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Algae are key contributors to global carbon fixation and form the
basis of many foodwebs. In nature, their growth is often supported or
suppressed by microorganisms. The bacterium Pseudomonas prote-
gens Pf-5 arrests the growth of the green unicellular alga Chlamydo-
monas reinhardtii, deflagellates the alga by the cyclic lipopeptide
orfamide A, and alters its morphology [P. Aiyar et al., Nat. Commun.
8, 1756 (2017)]. Using a combination of Raman microspectroscopy, ge-
nomemining, andmutational analysis, we discovered a polyyne toxin,
protegencin, which is secreted by P. protegens, penetrates the algal
cells, and causes destruction of the carotenoids of their primitive visual
system, the eyespot. Together with secreted orfamide A, protegencin
thus prevents the phototactic behavior of C. reinhardtii. A mutant of P.
protegens deficient in protegencin production does not affect growth
or eyespot carotenoids of C. reinhardtii. Protegencin acts in a direct
and destructive way by lysing and killing the algal cells. The toxic
effect of protegencin is also observed in an eyeless mutant and with
the colony-forming Chlorophyte alga Gonium pectorale. These data
reveal a two-pronged molecular strategy involving a cyclic lipopeptide
and a conjugated tetrayne used by bacteria to attack select Chlamy-
domonad algae. In conjunction with the bloom-forming activity
of several chlorophytes and the presence of the protegencin
gene cluster in over 50 different Pseudomonas genomes [A.
J. Mullins et al., bioRxiv [Preprint] (2021). https://www.biorxiv.
org/content/10.1101/2021.03.05.433886v1 (Accessed 17 April 2021)],
these data are highly relevant to ecological interactions between
Chlorophyte algae and Pseudomonadales bacteria.
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Cyanobacteria and algae in the aquatic environment contrib-
ute about 50% to global CO2 fixation (1). As primary pro-

ducers, they are fundamental to food webs (2, 3). Algal activities
can also influence biogeochemical processes as exemplified re-
cently with regards to the Greenland ice sheet (4). In nature, algae
are usually associated with other microbes that influence their
fitness through mutualistic or antagonistic interactions (3, 5, 6),
and the exchange of natural products can play a central role in
these interactions (7, 8). Despite their ecological importance, the
interactions of algae with microorganisms are still poorly under-
stood at the molecular level, especially relative to our under-
standing of higher plant–microbe interactions (8).
In recent years, the biciliate green alga Chlamydomonas rein-

hardtii (Fig. 1 A and B), for which a large molecular toolkit is
available (9–11), has become a model for studying the molecular
interactions between unicellular algae and microbes (7). C. rein-
hardtii occurs mainly in wet soil ecosystems (7) and can establish
mutualistic carbon–nitrogen metabolic exchange mechanisms with
fungi (12) or bacteria such as Methylobacterium spp (13). More-
over, algal–bacterial consortia have been used to mutualistically

enhance natural hydrogen production of C. reinhardtii (14). How-
ever, C. reinhardtii can also be prone to attacks by antagonistic
bacteria. For example, the soil bacterium Streptomyces iranensis
releases the algicide azalomycin F, which is toxic for C. reinhardtii
unless the alga protects itself among the mycelia of the fungus
Aspergillus nidulans (15). In a previous study, we showed that an-
other soil bacterium, Pseudomonas protegens Pf-5, known to pro-
duce a wide variety of secondary metabolites (16), can inhibit the
growth of C. reinhardtii (17). Specifically, P. protegens Pf-5 releases
orfamide A, a cyclic lipopeptide that causes a spike in cytosolic
Ca2+ and rapid loss of cilia (historically known as flagella). How-
ever, an orfamide A–null mutant of P. protegens Pf-5 is still able to
prevent C. reinhardtii cultures from growing for several days (17),
leading us to hypothesize that at least another bacterial secondary
metabolite is involved in the antagonism of P. protegens Pf-5 on C.
reinhardtii. Here, we report the discovery of an unusual bacterial
polyyne, protegencin, that plays a key role in the algicidal activity of
P. protegens Pf-5: it causes destruction of the carotenoids within the
eyespot, a primitive visual system (18, 19) (Fig. 1 A and B), and lysis
of the algal cells.
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effective toxin that alters a subcellular algal compartment used
for vision, bleaches, and lyses the algal cells. These results ex-
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Results
Raman Microspectroscopy Detects Changes in Algal Eyespot Carotenoids
and an Unexpected Compound in Algal–Bacterial Cocultures. To under-
stand the antagonistic interplay between C. reinhardtii and P. pro-
tegens Pf-5 (hereafter referred to as P. protegens), we aimed to
spatially resolve the molecular composition of algal samples in the
absence and presence of the bacteria with subcellular resolution
using Raman microspectroscopy (20). Due to the noninvasive
nature of Raman microspectroscopy and the fact that water only
mildly distorts Raman spectra, this technique is well suited to
study biological samples (21) such as bacteria and unicellular algae
(22–28), including C. reinhardtii (26–28).
Axenic algal cultures were first analyzed to establish a refer-

ence baseline for comparisons. To obtain efficient hyperspectral
Raman images, C. reinhardtii cells were fixed in 4% formalin and
embedded in 0.5% agarose to immobilize the cells (SI Appendix,
Fig. S1); cells embedded solely in agarose were not sufficiently
immobilized and were therefore not suitable for spatially re-
solved subcellular imaging. Raman images were recorded in the
spectral range from 104 to 3,765 cm−1 using an excitation wave-
length of 785 nm. Raman bands were assigned to relevant com-
pounds according to characteristic wavenumbers listed in SI
Appendix, Table S1. The spectral regions from 400 to 1,750 cm−1

and 2,800 to 3,200 cm−1 include typical marker bands for cell
compounds (lipids and proteins), carotenoids, and starch (Fig. 1C
and SI Appendix, Fig. S2). Raman intensity maps were calculated
by the sum of intensities over specific compound marker bands in
a spatially resolved manner (Fig. 1D and SI Appendix, Fig. S3).
Two suborganelles were especially well visualized by Raman
microspectroscopy: 1) the eyespot, based on its enriched carot-
enoids and 2) the pyrenoid, situated in the U-shaped chloroplast
and detectable by its surrounding starch sheet layer (Fig. 1 A and
D). It should be noted that the three-dimensional image of the cell
within the agarose bed (SI Appendix, Fig. S1 and Fig. 1D) is
projected in two-dimensions and thus the eyespot often appears to
be localized nonhorizontally.
We then analyzed C. reinhardtii cells that were grown in co-

culture overnight with P. protegens Pf-5. Here, two major Raman
spectroscopic changes were observed when compared with the
spectra from axenic cultures (Fig. 1C): 1) algal cells showed
strongly reduced peaks at wavenumbers 1,523, 1,157, and
1,004 cm−1, which are all assigned to carotenoids (Fig. 1E and

Fig. 1. Raman microspectroscopy of C. reinhardtii highlights the loss of
eyespot carotenoids and an unidentified compound in bacterial coculture.
(A) Simplified scheme of C. reinhardtii (modified from ref. 7, which is li-
censed under CC BY 4.0) with an enlarged eyespot area; data from (18, 19).
CG, carotenoid-rich lipid globules; D4R, D4 rootlet; ChRs, channelrhodopsins.
(B) Brightfield microscopic image of C. reinhardtii. The arrowheads highlight
a cilium (gray), the pyrenoid (blue), and the eyespot (orange). (C) Raman
spectroscopy of a representative C. reinhardtii cell grown in monoculture.
An algal overnight culture in TAP was fixed with 4% formaldehyde and
embedded in 0.5% TAP agarose for single cell analysis. The color-coded

Raman spectra display the individual cluster spectra found by k-means clus-
ter analysis of a typical algal cell. Raman marker bands are labeled green
(cell compounds), blue (starch), and orange (carotenoids). Note that phenyl-
alanine and carotenoids share a marker band at 1,004 cm−1 (SI Appendix,
Table S1). The black spectrum (1*) represents the vector-normalized back-
ground generated from areas with low content of detectable biological ma-
terial. All other displayed cluster spectra are background corrected and
represent clusters of components rich in cell compounds (spectra 2 to 7),
starch (spectra 4 and 5), or carotenoids (spectra 6 and 7). Additional spectra
are shown in SI Appendix, Fig. S2. (D) Color-coded spatial distribution of
Raman spectral components of a representative C. reinhardtii cell (Left) as
shown in C. Green, orange, and blue false color maps represent Raman in-
tensities of cell compounds, carotenoids, and starch, respectively. The com-
posite red-green-blue (RGB) image (Right) is created by overlaying the
normalized sums of the marker band regions associated with cell compounds
(green), starch (blue), or carotenoids (red). The opacity in each pixel is pro-
portional to the overall intensity in each pixel. The arrowheads highlight the
starch sheets around the pyrenoid (blue) and the eyespot (orange). (E)
Raman spectra of a representative C. reinhardtii cell after overnight cocul-
tivation with P. protegens (algae:bacteria 1:1,000) in TAP medium. See C for
further details. (F) Spatial distribution of the Raman spectroscopic clusters,
integrated intensities and composite RGB image of a representative C. rein-
hardtii cell after overnight cocultivation with P. protegens. See D for details.
(Scale bars: 3 μm in B, D, and F.) (C–F) Exemplary cells were taken from the
16-h series (Fig. 2A).
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SI Appendix, Fig. S2 and Table S1), and 2) a new peak appeared at
∼2,160 cm−1, which lies in the so-called “silent wavenumber re-
gion” for which there is no known overlap with Raman signatures
of biological origin. This 2,160 cm−1 peak indicates the presence of
a triple bond–containing compound (29). Interestingly, many C.
reinhardtii cells examined in coculture with P. protegens had lost
their typical eyespot carotenoids (Fig. 1F). To determine whether
P. protegens produces the compound responsible for the peak in
the silent wavenumber region, we performed Raman micro-
spectroscopy on axenic bacterial cultures, which also showed a
peak at ∼2,150 cm−1 (SI Appendix, Fig. S4).
To study the appearance of the triple bond–bearing compound

and the loss of eyespot carotenoids in bacterial–algal cocultures in
greater detail, we incubated the C. reinhardtii cells with P. prote-
gens for 16 and 24 h, using axenic algal cultures cultivated for the
same periods of time as reference controls. In Fig. 2A, the ca-
rotenoid clusters are highlighted at 1,523, 1,157, and 1,004 cm−1,
although a typical protein marker band for phenylalanine is also
detected at 1,004 cm−1 (30). The intensity ratio between 2,160 and
1,451 cm−1 (C-H deformation mode, the most prominent cell
compound feature) was calculated as a measure for the presence
of the triple-bond compound for each algal cell (Fig. 2B). These
experiments confirmed that axenic algal cultures did not contain
this compound and that it was only observed in coculture of C.
reinhardtii with P. protegens (Fig. 2 A and B). Moreover, we ob-
served a clear reduction in the number of carotenoid clusters in
the presence of P. protegens (Fig. 2B). After 16 h in coculture,
some algal cells appeared enlarged and the microscopically visible,
yellow, carotenoid-rich lipid globules of the eyespot often dis-
integrated into smaller sized particles or were found to be absent
as observed by brightfield microscopy (Fig. 2 C and D and SI
Appendix, Fig. S5). After 24 h in coculture, algal cells appeared to
lyse, and the eyespot carotenoids in most cells were undetectable
(Fig. 2 C and D and SI Appendix, Fig. S5). Visualizing the spatial
distribution of the triple-bond compound in algal cells cocultured
with P. protegens for at least 16 h, we found that the substance
sometimes accumulates in puncta but is also diffusely distributed
throughout C. reinhardtii (SI Appendix, Fig. S6).
Two compounds containing triple bonds were known to be

produced by P. protegens, hydrogen cyanide (16), and predicted
polyyne(s) (31). The use of a ΔhcnB cyanide mutant JL4809 (16)
in cocultures showed very similar observations as cocultures with
wild-type P. protegens (SI Appendix, Fig. S7). Thus, hydrogen
cyanide is not the relevant triple-bond compound.

Identification of the Polyyne Protegencin by Analytical Chemistry and
Generation of a Protegencin-Null Mutant. Therefore, we considered
polyynes, fatty acid derivatives with multiple C–C triple bonds, as
alternatives. In bacteria, polyyne biosynthesis is encoded in gene
clusters bearing genes for desaturases, a fatty acyl-AMP ligase, an
acyl carrier protein, and a thioesterase (31). Mining the genome
(32) of P. protegens revealed a tentative polyyne biosynthesis
gene cluster (pgn) for a compound named “protegencin” (33).
According to homology searches, pgnE, pgnF, and pgnH encode
desaturases and a thioesterase; pgnD encodes a fatty acyl-AMP
ligase, and pgnG encodes an acyl carrier protein (Fig. 3A). The
predicted gene cluster includes genes PFL_0258 to PFL_0268, a
previously identified orphan gene cluster with an unknown met-
abolic product (34). It is orthologous to the biosynthetic gene
cluster for the polyyne “caryoynencin” [YP_257407-257414 (31)].
Parts of this gene cluster (PFL_0261-0267) are also homologous to
a gene cluster for the biosynthesis of the polyynes “collimonins”
produced by Collimonas fungivorans (35, 36). Thus, we predicted
that P. protegens would produce at least one polyyne compound
from the pgn gene cluster responsible for the Raman peak at
2,160 cm−1. To test this, we created a targeted pgn-null mutant
(ΔpgnE). Specifically, we inactivated the desaturase gene, pgnE, by
means of a double-crossover knock-in strategy involving the

introduction of an apramycin resistance gene (AprR) at the pgnE
locus (Materials and Methods and Fig. 3 A–C).
By comparative high performance liquid chromatography

(HPLC) analyses (phododiode array [PDA] 220 to 400 nm) of
ethyl acetate extracts of wild-type and ΔpgnE mutant P. protegens
cultures grown in TAP (Tris-Acetate-Phosphate) medium (Fig. 3D
and SI Appendix, Fig. S8), we detected a candidate polyyne
compound with a characteristic ultraviolet signature. We suc-
cessfully isolated this compound, protegencin, and elucidated its
structure using high-resolution mass spectrometry (MS) and NMR
spectroscopic analysis (Fig. 3E and SI Appendix, Figs. S8–S13 and
Table S2). Protegencin is a highly unsaturated octadecanoid fatty
acid with four conjugated triple bonds and one double bond. A
copper-catalyzed alkyne–azide cycloaddition (CuAAC) reaction
with benzyl azide confirmed that this compound has a reactive
terminal triple bond (Fig. 3 D and E and SI Appendix, Fig. S8).
Metabolic profiling of the verified ΔpgnEmutant (Fig. 3C) showed
that protegencin production was completely abolished (Fig. 3D).

Protegencin Causes the Disappearance of Eyespot Carotenoids in
Coculture. In C. reinhardtii cocultures with the ΔpgnE mutant,
the 2,160-cm−1 Raman peak was absent (Fig. 3 F and G), con-
sistent with the lack of expressed protegencin. We confirmed
that protegencin is responsible for the 2,160 cm−1 Raman peak
by predicting its Raman spectrum by means of density functional
theory (DFT). DFT calculations predicted characteristic features
between 2,100 and 2,200 cm−1, in good agreement with empiri-
cally observed peak features (SI Appendix, Fig. S4).
We observed that eyespot carotenoid clusters in C. reinhardtii

were not affected by coculture with the ΔpgnE mutant strain
(Fig. 3G). These findings suggest that protegencin is the cause
for the disappearance of the algal eyespot carotenoid clusters.
Consistent with this, after 16 h in coculture with the ΔpgnE mu-
tant, a single eyespot was visible in most C. reinhardtii cells by
brightfield microscopy; after 24 h in coculture, some algal cells had
a single eyespot, while others displayed several well visible
carotenoid-rich structures (Fig. 3 H and I and SI Appendix, Fig.
S5). In the absence of protegencin expression, C. reinhardtii eye-
spot carotenoids were not degraded in coculture with P. protegens.

Protegencin Lyses and Kills Chlorophyte Algae, but the Eyespot Is not
a Prerequisite for its Toxic Activity. To corroborate the role of
protegencin in algal killing, we evaluated the direct effect of pu-
rified compound on C. reinhardtii cells, focusing on the integrity of
the algal cell membrane as assayed by Evans blue dye exclusion.
Mastoparan, a toxin from wasp venom known to cause lysis and
death of C. reinhardtii, was used as a positive control at a con-
centration of 10 μM (37). In the presence of mastoparan, about
90% of the cells of C. reinhardtii were stained with Evans blue
after 30 s (SI Appendix, Fig. S14). Protegencin, which was dis-
solved in dimethyl sulfoxide (DMSO) after its purification (SI
Appendix, SI Methods), was used at a similar concentration (2%
vol/vol equivalent to 10.4 μM), as determined by the Click reaction
and HPLC analysis (Materials and Methods). Protegencin treat-
ment resulted in Evans blue staining of >95% of the cells after
24 h of incubation (SI Appendix, Fig. S14). This experiment was
repeated with a lower concentration of protegencin (0.5% vol/vol),
which had the same effect (Fig. 4A). These data show that pro-
tegencin can efficiently perforate C. reinhardtii cell membranes
even at low micromolar concentrations. We also evaluated the
toxicity of protegencin on C. reinhardtii after short incubation with
0.5% vol/vol protegencin by survival assays (modified from ref.
38). Incubation with protegencin for only 1 h reduced colony-
forming units (CFUs; visible after 7 d) down to about 10% (SI
Appendix, Fig. S15); an incubation time of 4 h resulted in no CFUs
(Fig. 4B), supporting the highly toxic effect of protegencin on C.
reinhardtii.
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As the effect of protegencin includes destruction of the eye-
spot carotenoids, we examined whether an eyeless mutant strain,
eye3-2 (CC-4316), could be lysed with protegencin; this mutant
has a defect in forming eyespot globule layers (39) and was lysed
at similar rates (Fig. 4 A and B) as the mutant’s background
strain CC-125 (Fig. 4A). These data show that the protegencin-
mediated mechanism of algal cell lysis does not require de-
struction of the eyespot carotenoids. We were also interested in
finding out if protegencin acts specifically on C. reinhardtii or
whether it may also harm other algae. We examined its effect on
the Chlorophyte alga Gonium pectorale, a colony-forming green
alga, and showed that it too can be lysed and killed by prote-
gencin (Fig. 4 A and B).

Protegencin Is the Major Algicidal Toxic Metabolite of P. protegens.
To test whether protegencin is the primary metabolite causing
growth arrest and bleaching of algal cells, we compared cocul-
ture growth of C. reinhardtii with P. protegens wild-type, ΔhcnB
cyanide mutant, or ΔpgnE mutant strains over a period of 7 d
(Fig. 4C and SI Appendix, Fig. S16). Axenic C. reinhardtii cultures

were used as controls (Fig. 4C and SI Appendix, Fig. S16). As
observed previously (17), C. reinhardtii cells do not grow in cocul-
ture with P. protegens. The characteristic chlorophyll-green color of
algal monocultures is absent in cocultures due to growth arrest
[Fig. 4C and SI Appendix, Fig. S16C (17)]. In coculture with the
ΔhcnB P. protegens cyanide mutant, no algal growth is visible either.
In contrast, algal cells grow well in coculture with the ΔpgnE pro-
tegencin mutant (Fig. 4C, Right, and SI Appendix, Fig. S16C). These
findings corroborate that protegencin is a major toxin secreted by P.
protegens against C. reinhardtii and, in conjunction with orfamide A
that prevents the escape of the algal cells by deflagellation (Fig. 4D),
is part of a powerful bacterial attack strategy.

Discussion
Although algae are key contributors to global carbon fixation
and fundamental to food webs, how they interact with microbes
is still not well understood. Recently, several studies on algicidal
bacteria and their natural products have been reported (reviewed
in ref. 3) that have provided the first insights into these algicidal

Fig. 2. Disappearance of eyespot carotenoids coincides with the appearance of a triple bond–containing compound (TC). (A) Average Raman spectra of C.
reinhardtii show a peak at 2,160 cm−1 and reduction of detectable carotenoid peaks over time when cocultured with P. protegens (Cre + Ppr) compared with
axenic C. reinhardtii (Cre). Cultures were grown for 16 or 24 h in TAP. Spectra of algal cells were generated by averaging over all pixels for the relevant Raman
spectral class within the cell body. n = total number of analyzed cells. All data were obtained from at least three independent experiments. (B) Summary of
Raman spectroscopic measurements from (A) show the presence of the TC (box plot) and a reduction of carotenoid clusters in cocultures (Cre + Ppr). The data
points plotted are for the ratio of average Raman intensities associated with the TC (2,160 cm−1) versus a dominant band representing C. reinhardtii cellular
material (C-H deformation mode at 1,451 cm−1). Each point represents a measurement of a single alga; box plots indicate quartiles; % values above each box
summarize the fraction of cells with detected carotenoid cluster(s). (C) Representative brightfield microscopic images of axenic C. reinhardtii (green) and in
coculture (C, Cre + Ppr, gray) after 0, 16, or 24 h show the disappearance of eyespots as visualized by their carotenoids (see arrowhead) over time in the presence
of bacteria. (Scale bars: 3 μm.) Further cells are shown in SI Appendix, Fig. S5. (D) Fraction of algal cells (from A–C) with visible eyespots as determined by
brightfield microscopy. After 16 h in coculture, the eyespot is mostly disintegrated and undetectable based on its color after 24 h, whereas most cells in the axenic
culture maintain one eyespot. The asterisks indicate significant differences as calculated by the Kruskal–Wallis test with Dunn’s post hoc test (*P < 0.05; **P < 0.01)
in coculture compared with axenic C. reinhardtii at the same time point. The error bars indicate SDs with n ≥ 300 cells per time point and culture.
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Fig. 3. Identification of protegencin in cocultures using a P. protegens mutant deficient in protegencin production and its effects on carotenoid clusters.
(A) Protegencin (pgn) biosynthesis gene cluster (PFL_0261-0266) with knock-out target gene, pgnE, indicated (PFL_0262, black arrow). (B) Double crossover
strategy used to obtain a P. protegens mutant deficient in protegencin production. (C) Agarose gel shows successful insertion of the Apr gene in pgnE.
(D) HPLC analysis (PDA 220 to 400 nm) of P. protegens culture extracts, Click reaction product, and of ΔpgnE mutant extracts. (E) Structure of protegencin
as determined from NMR and high-resolution MS analysis (SI Appendix, Figs. S8–S13); Bn, Benzyl. (D and E) Experiments were repeated at least three times.
(F) Raman spectroscopy of axenic C. reinhardtii (green, Cre) and in coculture with the P. protegens pgnE-null mutant (Cre + ΔpgnE, light blue) suggests that
protegencin is the compound responsible for the peak at 2,160 cm−1, which remains absent even after 24 h of coculturing (n = total number of analyzed cells).
All data were obtained from at least three independent experiments. See legend of Fig. 2A for further details. (G) Summary of Raman spectroscopic mea-
surements presented in A, with % Above each box representing the total fractions of algal cells with carotenoid cluster(s). See legend of Fig. 2B for further
details. (H) Representative brightfield micrographs of axenic C. reinhardtii (green) and in coculture with the P. protegens ΔpgnE-null mutant (blue) after 0, 16,
or 24 h show that the eyespot disintegrates slower than in cocultures with P. protegens wild-type or ΔhcnB mutant strains (see Fig. 2 C and D; arrowheads
highlight the eyespot; scale bars: 3 μm). Further micrographs are shown in SI Appendix, Fig. S5. (I) Fraction of algal cells with visible eyespots as determined by
brightfield microscopy of cultures analyzed in (F–H) after 0, 16, and 24 h. After 16 h in coculture, the eyespot is mostly still present; after 24 h, it disintegrates
in more than one eyespot in about one-half of the cells. Asterisks indicate significant differences as calculated by the Kruskal–Wallis test with Dunn’s post hoc
test (*P < 0.05; **P < 0.01; and ***P < 0.001) in coculture compared with axenic C. reinhardtii at the same time point. The error bars indicate SDs with n ≥ 300
cells per time point and culture.
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Fig. 4. Protegencin, a potent toxin for select Chlamydomonad algae that lyses and bleaches them. (A) Protegencin effectively damages the cell membrane of
C. reinhardtii, of its eyeless mutant eye3-2 and of the colony-forming G. pectorale after 24 h of incubation as evaluated by Evans blue staining. As negative
control, DMSO (solvent for protegencin) was used and as control for the eye3-2 mutant; its background strain CC-125 (Materials and Methods) was included.
For each treatment, three independent replicates with three technical replicates each were examined; for each technical replicate per time point and
treatment, n ≥ 500 cells were analyzed. (B) After 4 h of incubation with 0.5% (vol/vol) purified protegencin, cells of C. reinhardtii, its eye3-2 mutant, and of
G. pectorale do not survive after several days. Controls, DMSO and strain CC-125; n.g., no growth. For detailed experimental procedures, see SI Appendix, SI
Methods. For each treatment, three independent replicates with three technical replicates each were examined. The error bars indicate SDs and asterisks
indicate significant differences, calculated by Student’s t test (*P < 0.05; **P < 0.01; and ***P < 0.001). (C) In liquid cocultures of C. reinhardtii with
P. protegens, ΔhcnB, or ΔpgnE mutants, algal growth is only possible when protegencin production is prevented. Experiments were conducted three times
independently, each with three technical replicates. (D) Proposed scheme of P. protegens’ algicidal activity toward C. reinhardtii. Harmful secondary
metabolites orfamide A (magenta) and protegencin (cyan) are produced by P. protegens. Orfamide A triggers an increase in cytosolic Ca2+ that results in
deflagellation of the algae within minutes (17). Slower (on the order of hours), more potent damage by protegencin resulting in eyespot decay (“blinding”),
bleaching, and algal cell lysis occurs subsequently.
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mechanisms. Studies involving in situ chemical analysis of micro-
bial interactions and/or genetic manipulations to alter the pro-
duction of the bacterial secondary metabolites to test the basis for
interaction are still rare.
Here, we identified and characterized a natural product un-

derlying an antagonistic interaction between the green unicellular
alga C. reinhardtii and the bacterium P. protegens, both soil or-
ganisms that are genetically tractable models for laboratory con-
ditions, enabling the study of their interaction in a controlled
environment. Using genetically constructed mutants, brightfield
microscopy, label-free Raman microspectroscopy, high-resolution
MS, and NMR analyses, we discovered an unusual bacterial toxin,
the polyyne protegencin, which causes destruction of the eyespot
carotenoids and algal cell lysis. In the future, the role of prote-
gencin in interactions between C. reinhardtii and P. protegens
should be evaluated in more natural conditions, in addition to the
standardized conditions evaluated in this study.
P. protegens produces a variety of secondary metabolites con-

trolled by the GacS-GacA regulatory system (16, 34, 40), including
the pgn cluster. The production of a polyyne was predicted in silico
(31) and recently verified in Pseudomonas (33, SI Appendix, SI
Note). Polyynes like protegencin are notoriously unstable com-
pounds. They have been isolated from different organisms, in-
cluding a variety of land plants, fungi, and insects. However, few
bacterial polyynes are known to be of ecological relevance (31,
41–43). The first identified bacterial gene cluster coding for the
biosynthesis of a polyyne was caryoynencin from Burkholderia spp
(31). In a previous genome mining analysis, orthologous pgn gene
clusters were also found in Collimonas and Mycobacterium as well
as in different Burkholderia species (31). Recently, the distribution
of the pgn cluster was found in over 50 different Pseudomonas
genomes (33). Currently, it is not known whether all these bacteria
can also exert algicidal activities using polyynes; the interactions of
these bacteria have also only been studied with organisms other
than photosynthetic protists. Some bacterial polyynes have been
shown to provide protection for other organisms [e.g., the polyyne
caryoynencin is part of a blend of antibiotics produced by symbi-
otic Burkholderia gladioli bacteria to protect the egg stage of a
group of herbivorous beetles against detrimental bacteria (44)].
Cepacin, from Burkholderia ambifaria, is used as a biocontrol
agent to protect the garden pea Pisum sativum from attack by
oomycetes (45). Cepacin A and B, isolated from Pseudomonas
cepacia, exert activities against other microbes [e.g., Staphylococci
(46)]. The polyyne collimomycin, later renamed to collimonin,
from the mycophagous bacterium C. fungivorans inhibits the
growth of Aspergillus niger hyphae and controls hyphal branching
and pigmentation (35, 36). In contrast, protegencin characterized
in this study plays an unprecedented role as a potent bacterial
toxin against the green alga C. reinhardtii.
Previously, we have shown that another P. protegens natural

product, orfamide A, immobilizes select Chlorophyte algae (17).
Orfamide A triggers an increase in cytosolic Ca2+ but is unable to
penetrate the algal cells even at a concentration of 35 μM within
30 s (17). In contrast, protegencin permeates C. reinhardtii cells by
affecting the integrity of the cell membrane in a yet-unknown
manner and kills them. This is also true for cells of the colony-
forming Chlorophyte G. pectorale, which lives in ponds and be-
longs to the same algal order of Chlamydomonadales, formerly
known as Volvocales (Fig. 4 A and B). This knowledge is also of
high ecological relevance as colony-forming Chlamydomonadales
can form algal blooms (47, 48), and some Pseudomonas species
are known to control such blooms (49).
The two algicidal toxins orfamide A and protegencin from P.

protegens have complementary activities; they are not only
chemically different but also functionally distinct. Orfamide A can
rapidly deflagellate algal cells (17). Considering the timescale for the
action of the two compounds, these bacteria may use a two-step
strategy to antagonize algae: 1) quick immobilization (deflagellation)

of algal cells by orfamide A, followed by 2) an artillery-like attack using
polyynes such as protegencin whereby the cells are lysed (Fig. 4D).
The destruction of eyespot carotenoids in algal cells, leaving them
effectively “blind”, may be an early-intermediate strategy to dis-
orient the alga and allow time for lysis before they can (photo-
tactically) escape. If the chemical compound, orfamide A, gets
depleted, cilia could be restored in 1 to 2 h (50). The eyespot is a
primitive visual system consisting of carotenoid-filled pigment
granules subtended by thylakoid membranes; these layers have the
function of a quarter-wave plate (18). It allows the algae to detect
the direction as well as the intensity of the light and thus controls
their phototactic behavior (18, 19). In a mutant that is not able to
produce carotenoids, such as the lts2-204 mutant, which is defec-
tive in the first enzyme of carotenoid biosynthesis (phytoene
synthase), the eyespot structure is disordered and its position
mislocalized; also, other subcellular compartments are affected.
The mutant shows neither positive nor negative phototaxis (51).
In their natural habitats, algae interact with microbes via a variety

of chemical mediators, resulting in mutualistic or antagonistic re-
lationships. This study sheds light on the chemical weapons used by
antagonistic bacteria and their modes of action in algal communi-
ties. It reveals fundamental mechanisms for how fitness of photo-
synthetic microbes can be influenced and specifically the role and
mode of action of polyynes in the arsenal of algicidal bacteria.

Materials and Methods
Strains and Culture Conditions. C. reinhardtii strain SAG 73.72 (mt+), obtained
from the algal culture collection in Göttingen, was used for all experiments.
It is also known as CC-3348. In addition, the following algae were used for
Evans blue staining and survival assays: C. reinhardtii strain CC-125, also
known as 137c (nit1, nit2, agg1+, mt+), was used as the background strain for
the eye3-2 mutant CC-4316 (39) and G. pectorale strain CCAP 32/4, obtained
from the culture collection of algae and protozoa of the Scottish Marine
Institute. C. reinhardtii was grown in liquid TAP medium (50) at 23 °C under
a 12:12 light–dark cycle under white light (Osram L36W/840, lumilux, cool
white, Osram) with a light intensity of 55 μmol · m−2 · s−1 and constant or-
bital shaking (100 rpm). G. pectorale was grown under the same conditions
in the medium suggested by the culture collection, 3N-BBM + V medium. P.
protegens strain Pf-5 was used as bacterial wild type (52). A cyanide mutant,
ΔhcnB mutant, JL4809 (16), was used as well as a Pf-5 strain deficient in
protegencin production (see Creation of a P. protegens Protegencin Mu-
tant), ΔpgnE. Axenic bacteria were grown in Luria-Bertani (LB) medium at
28 °C with constant orbital shaking (200 rpm) or in TAP medium, as stated.

Algal Bacterial Cocultures. For the cocultures, C. reinhardtii CC-3348 cells were
precultured to a cell density of 3 to 6 × 106 cells · mL−1. Bacterial precultures
were grown to an optical density OD600 > 4 (as determined by serial dilutions
of the bacterial precultures) overnight. Prior to cocultivation, bacterial cells
were washed twice with TAP medium. All cells were then reinoculated in
TAP medium with a starting algal cell density of 2 × 105 cells · mL−1 and a
bacterial cell density of 2 × 108 cells ·mL−1. The cocultures were grown under
the conditions mentioned above for the growth of C. reinhardtii. As control,
axenic C. reinhardtii cultures were inoculated at a starting cell density of 2 ×
105 cells · mL−1 and grown and analyzed accordingly.

Creation of a P. protegens Protegencin Mutant. To inactivate the gene pgnE of
the protegencin gene cluster of P. protegens, a target double crossover
strategy was chosen to insert the apramycin resistance gene from PIJ773 into
each cay gene. Details are presented in SI Appendix, SI Methods.

Sample Preparation for Raman Imaging. Axenic C. reinhardtii and cocultures
of C. reinhardtii with P. protegens wild type and mutants were grown as
mentioned in Strains and Culture Conditions and in Algal Bacterial Cocultures.
An aliquot of cell suspension (1.5 mL) was removed under sterile conditions,
fixed in 4% (vol/vol) formalin for 10 min, and centrifuged for 5 min at 4,500 ×
g. Afterward, the supernatant was removed, and the cell pellet was resus-
pended in 375 μL TAP. The obtained suspension was mixed with 375 μL hand
warm 1% (wt/vol) agarose in TAP. The agarose–cell mixture was quickly
transferred onto CaF2 substrate and cooled down at 4 °C for at least 15 min.
The sample substrates were covered with distilled water before Raman
measurements.
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Hyperspectral Raman Imaging. Hyperspectral Raman images were acquired
using a confocal Raman imagingmicroscope (alpha 300 R,WITec) with awater
immersion objective (Nikon Corporation; magnification: 60×; numerical aperture:
1.0). The excitation light with a wavelength of 785 nm was provided by a cw
diode laser (Toptica Photonics). The waist diameter of the confocal volume was
estimated by calculating the diameter of the central Airy disk and is ∼0.96 μm
(dAiry = 1.22 λLaser/NAObjective; λLaser = 785 nm, NAObjective = 1.0). The excitation
power measured at the front lens of the objective was ∼70 mW. Raman scat-
tered light was dispersed by a diffraction grating (300 grooves · mm−1) and
detected by a cooled electron multiplying charge-coupled device detector in a
range from 104 to 3,765 cm−1. Algal samples were selected under the micro-
scope, and single algal cells were centered in a 15 × 15 μm large x,y–scanning
grid. The hyperspectral Raman data cube was generated by point-wise inte-
gration of the scanning grid in x- and y-direction with a step-size of 0.34 μm
equal in both spatial directions. Two independent scans of the area incorpo-
rating a single algal cell were performed. In an initial rapid scan (integration
time: 100 ms/pixel), the autofluorescence of the algae was bleached to decrease
the background fluorescence level. The subsequent acquisition scan was per-
formed with a dwell time of 500 ms/pixel and a hyperspectral data cube I (x, y, ν)
with the dimension of 45 × 45 pixel × 1,024 wavenumbers was obtained.

Preprocessing of the Raman Spectra. All raw data were processed and ana-
lyzed by an in-house–developed script in the programming language R

(version 4.0.2) (53). The preprocessing is described in detail in refs. 54 and 55.
In short, the Raman spectra were cleared from cosmic spikes and wavenumber
calibration was performed with 4-acetaminophenol. Subsequently, the wave-
number region was restricted to 350 to 3,300 cm−1. The wavenumber axis of all
spectra was interpolated using a cubic fmm-spline (new wavenumber pitch:
3 cm−1) and background corrected by employing a statistic-sensitive nonlinear
iterative peak–clipping algorithm (smoothing = true, iteration = 100, window =
“3”) (56). To minimize the influence of the agarose embedding on Raman algal
cell spectra, an additional correction was performed accounting for the spectral
influence of the agarose (see SI Appendix for computational details).

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