
tions. Based on their inhibition zones on agar plates, all
five bacterial compounds negatively affected the growth

Fig. 1. The mixture of secondary metabolites secreted by Pseudomonas protegens negatively affects Chlamydomonas reinhardtii.
A. Inhibitory effect of live P. protegens and extracted secondary metabolites on algal growth on agar plates. Secreted secondary metabolites
were extracted from the spent medium of a P. protegens culture. A volume of 10 μl extract dissolved in methanol was applied onto a filter disk on
the surface of an agar plate inoculated with C. reinhardtii. These 10 μl of extract contained the compounds extracted from 3 ml of spent bacterial
culture medium. As negative controls, 10 μl of TAP medium or methanol were used. This experiment was conducted twice with three biological
replicates each.
B. Quantification of algal growth inhibition by secreted bacterial compounds. A volume of 10 μl extract of bacterial compounds was added to an
algal cell suspension with an initial cell density of 4 � 106 cells ml�1 (dashed line), and algal growth was quantified after 24 h. For determining
statistical significance, a student’s t-test was performed (mean � SD are shown, ***p < 0.001). This experiment was performed twice with three
biological replicates.
C. Disruption of cytosolic Ca2+ levels in C. reinhardtii by extracted bacterial compounds. A black arrowhead indicates the addition of extract. A
volume of methanol equivalent to the volume of extract was used as a negative control. Each line represents the mean of three biological repli-
cates, and each biological replicate includes three technical replicates. The experiments were repeated twice independently, with the second
experiment shown in Fig. S2A.
D. Morphological changes of C. reinhardtii cells after incubation with extracted bacterial secondary metabolites for 1 min or 24 h. As a negative
control, a volume of methanol identical to the volume of extract was applied. Representative micrographs are shown (see Fig. S1 for more micro-
graphs of cells after 24 h of incubation with the extract). This experiment was performed once with three biological replicates. Scale bar indicates
10 μm. In panels B, C and D, 1 ml of algal cell suspension treated with extract contained the compounds extracted from 3 ml of spent bacterial
culture medium.
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Fig. 2. The presence of Chlamydomonas reinhardtii does not alter the composition of secondary metabolites secreted by Pseudomonas
protegens.
Overlay of HPLC-PDA chromatograms of secreted secondary metabolites extracted from spent medium of P. protegens in axenic culture (solid
line) or in co-culture with C. reinhardtii (dashed line). The axenic culture of P. protegens was inoculated with a starting concentration of
1 � 107 cells ml�1. The co-culture of P. protegens and C. reinhardtii was inoculated with the same bacterial starting concentration while algae
were added at a concentration of 1 � 105 cells ml�1, resulting in a ratio of 1:100 algae to bacteria. The cultures were incubated for 2 days prior to
extraction. This experiment was performed twice independently with two biological replicates each.

Fig. 3. Quantification of bacterial sec-
ondary metabolites and their effect on
algal growth.
A. Chemical structures of secondary
metabolites secreted by P. protegens in
TAP medium. The structure of orfamide
A is currently under revision (H.-D. Arndt,
personal communication).
B. Physiological concentrations of
orfamide A, pyoluteorin, 2,4-diacetyl
phloroglucinol (DAPG), pyrrolnitrin and
rhizoxin S2 accumulated in the TAP
medium of 2-day old axenic P.
protegens cultures grown under the
same culture conditions as co-cultures.
The compounds were identified and
quantified via HPLC-PDA or in case of
orfamide A by LC–MS (see Fig. S3,
Fig. S4). The concentrations are
expressed as mean � SD (numbers
above diagram) and data are depicted
as box plots showing the median (hori-
zontal line in the middle), interquartile
range (boxes) and minimal and maxi-
mal values (whiskers). Each individual
datapoint is shown as an empty circle.
C. Growth inhibition of C. reinhardtii by
individual secondary metabolites on
agar plates. Three different amounts of
substance (32, 16 or 8 nmol) applied
onto a 6 mm Ø filter disk were tested
for orfamide A, pyoluteorin, DAPG, pyr-
rolnitrin and rhizoxin S2. Representa-
tive pictures of inhibition zones after
treatment with 32 nmol are shown. The
radii of the inhibition zones are depicted
as box plots as in B. The dotted line
indicates the radius of the filter disk.
The depicted data consist of four plates
with two technical replicates (filter
disks) each, all of which are shown as
individual data points.
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of C. reinhardtii, with rhizoxin S2 exerting by far the stron-
gest growth inhibition (Fig. 3C).

As orfamide A renders C. reinhardtii immotile through
deflagellation within less than a minute (Aiyar
et al., 2017), we tested whether pyoluteorin, DAPG, pyr-
rolnitrin or rhizoxin S2 immobilize the algal cells as well.
To investigate this, algal-motility dose–response curves
for each of these compounds were recorded. The half-
maximal inhibitory concentration (IC50) was calculated to
facilitate comparison of the immobilizing potency
amongst the tested compounds. We were able to

determine IC50 values for four out of five compounds
(Fig. 4A). The immobilizing activity ranged from
IC50 = 4.1 μM (orfamide A, the most potent immobilizing
compound) to IC50 = 350 μM (DAPG). Pyoluteorin and
pyrrolnitrin had intermediary IC50 values of 95 μM and
20 μM, respectively (Fig. 4A). Despite its strong inhibition
of algal growth on agar plates (Fig. 3C), rhizoxin S2 did
not compromise the motility of C. reinhardtii even at a
concentration as high as 160 μM (Fig. S5).

To investigate whether the loss of motility is correlated
with deflagellation, we visually assessed whether cells

Fig. 4. Orfamide A, pyoluteorin, DAPG and
pyrrolnitrin immobilize Chlamydomonas
reinhardtii with or without deflagellation.
A. Influence of compounds secreted by P.
protegens on the motility of C. reinhardtii.
Dose–response curves were acquired to
determine the half-maximal inhibitory con-
centration (IC50), at which half of C. rein-
hardtii cells stop moving. IC50 values are
expressed as mean � SD (calculated from
the three depicted curves). Empty squares
indicate a treatment with methanol (nega-
tive control). Each data point represents
the average of three technical replicates.
Rhizoxin S2 did not affect algal motility up
to a concentration of 160 μM (Fig. S5).
B. Flagellation status of C. reinhardtii after
treatment with bacterial secondary metab-
olites. Representative differential interfer-
ence contrast pictures are shown, which
were taken after 1 or 5 min of treatment at
the respective IC50 concentration and a
concentration > IC50. In case of orfamide
A and pyrrolnitrin, many flagellated and
completely deflagellated cells were found
in addition to uniflagellated cells at the
respective IC50 concentration. Methanol
was added as a negative control. The
presence of flagella is highlighted with
black arrowheads. Scale bar = 10 μm. All
treatments were conducted twice in three
biological replicates each.
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retained their flagella by microscopy. Like orfamide A,
pyrrolnitrin was found to quickly deflagellate C. reinhardtii
within minutes (Fig. 4B). In contrast, C. reinhardtii cells
exposed to DAPG showed almost no deflagellation –

even at a concentration nearly six times higher than its
IC50. Pyoluteorin treatment in the IC50-concentration
range predominantly resulted in uniflagellar C. reinhardtii
(loss of one flagellum only). Even at pyoluteorin concen-
trations four times higher than the IC50 value, most cells
were uniflagellated (Fig. 4B). Taken together, we found
that only orfamide A and pyrrolnitrin appear to immobilize
C. reinhardtii by complete deflagellation. In contrast,
pyoluteorin predominantly led to a partial deflagellation,
while DAPG immobilized algal cells without deflagellation.

Pyrrolnitrin and pyoluteorin induce cytosolic Ca2+ fluxes
in C. reinhardtii but do not disrupt the algal membrane

Since deflagellation is tightly linked to calcium signalling
(Wheeler et al., 2008), we examined whether the
immobilizing effects of DAPG, pyoluteorin and pyrrolnitrin
are caused by changes in the Ca2+ homeostasis in C.
reinhardtii. For these experiments, we used concentra-
tions corresponding to their half-maximal effect (IC50) on
motility determined earlier. A sharp and sudden rise of
cytosolic Ca2+ in the algae was induced when they were
exposed to 20 μM pyrrolnitrin (Fig. 5A, Fig. S2B). At a
concentration of 100 μM, pyoluteorin treatment also led
to a Ca2+ increase but the level rose more slowly com-
pared to the signal obtained for pyrrolnitrin. DAPG, to the
contrary, did not perturb the Ca2+ equilibrium at concen-
trations as high as 350 μM (Fig. 5A, Fig. S2B).
We further investigated whether the compounds of

interest trigger the increase in Ca2+ by permeabilizing
the algal cells. For this, we utilized Evans blue, a dye that
enters membrane-compromised cells and is widely used
to indicate cell death in C. reinhardtii (Crutchfield
et al., 1999). Mastoparan, a known permeabilizing agent
(Yordanova et al., 2013), was employed as a positive
control. Exposure to 10 μM mastoparan for 30 s led to a
staining of �90% of algal cells (Fig. 5B). In contrast, nei-
ther pyoluteorin nor pyrrolnitrin permeabilized the cell
membrane of C. reinhardtii cells at their respective IC50

concentrations (Fig. 5B). Like orfamide A (Aiyar
et al., 2017), these bacterial metabolites thus may inter-
fere with the algal Ca2+ homeostasis by a mechanism
independent of membrane disruption.

Several compounds hamper the growth and change the
morphology of C. reinhardtii

To investigate if the compounds secreted by P.
protegens influence algal propagation, algal cell
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Fig. 5. Pyoluteorin and pyrrolnitrin influence the cytosolic calcium
homeostasis of Chlamydomonas reinhardtii.
A. Effects of DAPG, pyoluteorin and pyrrolnitrin on cytosolic Ca2+ levels
in C. reinhardtii. The highest concentrations chosen correspond to IC50

values of the metabolites’ activity on motility (cf. Figure 4A). Black
arrowheads indicate the addition of the metabolites. Ethanol or metha-
nol equivalent to the volume of the tested compound (pyoluteorin dis-
solved in ethanol, DAPG and pyrrolnitrin dissolved in methanol) were
used as negative controls. Each line represents the mean of three bio-
logical replicates, and each biological replicate includes three technical
replicates. The experiments were repeated twice independently, with
the second experiment shown in Fig. S2B.
B. Capability of the individual secondary metabolites to permeabilize
the cell membrane of C. reinhardtii. Evans blue staining was used as
an indicator for cell membrane permeabilization and viability. Mas-
toparan was used as a positive control; methanol was used as a
negative control for DAPG and pyrrolnitrin, ethanol for pyoluteorin
and water for mastoparan. This experiment was performed three
times independently with three technical replicates each. At least
500 cells per technical replicate were evaluated. For the determina-
tion of statistically significant differences compared to the
corresponding negative control, a one-way ANOVA followed by
Tukey’s multiple comparisons post hoc test was performed
(mean � SD are shown, ***p < 0.001).
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suspensions were exposed to individual compounds for
24 h. At concentrations corresponding to their half-
maximal effect on motility, pyrrolnitrin (IC50 = 20 μM) and
DAPG (350 μM) completely inhibited the growth of C.
reinhardtii (Fig. 6). The same effect was observed with
160 μM of rhizoxin S2. On the other hand, 4 μM orfamide
A or 100 μM pyoluteorin significantly inhibited but did not
abolish algal growth (Fig. 6).

To monitor further potential changes, algal cell mor-
phology was visually assessed by taking micrographs
after 24 h of exposure to the individual compounds. Mor-
phological changes ranged from distended and
deflagellated cells to more severely damaged cells that
were bleached and granular. Algal cell morphologies
were quite heterogenous for each treatment (Fig. S1).
Orfamide A, DAPG, pyoluteorin, pyrrolnitrin and rhizoxin
S2 all significantly or completely inhibited algal growth
and caused a variety of morphological changes. Of these
compounds, pyrrolnitrin induced the most extensive alter-
ations in algal cell morphology after prolonged exposure.

P. protegens mutants reveal the importance of the
different compounds in vivo

We further assessed the in vivo action of the secreted
bacterial compounds by co-cultivating C. reinhardtii with
mutants of P. protegens unable to produce one or sev-
eral secondary metabolites (Table 1). Almost all tested
single mutants inhibited the growth of C. reinhardtii on
agar plates as strongly as wild-type P. protegens
(Fig. 7A, Table S1). These mutants included ΔphlA
(no DAPG and MAPG (monoacetylphloroglucinol)),
ΔphlD (no DAPG, MAPG and pyoluteorin), ΔpltA
(no pyoluteorin), ΔprnC (no pyrrolnitrin), ΔhcnB
(no HCN) ΔtoxB (no toxoflavin), and ΔpvdL
(no pyoverdin). Only the ΔrzxB single mutant
(no rhizoxins) showed a significantly smaller inhibition
zone on agar plates than the wild type (Fig. 7A, left and
middle panels, Table S1). A ΔrzxB mutation consistently
reduced inhibitory activity in different biosynthetic
mutants (Fig. 7A, Table S1). The ΔgacA mutant lacking
the transcriptional activator GacA was unable to attenu-
ate algal growth and even appeared to be growth promot-
ing on agar plates (Fig. 7A right panel).

Contrary to the effect observed on agar plates, the
ΔgacA mutant weakly inhibited the growth of C. rein-
hardtii in liquid cultures (Fig. 7B). The ΔrzxB mutant,
which had diminished inhibitory activity on C. reinhardtii
on agar plates, inhibited the algal growth in liquid cultures
as strongly as the wild type. All other mutants with dele-
tions in one to four biosynthesis genes inhibited algal
growth in liquid co-cultures to a similar extent as the wild
type (Fig. 7B, Fig. S6). By comparison, C. reinhardtii
grew better in co-culture with P. protegens mutants with
deletions in five, six, or seven antibiotic biosynthesis
genes (Fig. 7B). However, these 5+ deletion mutants still
altered the cell morphology of C. reinhardtii within 24 h in
liquid cultures. Only algae co-cultured with the ΔgacA
mutant appeared morphologically normal (Fig. 7C,
Fig. S7). In summary, these results support a major role
of GacA-regulated secondary metabolites in this antago-
nistic interaction, with the rhizoxins produced by P.
protegens being elementary for algal growth inhibition in
the spatially structured environment of agar plates.

Discussion

The soil bacterium P. protegens is toxic to a variety of
organisms such as bacteria, fungi, oomycetes, or insects
(Haas and Défago, 2005; Loper et al., 2016). Antibiotics pro-
duced by P. protegens include orfamide A, rhizoxins, hydro-
gen cyanide, pyrrolnitrin, pyoluteorin, toxoflavin and DAPG
(Howell and Stipanovic, 1979, 1980; Nowak-Thompson
et al., 1994; Gross et al., 2007; Loper et al., 2008; Loper
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Fig. 6. DAPG, pyrrolnitrin and rhizoxin S2 prevent the growth of
Chlamydomonas reinhardtii in liquid cultures.
Algal cell densities are shown after cultivation with or without individ-
ual bacterial secondary metabolites. The individual compounds were
added to an algal cell suspension with an initial cell density of
4 � 106 cells ml�1 (dashed line), and algal growth was quantified
after 24 h. The concentrations chosen correspond to IC50 values of
the metabolites’ activity on motility (cf. Figure 4A), except for rhizoxin
S2, which was used at 160 μM. Methanol with the same volume as
the compounds dissolved in methanol was added as a negative con-
trol (0.1% for orfamide A and pyrrolnitrin and 1% for pyoluteorin,
DAPG and rhizoxin S2). For determining statistical significance, a
one-way ANOVA followed by Tukey’s multiple comparisons post hoc
test was performed (mean � SD are shown, **p < 0.01,
***p < 0.001). This experiment was performed twice independently
with three biological replicates each. All replicates are displayed.
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et al., 2016). For orfamides, an inhibitory effect on the
growth of the unicellular alga C. reinhardtii was demon-
strated (Aiyar et al., 2017). However, the identity and modes
of action of additional metabolites in the biotic interaction
with C. reinhardtii remained unknown. These aspects were
addressed in the current study.
An extract of compounds secreted by P. protegens

induced similar inhibitory effects (Fig. 1) as live cells
(Aiyar et al., 2017) with respect to algal growth inhibition,
deflagellation and changes in cytosolic Ca2+ concentra-
tions. In these extracts, we identified orfamide A,
pyoluteorin, DAPG, pyrrolnitrin and rhizoxin S2 and quan-
tified their concentrations. Orfamide A was the most
abundant compound with a much higher concentration
(11 μM) than observed for the other identified metabolites
(30–200 nM; Fig. 3B). The concentrations of these
metabolites are one to three orders of magnitude lower
than those reported for P. protegens in a previous study
(Quecine et al., 2016). These differences may be
explained by the different culture media and the differing
extraction method used by Quecine et al. (2016).
To quantify antialgal activity and to provide insights

into the modes of action of the specific bacterial com-
pounds, algal cells were treated with the individual com-
pounds. Each of the five compounds attenuated the
growth of C. reinhardtii on agar plates in a dose-
dependent manner (Fig. 3C, Table 2). Remarkably,

rhizoxin S2 inhibited algal growth on agar plates much
more strongly than other compounds tested. The role of
rhizoxin was confirmed by the growth tests, where C.
reinhardtii was co-cultured with P. protegens mutants.
This showed that all mutants with a ΔrzxB mutation
reduced growth on agar plates less than the
corresponding strains without an ΔrzxB mutation
(Fig. 7A). This effect was much less prominent in liquid
medium (Fig. 7, Fig. S6), suggesting that rhizoxins have
a more important role on agar plates compared to liquid
cultures (see also below). P. protegens can produce at
least seven rhizoxin derivatives including rhizoxin S2
and the corresponding variant WF-1360 F with a
δ-lactone ring (Brendel et al., 2007; Loper et al., 2008),
and it is possible that multiple rhizoxins co-eluted under
our HPLC conditions. Rhizoxin S2 and WF-1360 F also
inhibit the proliferation of human cells (Scherlach
et al., 2006). The antimitotic activity of rhizoxins depends
on its interaction with β-tubulin. A conserved asparagine
residue (Asn-100) in β-tubulin is critical for rhizoxin bind-
ing, and its mutation confers resistance to rhizoxin
(Takahashi et al., 1990; Prota et al., 2014). The Asn-100
present in β-tubulin of C. reinhardtii (Youngblom
et al., 1984) is in agreement with its high sensitivity to
rhizoxin S2. To our knowledge, this is the first evidence
of an antagonistic effect of rhizoxin analogues on
microalgae.

Table 1. List of Pseudomonas protegens strains and mutants used in this study.

Strains Genotype Descriptiona Reference

Pf-5 wild type (WT) Paulsen et al., 2005
JL4577 ΔgacA Altered in the many phenotypes

regulated by GacA
Hassan et al., 2010

LK023 ΔphlA DAPG�, MAPG� Kidarsa et al., 2011
JL480 ΔphlD DAPG� MAPG�, Plt� Brazelton et al., 2008;

Kidarsa et al., 2011
JL4805 ΔpltA Plt� Henkels et al., 2014
JL4793 ΔprnC Prn� Henkels et al., 2014
JL4808 ΔrzxB Rzx� Henkels et al., 2014
JL4809 ΔhcnB HCN� Loper et al., 2012
JL4832 ΔtoxB Tox� Quecine et al., 2016
JL3975 ΔpvdL Pvd� Hartney et al., 2011
JL4830 ΔphlD ΔprnC DAPG�, MAPG�, Plt�, Prn� Quecine et al., 2016
LK026 ΔphlA ΔprnC DAPG�, MAPG�, Prn� Henkels et al., 2014
LK027 ΔphlA ΔrzxB DAPG�, MAPG�, Rzx� Henkels et al., 2014
JL4901 ΔphlD ΔrzxB DAPG�, MAPG�, Plt�, Rzx� Quecine et al., 2016
JL4902 ΔprnC ΔrzxB Prn�, Rzx� Quecine et al., 2016
JL4836 ΔtoxB ΔrzxB Tox� Rzx� Quecine et al., 2016
JL4844 ΔphlD ΔrzxB ΔprnC Prn�, DAPG�, MAPG�, Plt�, Rzx� Quecine et al., 2016
LK031 ΔphlA ΔrzxB ΔprnC Prn�, DAPG�, MAPG�, Rzx� Henkels et al., 2014
JL4855 ΔphlD ΔrzxB ΔprnC ΔpltA Prn�, DAPG�, MAPG�, Plt�, Rzx� Quecine et al., 2016
JL4865 ΔphlD ΔrzxB ΔprnC ΔhcnB ΔpltA (5xKO) Prn�, DAPG�, MAPG�, Plt�, Rzx�, HCN� Quecine et al., 2016
JL4909 ΔphlD ΔrzxB ΔprnC ΔhcnB ΔpltA

ΔofaA (6XKO)
Prn�, DAPG�, MAPG�, Plt�, Rzx�,

HCN�, Ofa�
Quecine et al., 2016

JL4932 ΔphlD ΔrzxB ΔprnC ΔhcnB ΔpltA
ΔofaA ΔtoxB (7XKO)

Prn�, DAPG�, MAPG�, Plt�, Rzx�,
HCN�, Ofa�, Tox�

Quecine et al., 2016

aAbbreviations: DAPG, 2,4-diacetylphloroglucinol; MAPG, monoacetylphloroglucinol; Plt, pyoluteorin; Prn, pyrrolnitrin; Rzx, rhizoxin derivatives;
HCN, hydrogen cyanide; Tox, toxoflavin; Pvd, pyoverdin; Ofa, orfamide A.
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A previous study demonstrated that orfamide A cau-
ses a rapid deflagellation and loss of motility (within less
than a minute) in C. reinhardtii (Aiyar et al., 2017). Here,
we examined if other bacterial metabolites can

deflagellate and immobilize algal cells. In agreement with
its mode of action discussed above, rhizoxin S2 neither
induced immobilization nor deflagellation of C. reinhardtii
up to a concentration of 160 μM (Fig. S5). In contrast, an

Fig. 7. Pseudomonas protegens mutants differentially affect the growth of Chlamydomonas reinhardtii on agar plates and in liquid medium.
A. Co-cultivation of C. reinhardtii with P. protegens mutants on agar plates. Filter disks were inoculated with 10 μl of P. protegens cell suspension
adjusted to a concentration of 7 � 107 cells ml�1. Information on the different mutants and abbreviations are provided in Table 1.
B. Co-cultivation of C. reinhardtii (Cre) with P. protegens (Ppr) mutants in liquid cultures. Cultures were inoculated with an initial cell density of
8.3 � 104 algae ml�1 and 8.3 � 106 bacteria ml�1 (starting ratio = 1:100). Additional results of co-cultures are shown in Fig. S6.
C. Morphological changes of algal cells after co-cultivation with P. protegens mutants for 24 h. Representative bright field micrographs are
shown. Additional micrographs are depicted in Fig. S7.

Table 2. Summary of the activities of secreted metabolites from Pseudomonas protegens on Chlamydomonas reinhardtii.

Compound

Growth
inhibition
on platesa

Growth
inhibition in

liquid mediuma

Morphology
changes
after 24 h

Induction of
cell p

ermeability Deflagellationa
Calcium
signal

Motility
IC50

Pyoluteorin + ++ Yes No + Yes 95 μM
DAPG + +++ Yes No � No 350 μM
Orfamide A + ++ Yes Nob +++ Yesb 4.1 μM
Pyrrolnitrin + +++ Yes No +++ Yes 20 μM
Rhizoxin S2 +++ +++ Yes n/ac � n/a > 160 μM

a+ = weak, ++ = medium, +++ = strong, � = none.
bData from Aiyar et al.
cn/a = not assessed.
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immobilizing effect on C. reinhardtii was evident for
orfamide A, pyrrolnitrin, pyoluteorin and DAPG (Table 2).
Notably, orfamide A was the most potent inhibitor of
motility, and its IC50 value of 4 μM (Fig. 4A) matches the
concentrations (≥2 μM) that disrupt Ca2+ homeostasis in
C. reinhardtii (Aiyar et al., 2017). Moreover, the dose-
dependent inhibition of motility by orfamide A coincided
with its deflagellating activity (Fig. 4B). The mechanistic
link between the orfamide-induced Ca2+ elevation and
deflagellation is in agreement with the results of Aiyar
et al. (2017) who provided evidence that orfamide A
hampers the motility of C. reinhardtii not by membrane
permeabilization but by direct targeting of Ca2+

channels.
Like orfamide A, pyrrolnitrin quickly induces cytosolic

Ca2+ elevations and deflagellation at a concentration of
20 μM without impairing membrane integrity (Table 2).
Therefore, pyrrolnitrin is probably one of the metabolites
previously suspected (Aiyar et al., 2017) to deflagellate
C. reinhardtii in addition to orfamide A. Furthermore,
20 μM pyrrolnitrin not only compromised the motility of C.
reinhardtii, but also abolished its growth in liquid culture
(Fig. 6). Pyrrolnitrin is known to inhibit the respiratory
chain in Saccharomyces cerevisiae, with 50% inhibition
at �20 μM pyrrolnitrin (Tripathi and Gottlieb, 1969). It is
conceivable that the growth-inhibitory effect of pyrrolnitrin
on C. reinhardtii relies on the same mechanism.
The effects of pyoluteorin and DAPG on motility, def-

lagellation, and Ca2+ signalling differ from the effects of
pyrrolnitrin and orfamide A. While both pyoluteorin and
DAPG inhibited algal motility, many algal cells retained
flagella at immobilizing concentrations of these metabo-
lites (Fig. 4). In case of pyoluteorin, uniflagellated cells
were often observed (Fig. 4B). Uniflagellated cells were
previously observed after shearing (Rosenbaum
et al., 1969) while we showed that uniflagellated cells
can be chemically induced as well. Despite the long-
known antibiotic activity of pyoluteorin against the
oomycete Pythium ultimum (Howell and
Stipanovic, 1980), little is known about its mode of action.
In human cancer cells, pyoluteorin induces cell cycle
arrest, possibly via reduction of the mitochondrial mem-
brane potential (Ding et al., 2020). It remains to be tested
if a similar mechanism is responsible for the growth ces-
sation observed in C. reinhardtii (Fig. 6). DAPG, on the
other hand, barely affected Ca2+ homeostasis in C. rein-
hardtii at a motility-compromising concentration of
350 μM (Fig. 5A). This stands in contrast to the effect on
Neurospora crassa, where �70 μM DAPG elicited a clear
rise in cytosolic Ca2+ (Troppens et al., 2013b). Since
DAPG did not deflagellate C. reinhardtii (Fig. 4B), the
mechanism of immobilization by DAPG appears to differ
fundamentally from orfamide A and pyrrolnitrin. DAPG is
known for its broad antifungal, antibacterial, and

phytotoxic activity (Weller et al., 2002). Based on experi-
ments with S. cerevisiae, the primary mode of action of
DAPG is the dissipation of the mitochondrial proton gradi-
ent, uncoupling electron transport and ATP synthesis and
ultimately resulting in growth inhibition (Troppens
et al., 2013a). DAPG also induces reactive oxygen spe-
cies in S. cerevisiae, may inactivate vacuolar ATPase,
and at higher concentrations increases membrane per-
meability (Kwak et al., 2011). Since 350 μM DAPG
completely abolished the growth of C. reinhardtii (Fig. 6),
it is conceivable that motility was not directly targeted by
DAPG but instead was inhibited by limitation of mitochon-
drial respiration and supply of cellular energy.

Except for orfamide A, the individual secondary metab-
olites exerted physiological effects on C. reinhardtii only
at much higher concentrations than those found in the
spent medium of P. protegens. In contrast to experiments
with the individual compounds, however, the situation in
the algal-bacterial mixed cultures is more complex. For
example, the concentrations of the secreted metabolites
in the medium may change over time due to accumula-
tion, degradation or uptake. Moreover, P. protegens was
observed to actively swim towards C. reinhardtii (Aiyar
et al., 2017), a behaviour potentially resulting in locally
increased concentrations of secreted bacterial metabo-
lites around algal cells. Finally, the characterized bacte-
rial metabolites have overlapping activities and hence act
in a cooperative fashion. Therefore, additional experi-
ments were performed with P. protegens biosynthetic
mutants in co-culture with C. reinhardtii. The results of
the experiments in liquid cultures collectively support a
cooperative action of antialgal compounds: (a) Mutations
in at least five biosynthesis genes were necessary in P.
protegens to improve algal growth compared to co-
cultivation with wild-type P. protegens (Fig. 7B), (b) apart
from ΔgacA, all mutants, including the mutant with dele-
tions in seven biosynthesis genes, induced deflagellation
and morphological changes in C. reinhardtii (Fig. 7C,
Fig. S7).

The co-cultivation of C. reinhardtii with the ΔrzxB and
ΔgacA mutants of P. protegens showed some pro-
nounced differences between agar plate assays and liq-
uid cultures (Fig. 7). Various factors may account for
these differences such as diffusion, mixing, physical con-
tact and physiological state of the cells. The spatial struc-
ture of the environment can strongly influence the action
of antibiotics in microbial communities (Wiener, 2001;
Westhoff et al., 2019), and this appears to apply to
rhizoxins and possibly other gacA-regulated antibiotics
from P. protegens as well. The gacA-dependent accumu-
lation of rhizoxins (Hassan et al., 2010) may explain the
similar patterns observed for the ΔrzxB and ΔgacA
mutants. It needs to be explored if C. reinhardtii is able to
respond to the harmful effects of P. protegens.
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In the present study, we have elucidated the comple-
mentary and partially overlapping functions of several bac-
terial secondary metabolites in the interaction between P.
protegens and C. reinhardtii. The extensive morphological
changes in C. reinhardtii suggest that P. protegens func-
tions as an algicidal bacterium. Given the varied roles of
Chlamydomonas spp. in soil and other habitats, the inter-
actions described herein may have important ecological
consequences. While the distribution of the algal-bacterial
interaction and the molecular mechanisms described in
this work remain to be investigated in different types of
soil, C. reinhardtii has proven to be a suitable model to
characterize the effects of secondary metabolites from soil
bacteria on eukaryotic, photosynthetically active organ-
isms in an ecologically meaningful context.

Experimental procedures

Strains and culture conditions

The C. reinhardtii strain SAG 73.72 (mt+) used in this
study was obtained from the algal culture collection in
Göttingen (Germany). For all Ca2+ assays, the aequorin
expressing reporter strain AEQ34 based on SAG 73.72
(mt+) (Aiyar et al., 2017) was used. Algal strains were
grown in Tris-Acetate-Phosphate (TAP) medium
(Harris, 2009). Unless otherwise indicated, the algae
were incubated under continuous illumination by fluores-
cent lamps (Lumilux T8 L36 W/840, Osram Licht AG,
Munich, Germany) at 50 μmol photons m�2 s�1 and agi-
tated on an orbital shaker (200 rpm) at 20�C. Pseudomo-
nas protegens Pf-5 (Ramette et al., 2011), formerly
known as Pseudomonas fluorescens Pf-5 (Howell and
Stipanovic, 1979), and derived mutants are listed in
Table 1. P. protegens was likewise grown in TAP
medium under continuous illumination except where oth-
erwise stated. Bacterial pre-cultures were agitated in 5 ml
medium at 28�C on an orbital shaker (200 rpm) prior to
co-culture experiments.

Co-cultivation of C. reinhardtii and P. protegens in liquid
culture

A 3- to 4-day old C. reinhardtii pre-culture and an over-night
bacterial culture grown in LB medium were washed three
times with TAP medium. Algal cell densities were deter-
mined by haemocytometer (improved Neubauer chamber,
product no. PC73.1, Carl Roth, Karlsruhe, Germany) and
bacteria by OD600. Algae and bacteria were inoculated at a
starting ratio of 1:100 with a starting concentration of
8.3 � 104 C. reinhardtii cells ml�1 and 8.3 � 106 P.
protegens cells ml�1. Using a Multisizer 4e cell counter
(Beckman Coulter, Brea CA, USA), the volume of one C.
reinhardtii cell was estimated to correspond to the volume

of �700 P. protegens cells. Cultures were incubated under
the algal culture conditions described above.

Co-cultivation and antialgal activity assays on agar
plates

For agar tests, 3-day old pre-cultures of C. reinhardtii were
washed three times with TAP medium. The cell densities
were determined with a Multisizer 4e cell counter (Fig. 1,
Fig. 3) or with a haemocytometer (Fig. 7) and adjusted to
4 � 106 cells ml�1. Square (120 � 120 mm) or round (Ø
9 mm) Petri dishes were filled half with 2% bacteriological
agar (2266.3, Carl Roth) in TAP medium. This bottom layer
was overlaid with a top layer of 0.5% bacteriological agar in
TAP medium containing the algal cells. For square dishes
the top layer contained 4 � 106 cells in 12 ml of top agar,
and for round Petri dishes, 2 � 106 cells were used in 5 ml
of top agar. Prior to application of P. protegens or com-
pounds, round filter disks (Ø 6 mm; KA07.1, Carl Roth) were
placed on top of the solidified 0.5% agar layer. Pre-cultures
of P. protegens were grown in 5 ml LB medium (X968, Carl
Roth) for 16 h at 28�C. The cell suspensions were washed
three times with TAP medium. Bacterial densities were deter-
mined by OD600 (Fig. 7) or the Multisizer 4e cell counter
(Fig. 1) and then adjusted to a concentration of 7 � 107 cells
ml�1. A total volume of 10 μl of this washed and cell-density-
adjusted suspension was applied per filter disk. For treat-
ments with standards of individual compounds (see
section ‘Chemical standards’), 10 μl of methanol containing
the amount of substance indicated in Fig. 3C was applied
onto a filter disk. The radii of resulting inhibition zones were
evaluated after 4 days of incubation under continuous light at
50 μmol photons m�2 s�1 at a temperature of 20�C.

Antialgal activity assays with compounds in liquid
culture

The cell density of a 3-day old C. reinhardtii culture was
determined with a Multisizer 4e cell counter. Each well of a
24-well plate (CELLSTAR, Greiner, Kremsmünster, Austria)
was filled with 1 ml of a cell suspension containing 4 � 106

cells in TAP medium. The individual compounds were dis-
solved in a volume of 1 or 10 μl of methanol and added to
the wells. For treatment with extract, secreted secondary
metabolites corresponding to an extract from 3 ml of spent
bacterial culture medium were dissolved in methanol and
added to 1 ml of algal cell suspension. After incubation for
24 h (50 μmol photons m�2 s�1 on an orbital shaker at a
speed of 200 rpm) the cell densities were determined again
with the Multisizer 4e.

Microscopic assessment of algal morphology and
flagellation status

Algal cells were fixed with 2.5% (v/v) glutaraldehyde
(4157.1, Carl Roth). Brightfield or differential interference
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contrast micrographs were recorded using an Axioskop
or an Axio Imager M2 microscope (Carl Zeiss,
Oberkochen, Germany). ZenBlue software (Carl Zeiss)
was used for picture processing.

Motility assay and determination of IC50 values

To enrich for motile cells, a 5-day old C. reinhardtii 50-ml
culture was left to settle for 1 h in darkness. An aliquot of
10 ml cell suspension was taken from the upper region
of the liquid culture. The motility assays were performed
if at least 75% of the population was motile based on
microscopic estimation. Subsequently the cells were
counted using a haemocytometer and their density was
adjusted to 1 � 106 cells ml�1 through the addition of TP
medium (TAP medium without acetate adjusted to pH 7.0
with HCl) to avoid further addition of acetate. The cell
suspension was then mixed with different concentrations
of metabolites (as indicated in Fig. 4A) dissolved in meth-
anol (1% of the total volume). An equal volume of metha-
nol was used as a negative control. After a 5-min
incubation period at room temperature and under low
light, the number of immotile cells after exposure (nx) was
counted using a haemocytometer. Four squares (volume
of one square = 1 mm � 1 mm � 0.1 mm) were counted
and averaged per technical replicate. All cells able to stir
were considered to be motile. To obtain the total number
of cells (ntot), an aliquot of Lugol’s iodine solution (5 g
iodine and 10 g potassium iodide dissolved in 100 ml
H2O) was added to immobilize all cells. The fraction of
motile cells was calculated by subtracting the number
of immotile cells from the total cell number as follows:
fraction of motile cells = (ntot � nx)/ntot. To determine the
half-maximal inhibitory concentration (IC50) values, a
curve fitting was carried out in GraphPad PRISM 9 (Gra-
phPad Software, San Diego CA, USA) using a four-
parameter non-linear fit based on the equation:
Y = Bottom + (Top � Bottom)/(1 + 10^((Log(IC50) � X)
*HillSlope)) where X is the log of the compound concen-
tration, Top is constrained to the mean value of motile
cells (in %) of the methanol control treatment, Bottom is
constrained to 0% of motile cells, Log(IC50) is the centre
of curve, and HillSlope is the slope factor.

Cytosolic Ca2+ measurements and Evans blue staining

For Ca2+ measurements, the protocol described in Aiyar
et al. (2017) was followed with the modifications that
incubation with coelenterazine was carried out overnight
and pre-cultures were grown for 2 days instead of 3 days.
Obtained relative luminescence unit (RLU) were
converted to molar Ca2+ concentrations as described in
Fricker et al. (1999). For Evans blue staining, the protocol
described in (Aiyar et al., 2017) was followed. For both

assays, algal cultures were grown under 12 h light: 12 h
dark cycles at 23�C.

Chemical standards

Standards of orfamide A (sc-391534A), pyoluteorin (sc-
391693) and DAPG (sc-206518) were obtained from
Santa Cruz Biotechnology (Dallas TX, USA) and pyr-
rolnitrin (P8861) was obtained from Sigma-Aldrich
(St. Louis MO, USA). For the experiments in liquid culture
and for the qualitative evaluation of deflagellation,
pyoluteorin (≥ 97% HPLC) was purified from P.
protegens culture extracts (D. Scheer & S. Sasso,
unpublished results). Rhizoxin S2 (≥ 95% HPLC) was
purified from Burkholderia rhizoxinica known to produce
rhizoxin S2 using a published method of extraction
(Scherlach et al., 2006). The identities of purified rhizoxin
S2 and pyoluteorin were verified via LC-HRMS (Fig. S8
and Supporting Information, Experimental Procedures)
by comparison to an authentic reference.

Extraction of extracellular compounds

To extract secreted secondary metabolites, P. protegens
was pre-grown in 5 ml TAP medium at 28�C overnight.
Thereafter, cells were washed three times with fresh TAP
medium and counted with a Multisizer 4e cell counter
prior to inoculation of the main culture. A volume of
300 ml TAP medium in 500-ml Erlenmeyer flasks was
inoculated with a starting density of 1 � 107 cells ml�1 of
P. protegens. For co-cultures, C. reinhardtii was added
to the bacterial suspension with an initial cell density of
1 � 105 cells ml�1, resulting in an algal-bacterial starting
ratio of 1:100. Cultures were incubated on an orbital
shaker at 200 rpm for 48 h until they had reached the sta-
tionary phase, with resulting cell densities of 0.95 � 109–
2.66 � 109 cells ml�1. To obtain spent medium, the cul-
tures were centrifuged for 20 min at 8000 � g at 4�C.
The resulting supernatant was extracted twice with an
equal volume of HPLC grade ethyl acetate. The solvent
was removed by rotation evaporation at 40�C. The dry
residue was dissolved in 400 μl of HPLC grade methanol
and filtered through a 0.45 μm Ø Chromafil PET filter
(729023, Macherey-Nagel, Düren, Germany).

Identification and quantification of secondary
metabolites

HPLC was carried out on a Thermo Scientific UltiMate
3000 (Thermo Fisher, Waltham MA, USA). For this, 10 μl
of extract were injected and the mixture was separated
using a reversed-phase column (Nucleosil 120–5 C18,
250 � 4 mm, CS-Chromatographie Service GmbH,
Düren, Germany). The samples were eluted with a binary
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gradient consisting of water + 0.1% formic acid (eluent
A) and acetonitrile + 0.1% formic acid (eluent B). The
gradient started at 98% A and changed linearly to 2% A
over a course of 17 min. It was kept at 2% A for another
8 min. The flow rate was maintained constant at
0.8 ml min�1. Eluting substances were detected with a
photodiode array (PDA) detector between wavelengths of
200–450 nm.

The analysis of orfamide A was performed by high-
resolution mass spectrometry (HRMS) on a QExactive
mass spectrometer coupled with an UltiMate 3000
UHPLC using an Accucore column (2.6 μm C18,
100 � 2.1 mm, Thermo Fisher). The orfamide A standard
or extracts were eluted with a binary gradient consisting
of water + 0.1% formic acid (eluent A) and acetoni-
trile + 0.1% formic acid (eluent B). The gradient was
started at 95% A and changed linearly to 2% A over a
course of 10 min and was further kept constant at these
conditions for another 4 min. The flow rate was con-
stantly maintained at 0.2 ml min�1. A linear regression
using GraphPad PRISM 9 was carried out to obtain stan-
dard curves (Fig. S4), and the resulting linear equations
were used to calculate metabolite concentrations in
extracts.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Appendix S1. Supporting Information.
Table S1. Summary of growth inhibition of Pseudomonas
protegens (wild type and mutants) on Chlamydomonas rein-
hardtii in agar plate assays.
Fig. S1. Individual secondary metabolites severely alter
the morphology of Chlamydomonas reinhardtii cells
after prolonged exposure. Five representative micrographs
of C. reinhardtii cells after 24 h of cultivation with or without
orfamide A, pyoluteorin, DAPG, pyrrolnitrin, rhizoxin S2 or
the total extracted secondary metabolites are shown. Note
that a small fraction of cells were morphologically unaltered
in all treatments except for cells treated with pyrrolnitrin.
0.1% methanol served as the negative control for orfamide A
and pyrrolnitrin while 1% methanol was the negative control
for all other treatments. This experiment was performed
twice in three biological replicates. For each replicate a mini-
mum of 10 cells were photographed.
Fig. S2. Additional Ca2+ curves (those not shown in Fig. 1C
and Fig. 5A). A Effects of the mixture and of individual com-
pounds extracted from Pseudomonas protegens culture
supernatants on cytosolic Ca2+ levels in Chlamydomonas
reinhardtii. A black arrowhead indicates the addition of
extract. As a negative control, methanol equivalent to the

volume of extract dissolved in methanol was used. B Effects
of DAPG, pyrrolnitrin and pyoluteorin on cytosolic Ca2+

levels in C. reinhardtii. Black arrowheads indicate the addi-
tion of treatments. As negative controls ethanol was used for
pyoluteorin and methanol for DAPG and pyrrolnitrin. In both
panels, each line in the diagrams represents the mean of
three biological replicates, and each biological replicate
includes three technical replicates.

Fig. S3. Pyoluteorin, DAPG, pyrrolnitrin, rhizoxin S2 and
orfamide A are present in culture supernatants of Pseu-
domonas protegens grown in TAP medium. A Chromato-
grams from extracted secondary metabolites isolated from
spent medium of 2-day-old axenically grown P. protegens
cultures, cultivated in TAP medium (black lines). Each chro-
matogram was further overlaid with a respective chromato-
gram from the same extract spiked with pyoluteorin, 2,4-
diacetylphloroglucinol (DAPG), pyrrolnitrin or rhizoxin S2
standards (colored lines). B Detection of orfamide A in
extracts by LC-HRMS. Calculated prediction for the positive
ion of C64H115O17N10 as [M+H]+: m/z = 1295.8436.

Fig. S4. Standard curves for the quantification of
extracted secondary metabolites. A Standard curves for
pyoluteorin, pyrrolnitrin, DAPG and rhizoxin S2 (HPLC). Five
different concentrations were measured in 3 technical repli-
cates, and peak areas were integrated at their λmax absorp-
tion wavelengths. B Standard curve for orfamide A
generated by LC-HRMS. Six different concentrations were
measured in 3 technical replicates, and the areas of the ion
intensity peaks were integrated. In all panels, the equations
resulting from linear regression are indicated. The resulting
equations were used to calculate the concentrations of
pyoluteorin, DAPG, pyrrolnitrin, rhizoxin S2 and orfamide A
in the previously obtained chromatograms for P. protegens
extracts.

Fig. S5. Rhizoxin S2 does not immobilize or deflagellate
Chlamydomonas reinhardtii at a concentration of 160
μM. A Trial for the determination of a half-maximal inhibitory
concentration (IC50) for algal motility after treatment with
rhizoxin S2. The mean � SD are shown and empty squares
indicate the methanol control. No significant inhibitory effect
on algal motility was detected after 5 min of treatment with a
concentration of 160 μM rhizoxin S2. This experiment was
carried three times independently in three technical repli-
cates each. For the statistical analysis, a student’s t-test was
performed. No statistically significant difference was found
(ns = not significant). B Representative micrographs of C.
reinhardtii treated with rhizoxin S2 for 1 or 5 min. Methanol
was applied as a negative control. The presence of flagella
is highlighted with black arrowheads.

Fig. S6. Photographs of additional liquid co-cultures of
Chlamydomonas reinhardtii and Pseudomonas
protegens mutants (those not shown in Fig. 7B). For more
information on the mutants see Table 1.
Fig. S7. Additional micrographs showing how algal mor-
phology is affected by different Pseudomonas protegens
mutants (those not shown in Fig. 7C). For more information
on the mutants see Table 1.
Fig. S8. Mass spectra of purified pyoluteorin and
rhizoxin S2 A m/z value corresponding to the nominal mass
of rhizoxin S2. The fully recorded range is depicted (m/z
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115-1500). Calculated prediction for the positive ion of
C35H50O9N as [M+H]+: m/z = 628.3480 B m/z value
corresponding to the nominal mass of pyoluteorin. A full
range was recorded at m/z 50-1500. Calculated prediction
for the positive ion of C11H8O3NCl2 as [M+H]+: m/z =

271.9876. The original chromatogram and mass spectrum
as well as spectral interpretations are available on the Mas-
sBank of North America and the iDiv data repository: (https://
mona.fiehnlab.ucdavis.edu/spectra/display/MoNA023820)
https://idata.idiv.de/ project ID: 3465.
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