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M I C R O B I O L O G Y

Algicidal bacteria-derived membrane vesicles as 
shuttles mediating cross-kingdom interactions 
between bacteria and algae
Yixin Li1†, Yuezhou Wang1†, Xiaolan Lin1†, Shuqian Sun1, Anan Wu2, Yintong Ge1, Menghui Yuan1, 
Jianhua Wang1, Xianming Deng1*, Yun Tian1,3*

Bacterial membrane vesicles (BMVs) are crucial biological vehicles for facilitating interspecies and interking-
dom interactions. However, the extent and mechanisms of BMV involvement in bacterial-algal communication 
remain elusive. This study provides evidence of BMVs delivering cargos to targeted microalgae. Membrane 
vesicles (MVs) from Chitinimonas prasina LY03 demonstrated an algicidal profile similar to strain LY03. Fur-
ther investigation revealed Tambjamine LY2, an effective algicidal compound, selectively packaged into LY03-
MVs. Microscopic imaging demonstrated efficient delivery of Tambjamine LY2 to microalgae Heterosigma 
akashiwo and Thalassiosira pseudonana through membrane fusion. In addition, the study demonstrated the 
versatile cargo delivery capabilities of BMVs to algae, including the transfer of MV-carried nucleic acids into 
algal cells and the revival of growth in iron-depleted microalgae by MVs. Collectively, our findings reveal a 
previously unknown mechanism by which algicidal bacteria store hydrophobic algicidal compounds in MVs 
to trigger target microalgae death and highlight BMV potency in understanding and engineering bacterial-
algae cross-talk.

INTRODUCTION
Most bacteria release membrane vesicles with diameters ranging 
from 20 to 400 nm that contain specific biologically active mole-
cules and mediate multiple biological processes (1, 2), including 
virulence (3), nutrition acquisition (4), bacterial competition (5), 
stress response (6), horizontal gene transfer (5, 7), host survival (8, 
9), and cell-to-cell communication (10, 11). The most remarkable 
property of these nanoparticles is that they can deliver a wide va-
riety of bacterial products in high concentrations and in a pro-
tected manner to remote targeted cells (12). BMVs also have 
immunomodulatory activities, and all stages from biogenesis to 
transport are almost “engineerable” (13). Given that, BMVs not 
only are abundant in nature but are also great promising tools for 
vaccines (14), drug delivery vehicles (15), and for applications in 
synthetic biology and biotechnology. To date, our knowledge 
about BMVs and their role is mainly focused on model organisms 
in terms of cancerous-mammalian tissues (16, 17), plant host–
pathogen interactions (18), animal host-symbiont communica-
tions (19), and interbacterial competition (5, 20). Many studies 
have demonstrated that BMVs can deliver multiple cargoes to 
their targeted cells (21) across the cell wall barrier of bacteria and 
plants to interact with their plasma membrane (PM), which could 
be achieved via a variety of ways, such as endocytosis (22, 23), 
target cell membrane fusion (20, 22, 24), and insertion into the 
host PMs (25). These studies have made progress in our under-
standing of the functional role of BMVs and indicate that their 

shedding acts as a universal inter- and intrakingdom communica-
tion tool among all domains of life.

The bacteria-algal interaction is a typical representation of bio-
logical interkingdom communications and plays an important role 
in shaping the structure and function of ecosystems. Microalgae 
and bacteria can form complex, cross-kingdom units in various 
natural environments, and the exchange of metabolites and info-
chemicals governs bacteria-algal relationships, which span mutu-
alism, commensalism, antagonism, parasitism, and competition 
(26). As nutrient complementarity is fundamental for the stability 
of bacteria-algal units, multiple lines of evidence have verified that 
bacteria can release a wide range of metabolites, such as vitamin B12, 
indole-3-acetic acid, and siderophores, to the phycosphere, which 
are subsequently consumed by algae (27–31), along with the dis-
covery of membrane transporters involved in the acquisition of these 
key nutrients in algae (32). In addition, acting as intra- and inter-
kingdom languages used by microorganisms, bioinfochemicals are 
proven to shape the modes of bacteria-algal interaction (33), such as 
acyl homoserine lactones (34), 2-heptyl-4-quinolone (35), deinoxanthin 
(36), and prodigiosin (37). Certain bioactive molecules can even be 
fatal to algae, triggering algae lysis, driving the algae-killing process 
and thus playing a very important role in the control of harmful 
algal blooms (HABs) (38). The importance of bacteria-algal interac-
tions has been postulated for four decades, but our understanding 
of the complex nature of this unique microbial theater is still limited 
by technical and conceptual limitations. Although the horizontal 
shuttle functions of BMVs for inter- and intrakingdom communi-
cation are evident, it is totally unknown whether and how BMVs 
are involved in the cross-talk between bacteria and algae as cargo 
carriers by recognizing certain channels in microalgae. Therefore, 
physiologically relevant evidence for the transfer of functional bio-
molecules from bacteria to individual algae cells by BMVs is ur-
gently needed.
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In our previous study, a high-efficiency algicidal bacterium, 
Chitinimonas prasina LY03, was isolated and found to produce 
yellow-green pigment at the stationary phase (39). Detection of 
the algicidal activity of LY03 cells and cell-free supernatants 
was conducted, and scanning electron microscopy (SEM) images 
of the coculture with HAB-causing algae Thalassiosira pseudonana 
showed that algal cells adhered by strain LY03 were lysed with 
severely damaged cellular structure, suggesting that LY03 may 
induce algal death by like cell-cell contact (40). However, which 
compounds are involved in the algicidal process and how they 
interact with microalgae are still obscure. In the present study, 
a large number of MVs released from LY03 (LY03-MVs) were 
first observed. The purified MVs were then applied for the determi-
nation of algicidal activity and spectrum to confirm the involvement 
of LY03-MVs in the algicidal process. Wild-type and mutant strains 
were subjected to comparative genomic, transcriptomic analysis and 
algicidal compound mapping to reveal the loading and delivery of 
yellow-green pigments via LY03-MVs to kill targeted microalgae. 
Direct evidence for membrane fusion between LY03-MVs and 
microalgae was then captured and visualized by using fluorescent 
dyes and imaging techniques. Furthermore, in combination with 
tracking experiments and physiological tests, we found that MVs 
could also deliver genetic materials and iron to microalgae. The re-
sults of our study provide the direct evidence of the horizontal 
transfer of functional biomaterials from bacteria to individual 
microalgae cells via BMVs, which not only reveals a previously 
unknown algicidal mechanism mediated by BMVs but also opens 
a window that allows us to obtain distinctive insight to understand, 
characterize, and even manipulate bacteria-algae interactions.

RESULTS
Membrane vesicles from Chitinimonas prasina LY03 mediate 
targeted killing of microalgae
To characterize the membrane vesicles released by LY03, the morphol-
ogy of LY03 in the stationary phase was observed using transmission 
electron microscopy (TEM) and SEM. Both TEM and SEM observed 
MVs, when TEM showed that a considerable number of MVs were 
secreted via membrane blebbing from LY03, and most of them ad-
hered to the cell surface (Fig. 1A, left). The crude extract of LY03-MVs 
were then obtained and showed highly efficient algicidal activity 
against the harmful bloom-forming alga Heterosigma akashiwo in a 
concentration-dependent manner (Fig. 1A, right). The MVs were fur-
ther purified using density gradient centrifugation and were mainly 
detected in fractions 4 to 6, with fraction 5 showing the highest con-
centration of MVs (Fig. 1B). The purification allowed TEM to image 
MVs clearly as distinct saucer-shaped structures (a few tube-shaped 
structures), which consist of two bilayer membranes derived from the 
outer membrane and the inner membrane, with sizes ranging from 47 
to 168 nm as measured by nano–flow cytometry (Nano FCM) for all 
MVs (Fig. 1C). Meanwhile, the purified MVs from fraction 5 also dis-
played the highest algicidal activity with the same algicidal spectrum 
as the cells of LY03 (Fig. 1D), indicating that LY03-MVs could mediate 
targeted killing of microalgae. The purified LY03-MVs were further 
treated with proteinase K and nuclease, resulting in no substantial 
change in algicidal activity against H. akashiwo (fig. S1), suggesting 
that the algicidal active substance likely be a small molecular com-
pound harbored and protected in LY03-MVs. In addition, we found 
that BMVs are stable in sterile seawater, as their size and concentration 

remained essentially unchanged, and they maintained high algicidal 
activity over the course of 10 days, inferring that LY03-MVs might 
maintain robust algicidal activity in natural environments for a long 
period of time (Fig. 1, E and F). These results strongly indicated that 
LY03-MVs can carry algicidal compounds and deliver them to target-
ed microalgae, which eventually lead to algal mortality.

Production of yellow-green pigment is responsible for the 
algicidal activity of LY03
In our previous study, LY03 was found to produce yellow-green pig-
ment and exhibit algicidal activity at the stationary phase (39). Dur-
ing the cultivation of LY03, a spontaneous mutant strain without 
yellow-green pigment production was obtained and named QY03 
(Fig. 2A, left). Compared with LY03, the pigment-null strain QY03 
lost algicidal activity (Fig. 2A, right), indicating that yellow-green 
pigment production may be responsible for algicidal activity. To 
verify this hypothesis and identify the involved genes, the transcrip-
tomes of LY03 and QY03 were comparatively analyzed (Fig. 2B). In 
total, 2313 and 2316 genes were up-regulated significantly in LY03 at 
the stationary phase (LY03-S) in comparison to that in LY03 at the 
exponential phase and that in QY03 at the stationary phase (QY03-
E). Among the up-regulated genes with highest fold changes (fig. S2, 
A and B), 14 of 20 genes were related to pigment biosynthesis, some 
of which were found to be involved in the biosynthesis of prodigi-
nine (41) (a red triliprolic bacterial pigment) and tambjamine (42) (a 
yellow biprolic bacterial pigment). Moreover, these 14 genes were 
predicted to constitute a gene cluster, with other 7 adjacent genes, 
which were also significantly up-regulated (fig. S2C), indicating that 
these 21 clustered genes (named as TalA-​TalU) are responsible for 
yellow-green pigment biosynthesis (Fig. 2C and table S1). Further-
more, whole-genome resequencing was also applied to QY03, and 21 
mutation sites were detected, therein a nonsense mutation in TalU 
encoding transcriptional activator protein was found, supporting 
the prediction of the pigment biosynthetic gene cluster (Fig. 2C and 
fig. S3). A key gene for pigment synthesis was then selected and deleted 
to generate mutant ΔTalD, and the algicidal activity assays showed 
that the purified MVs of ΔTalD (ΔTalD-MVs) and QY03 (QY03-MVs) 
exhibited no algicidal activity, whereas the LY03-MVs showed 
high-efficiency algicidal activity (P < 0.0001) (Fig. 2D), indicating 
that LY03-MVs may carry yellow-green pigment to kill targeted 
microalgae.

Tambjamine LY2 is the algicidal compound loaded by MVs
To identify the algicidal compound(s) produced by LY03, we 
compared the metabolic profiles of LY03, QY03, and mutant 
ΔTalD. Unique peaks in LY03 identified using liquid chromatogra-
phy–mass spectrometry (LC-MS) analysis are expected to correspond 
to the peaks of algicidal compounds. Two unique peaks, 1 and 2, with 
mass/charge values of 442.2 and 382.3, respectively, were specifically 
found in the organic extract of the total culture of LY03 (Fig. 3A), 
which were further purified and tested for algicidal activity. Com-
pound 2 showed a dose-dependent killing effect on H. akashiwo with 
an median inhibitory concentration (IC50) value of 2.377 μM, while 
compound 1 barely showed any algicidal activity (Fig. 3, B and C), 
suggesting that compound 2 is the major algicidal compound pro-
duced by LY03.

Analysis of one-dimensional (1D) (1H and 13C) and 2D [corre-
lation spectroscopy (COSY), heteronuclear single-quantum coherence 
(HSQC), and heteronuclear multiple-bond correlation (HMBC)] 
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Fig. 1. Observation, purification, and characterization of membrane vesicles generated by LY03. (A) Representative TEM and SEM images of LY03 cells with MV bleb-
bing (left) and the algicidal activity determination of different concentrations of the crude LY03-MVs (right). OM indicates outer membrane. (B) The flow chart of MV purifi-
cation and the algicidal activity and TEM images of each density gradient ultracentrifugation fraction. (C) Particle size and concentration analysis using Nano FCM and TEM 
imaging of purified LY03-MVs. (D) The algicidal spectrum of LY03 and LY03-MVs. (E) The algicidal activity of LY03-MVs after being stored in f/2 medium for 10 days against 
H. akashiwo. Asterisks indicate statistically significant (****P < 0.0001) differences. (F) Negative-staining micrograph of LY03-MVs stored in f/2 medium for 1 to 5 days.
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Fig. 2. Analysis of the relationship between algicidal activity and production of yellow-green pigments by LY03 and identification of genes involved in pigment 
biosynthesis. (A) The growth curve, colony morphology (left), and algicidal spectrum (right) of LY03 and its pigment-null mutant strain QY03 at the stationary phase (-S) 
and exponential phase (-E), respectively. (B) Gene differential expression analysis of the transcriptome of LY03 at the stationary phase against that of LY03 at the exponen-
tial phase and that of QY03 at the stationary phase. The relative gene transcriptional levels were transcribed as log2 fold change. Each dot represents a gene, with each 
gene distributed on the x axis in accordance with the locus tag number for LY03. Genes more highly transcribed are present above the x axis, and those transcribed at a 
lower level are present below the x axis. S and E indicate the stationary phase and exponential phase, respectively. (C) The putative pigment biosynthetic gene cluster and 
the mutation site analysis of TalU. 5′UTR, 5′ untranslated region. (D) The algicidal activity of mutant ΔTalD and MVs produced by LY03, QY03, and ΔTalD. Asterisks indicate 
statistically significant (****P < 0.0001) differences.
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nuclear magnetic resonance (NMR) spectra and high resolution 
mass spectrometry (HR-MS) data revealed that compounds 1 and 
2 are two unreported tambjamine family antibiotics that contain a 
conserved bipyrrole core functionalized with alkylimines. By com-
paring the spectral data of compounds 1 and 2 and the correspond-
ing literature tambjamine MYP1 (42), we found that compounds 2 
and MYP1 are both macrocyclized tambjamines. The key differ-
ence between compounds 2 and MYP1 is the presence of an additional 
methylated methine in compound 2. Compound 1 is a linear tam-
bjamine with acetylated alkylamine and bipyrrole-carboxaldehyde 
moieties (Fig. 3D). The absolute configurations of compounds 1 
and 2 were established according to nuclear Overhauser effect 
spectroscopy analysis, J-​couple analysis, and quantum chemical 
calculations (Supplementary Text), and compounds 1 and 2 were 
named Tambjamine LY1 and Tambjamine LY2, respectively.

To examine whether the LY03-MVs potentially serve as delivery 
vehicles for Tambjamine LY1 and/or Tambjamine LY2, we cultured 
LY03 to stationary phase (LY03-S) and collected samples from the 
culture (LY03 Cells), cell-free supernatant (LY03-Sup.), supernatant 
after the removal of MVs [LY03-Sup. (no MVs)], and MVs from the 
supernatant (LY03-MVs). LC-MS analysis showed that Tambjamine 
LY2 was detectable in all MV-containing samples (LY03-Cells, 

LY03-Sup., and LY03-MVs) but not in the MV-free supernatant 
sample [LY03-Sup. (no MVs)], whereas Tambjamine LY1 was ab-
sent in LY03-MVs but detectable in all the other samples, including 
LY03-Cells, LY03-Sup., and LY03-Sup. (no MVs) (Fig. 3E), indicat-
ing that Tambjamine LY2 was selectively packaged into LY03-MVs 
and can be secreted extracellularly by loading in MVs.

LY03-MVs deliver Tambjamine LY2 to the targeted 
microalgae via membrane fusion
To explore how LY03 cells and MVs contact and react with algal cells 
when they cocultured, enhanced green fluorescent protein (eGFP)–
labeled LY03 cell (eGFP-LY03) was constructed first to make it 
traceable, and then its response to FM4-64–labeled microalgae 
H. akashiwo and T. pseudonana was monitored using automated 
live cell imaging systems (Fig. 4A and movies S1 and S2). The images 
illustrated that eGFP-LY03 appeared capable of consecutively turning 
toward the motile algae, recovering from the occasional wrong 
turn and continuing to move and accumulate around the swimming 
algae, indicating that LY03 can be attracted by moving algae and form 
transient phyto-bacterial associations. Meanwhile, the chemotactic 
response of LY03 to T. pseudonana and H. akashiwo was evaluated 
by quantitative capillary and titration plate assays. As shown in fig.

Fig. 3. Identification and positioning of algicidal compounds. (A) LC-MS analysis of total culture extracts of strains LY03, QY03, and mutant ΔTalD. m/z, mass/charge 
ratio. (B) Algicidal activity of compounds 1 and 2. Asterisks indicate statistically significant (***P < 0.001) differences. (C) IC50 value of compound 2. (D) Chemical structure 
of Tambjamine LY1 (compound 1) and Tambjamine LY2 (compound 2). (E) LC-MS analysis of organic extracts of different culture components of LY03. i) Bacterial cells (LY03 
cells), ii) cell-free supernatants (LY03-Sup.), iii) MV-free supernatant [LY03-Sup. (no MVs)], and iv) purified MVs (LY03-MVs).
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Fig. 4. Visualization of interactions between LY03, LY03-MVs, and the targeted microalgae. (A) Images captured from the video observation of bacterial chemotaxis 
of LY03 toward algae H. akashiwo and T. pseudonana. Algal cell membranes were labeled by the styryl fluorescent membrane marker FM4-64 (red). (B) Visualization of in-
teractions between LY03-MVs and algae H. akashiwo and T. pseudonana after incubation for 3 hours by fluorescence microscopy. MVs were stained with the lipophilic dye 
DiO (green), and microalgal cell membranes were labeled with FM4-64. The spontaneous fluorescence of chloroplasts in algae showed blue signals. Fluorescence colocal-
ization analysis of the resulting images was performed using FIJI software. The morphological changes in H. akashiwo (C) and T. pseudonana (D) under LY03-MV treatment 
were observed by using automated live-cell imaging systems and TEM, respectively. HA and TP in the above figures indicate H. akashiwo and T. pseudonana, respectively.
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S4, strain LY03 showed chemotactic activity toward algae, demon-
strating that the aforementioned observations are chemotactic re-
sponses of LY03 to the target algal cells.

LY03-MVs obtained at stationary phase were stained with the 
lipophilic dye DiO and incubated with FM4-64–labeled microalgae 
(T. pseudonana and H. akashiwo), and then their interaction was 
visualized (Fig. 4B and movies S3 and S4). As shown in Fig. 4B, large 
amounts of LY03-MVs attached to the surface of microalgae, and 
their interactions were supported by their colocalization according 
to their similar curve patterns of fluorescent signal intensity. The 
morphological observation of FM4-64–labeled H. akashiwo under 
LY03-MV treatment showed a serious disruption in the cell mem-
branes (Fig. 4C and movie S5). At the same, the flow cytometry as-
say displayed a significantly increased number of PI-stained cells 
(P1 area), which represent H. akashiwo with high membrane per-
meability (fig. S5), suggesting that their cell membranes were dam-
aged by LY03-MVs. With regard to T. pseudonana, the TEM images 
revealed alterations in ultrastructure under the algicidal effects of 
LY03-MVs (Fig. 4D). As the algal cells in the control samples exhib-
ited normal cellular morphology with compact cell structure and 
intact organelles arranged in an orderly pattern, the morphology 
and structure of the cell membrane and organelles were seriously 
damaged, with the siliceous shell remaining intact for those cells 
under LY03-MV treatment. Together, these results indicated that 
pigment-loaded MVs could across the cell wall barrier to interact 
with and destroy algal cell membranes.

To determine how MVs interacted with the target microalgal 
membrane, LY03-MVs were labeled with octadecyl rhodamine B 
chloride (R18), which does not fluoresce individually, followed by 
incubation with microalgae, and fluorescence can be triggered when 
R18-labeled MVs fused with algal cell membranes (Fig. 5A). MVs 
and three targeted algal cells (T. pseudonana, H. akashiwo, and a 
reference species, Phaeodactylum tricornutum, which is resistant to 
LY03 and LY03-MVs) were also stained with R18 separately, and the 
absence of fluorescence at 0 hours (fig. S6) and 2 hours [R18 only 
groups in Fig. 5 (B and C)] ruled out the possibility of unexpected 
fluorescence emitted by R18-labeled MVs and algal cells themselves. 
Then, the R18-labeled MVs were incubated with three targeted mi-
croalgae, and after a 2-hour incubation, there were noticeable in-
creases in fluorescence signals located in the cell membranes of 
LY03-sensitive microalgae H. akashiwo and T. pseudonana regard-
less of whether they were treated with pigment-loaded or pigment-
deficient LY03-MVs obtained at stationary and exponential phases 
(LY03-S-MVs and LY03-E-MVs), respectively (Fig.  5, B and C), 
but no fluorescent signals were detected for LY03-resistant algae 
P. tricornutum, indicating that LY03-MVs interacted with algal cells 
via membrane fusion species specifically and that their membrane 
fusion ability was unrelated to the presence of pigment. Thus, mul-
tiple pieces of evidence confirm that LY03-MVs interacted with tar-
geted microalgae via membrane fusion, which facilitate the transport 
of algicidal compound Tambjamine LY2 into algal cells and trigger 
the algae-killing process.

LY03-MVs deliver cargos other than algicidal pigment 
to microalgae
To explore whether BMVs are capable of delivering other functional 
cargoes, we characterized their protein and metabolite contents us-
ing LC–tandem MS (LC-MS/MS), resulting in 1047 proteins and 
446 metabolites were detected. The majority of proteins were located 

at cytoplasm and cytoplasmic membrane (58.6%), when the others 
were outer membrane, periplasmic, and extracellular proteins (fig. S7A). 
As shown in fig. S7B, 889 proteins were classified into 19 clusters of 
orthologous genes (COG) functional categories. The proteins related 
to amino acid transport and metabolism and cell wall/membrane 
biogenesis were predominant, followed by energy production and 
conversion, inorganic ion transport and metabolism, and signal 
transduction. Regarding to metabolites of MVs, they were mainly 
classified into 18 categories, with dominance of those affiliated to 
metabolism of secondary metabolites and amino acid and mem-
brane transport (fig. S8).

Among 25 proteins classified into nucleotide transport and me-
tabolism, most of them were involved in nucleotide biosynthesis, so 
we first tested whether LY03- and ΔTalD-MVs can package genomic 
DNA and exogenous plasmids. Polymerase chain reaction (PCR) 
experiments detected targeted genes (table S2) in LY03- and ΔTalD-
MVs generated at the stationary phase (fig. S9), demonstrating 
that DNA was packed into MVs. Further confocal microscopic 
inspection of both 4′,6-diamidino-2-phenylindole (DAPI)–stained 
ΔTalD-MVs incubated with LY03-sensitive T. pseudonana and 
LY03-resistant P. tricornutum and DAPI-stained LY03-S-MVs in-
cubated with P. tricornutum revealed the presence of MV-derived 
DNA intracellularly in P. tricornutum and T. pseudonana (Fig. 6A). 
These results provide evidence for MV-mediated DNA delivery to 
microalgae.

Given the dominance of proteins involved in ion transport in 
MVs and the crucial role of BMVs in iron acquisition in a wide vari-
ety of bacterial species (43), the potential of LY03-MVs in iron 
delivery was examined. The coincubation systems of LY03-sensitive 
H. akashiwo and T. pseudonana with LY03-E-MVs and LY03-resistant 
P. tricornutum with LY03-E- and LY03-S-MVs were constructed. The 
groups treated with iron-incubated MVs were also set up. As shown 
in Fig. 6B, compared with the control samples, the addition of LY03-
S-MVs and iron-incubated MVs significantly promoted the growth 
of the iron-depleted algal cultures, when the iron-incubated MV 
treated samples showed the highest growth rate, indicating that MVs 
can take up surrounding iron and mediate interkingdom iron delivery. 
Moreover, the algal cultures adding EDTA-treated iron-incubated 
MVs were also monitored, resulting in similar growth rates compar-
ing to the groups without EDTA treatment, suggesting that the iron 
was encapsulated inside the MVs rather than surface-attached. Fur-
ther assay tested the occurrence of siderophores, and the result 
showed the absence of siderophores neither in LY03 cells nor LY03-
MVs (fig. S10), inferring that siderophore was unlikely the mediator 
for iron acquisition of LY03. Overall, these data strongly implicated 
that BMVs can shuttle varied cargoes across cell wall barriers to mi-
croalgae in multiple ways.

DISCUSSION
Released by virtually all living organisms, MVs are now regarded as 
a vital mode of inter- and intrakingdom communication (44, 45). 
Here, we present an underestimated role of MVs in bacteria-algae 
cross-talk from the view of BMV-mediated algae killing. Against the 
background of increasing algal blooms, algicidal bacteria inhabiting 
the phycosphere exhibit complex interactions with algae and deci-
sive effects on the decline in algal blooms (46), so there is a growing 
awareness of exploring the underlying mechanisms for their appli-
cation in harmful algae control. To date, alginolysis is known to be 
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executed by bacterial algicides in direct and indirect patterns, which 
are achieved through direct cell-to-cell interactions and release to 
the extracellular milieu, respectively (47). However, in this study, we 
found that BMV secretion was required for algae killing. A potent 
algicidal compound named Tambjamine LY2 was identified with 
significant hydrophobic character and proved to be selectively pack-
aged into MVs. The following tracking experiments further con-
firmed that these algicide-embodied MVs could be delivered to and 
interacted with algae cells via membrane fusion, ultimately leading 
to algae lysis. These findings indicated a targeted algae-killing mode 
through the horizontal transmission of hydrophobic algicidal com-
pounds by MV shuttling, expanding our understanding of bacteria-
algae interactions from a previously unknown perspective.

In comparison to two classic modes whose underlying mecha-
nisms have not yet been elucidated, the BMV-mediated algicidal 

mode shows substantial advantages. On the one hand, compared to 
the contact-dependent algicidal mode (48), BMVs can be considered 
reflective of their producing cells, and the BMV-mediated algicidal 
process allows parental bacteria to release a large number of their 
substitutes and transport concentrated boluses of algicidal com-
pounds to targeted cells, contributing to a more specific attack range 
and broader contact area without the need for direct cell-to-cell 
contact. On the other hand, considerable amounts of algicidal bac-
teria kill algae cells by releasing algicides into the extracellular milieu 
(36, 37). However, a problem arises is that these algicidal com-
pounds are usually hydrophobic and diffuse randomly in an aqueous 
environment (47), resulting in diluted concentrations and signifi-
cantly decreased algicidal efficiency in practice. The lipidic nature 
makes BMVs highly suitable for delivering hydrophobic molecules 
(20, 22, 49), which enables BMVs to embed hydrophobic algicidal 

Fig. 5. Visualization of membrane fusion between MVs with the targeted algae by confocal microscopy. (A) The schematic diagram of membrane fusion test ex-
periments. The confocal tracking of algal cells after incubating with and without R18-labeled LY03-S-MVs (B) and LY03-E-MVs (C) for 2 hours. Algal cells and MVs were 
stained with R18 by incubation for 1 hour. The three targeted microalgae were H. akashiwo (HA), T. pseudonana (TP), and P. tricornutum (PT). Asterisks indicate statistically 
significant (***P < 0.001 and ****P < 0.0001) differences.
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Fig. 6. Detection of MV-mediated DNA and iron delivery to microalgae. (A) The colocalization of MV-associated DNA with targeted microalgae based on confocal 
microscopy. The left showed the targeted microalgae labeled with and without DAPI (10 μg/ml) that regarded as the positive and negative controls. The right displayed 
the incubation of targeted microalgae with DAPI-stained MVs (LY03- and ΔTalD-MVs) and the supernatant after MV collection (Sup.) for 24 hours at 25°C, respectively. The 
two targeted microalgae were T. pseudonana (TP) and P. tricornutum (PT). (B) The coculture experiment of algae and LY03-MVs under iron-deficient conditions. LY03-MVs, 
iron-incubated LY03-MVs, and EDTA-treated iron-incubated LY03-MVs added to algal cultures grown in iron-deficient f/2 medium (f/2-Fe) as the sole iron source, respec-
tively. NC indicates a negative control for HA, TP, and PT cultivated in f/2-Fe medium, and PC indicates a positive control for HA, TP, and PT cultivated in f/2-Fe medium with 
ferric iron addition (f/2-Fe + i). HA, TP, and PT represent H. akashiwo, T. pseudonana, and P. tricornutum, respectively.
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compounds at high loading and protect them from enzymatic deg-
radation before reaching targeted distant cells (50). Our results also 
proved that BMVs are stable in seawater, highlighting the sustain-
ability of the protective ability of BMVs. Furthermore, both classic 
algicidal modes generally have low species specificity, which may 
lead to a decline in harmless algae and even ecosystem imbalance 
(47). The oriented delivery and membrane fusion of BMVs to algae 
cells provides the possibility that some moieties can be equipped or 
modified on the surface of BMVs by surface engineering (51) to 
enhance or alter the targeted delivery of diverse algicidal com-
pounds to specific microalgae while preserving the integrity of the 
vesicles. Thus, by acting as shuttles of algicides between bacteria 
and algae, BMVs are expected to be a promising tool as an algicidal 
nanomaterial to control harmful algae blooms with high efficiency 
and specificity.

In addition to the potential in the application of harmful algae 
control, the ability of BMVs to encapsulate a variety of bioactive 
molecules and achieve directional delivery to algae cells may offer 
a window into the characterization and even manipulation of 
cross-kingdom communication. BMVs have been reported to in-
corporate vitamin K2 and fatty acids and be beneficial to host 
health (52). In contrast, BMVs produced by many pathogenic bac-
teria play essential roles in delivering various virulence-related 
molecules, such as quorum sensing signals, proteases, and hydro-
lases, which are able to kill host cells (53). In our study, in addition 
to the algae-lysing pigment, iron was also verified as one of the 
cargoes delivered by LY03-MVs. Iron is an indispensable nutrient 
for microbes but is difficult to acquire. There is increasing evidence 
pointing toward the presence of iron as one of the main cargos in 
BMVs and an important role of BMVs in iron acquisition (54). 
Wang et al. (43) reported that MVs released by the Gram-positive 
bacterium Dietzia sp. DQ12-45-1b acts as a pathway for extracel-
lular heme recycling from hemoproteins in surrounding environ-
ments. They also proved that heme-carrying MVs can act as a 
public good shared between phylogenetically closely related spe-
cies, making a great contribution to their enhanced iron acquisi-
tion ability. In comparison to bacteria, unicellular photosynthetic 
species exhibit higher iron demands, and iron availability is consid-
ered a vital limiting factor for the growth of primary producers 
such as diatoms (55). Some studies have demonstrated that bacteria 
can facilitate the growth of algae under iron-deficient conditions by 
enhancing the availability of iron or providing siderophores (56). 
In the present study, we proved that MVs derived from LY03 could 
capture iron and significantly facilitate the growth of the LY03-
resistant diatom P. tricornutum under iron-deficient conditions, 
strongly suggesting the capability of BMVs to deliver iron into mi-
croalgal cells, acting as public goods in bacteria-microalgae inter-
kingdom communication. In addition, LY03-MVs generated at the 
exponential phase can also promote the growth of iron-deficient 
T. pseudonana, which can be lysed by stationary phase LY03-MVs, 
showing the functional role transition of MVs from killers to help-
ers, which likely leads to a change in the bacteria-microalgae cross-
talk channels and their interactional modes. This finding provided 
dynamic scenarios of bacteria-microalgae interactions across the 
different stages of an algal bloom and an uncovered but essential 
role of MVs in this marked relationship shift via delivery of differ-
ent cargoes, extending our understanding of the complex interac-
tions between microalgae and bacteria. Together, our results 
demonstrated the conditional cargo loading capability of MVs and 

their diverse functional cargos, and these characteristics raise a 
possibility of modulating bacteria-microalgae interactions and 
even oriented functional enhancement, accomplished by altering 
cargoes in a targeted manner.

Detectable plasmid DNA and partial genomic DNA were pack-
aged in BMVs, indicating that DNA was another cargo of BMVs. 
The incubation of DAPI-stained MVs with T. pseudonana and 
P. tricornutum further confirmed the presence of MV-encapsulated 
DNA in targeted microalgae, suggesting that BMVs can penetrate 
through the algae barriers and deliver DNA to microalgal cells. 
These findings suggest that BMVs could be used as DNA carriers to 
achieve horizontal gene transfer between bacteria and algae. As dia-
toms are the largest group of biomass producers on Earth (57), 
T. pseudonana is model diatom that shows significance in algal bio-
technology and fuel production (58) and has been studied with 
meta-omics approaches as well as a few genetic tools (59). However, 
the efficiency of these available genetic tools was unsatisfactory for 
T. pseudonana due to its silicified cell walls (frustules), limiting fur-
ther application. Taking advantage of their span and DNA-carrying 
capability, BMVs may be a highly promising rookie for diatom ge-
netic engineering.

Another thing worth mentioning is that although membrane fu-
sion was not observed between MVs and P. tricornutum, MV sys-
tem was verified to deliver iron and DNA to P. tricornutum, inferring 
a possibility of other mechanism that enable MV to associate with 
and deliver cargos to algal cells. To our knowledge, there are five 
pathways for MV uptake, including membrane fusion and four 
types of endocytosis (macropinocytosis, clathrin-mediated endocy-
tosis, caveolin-mediated endocytosis, and lipid raft–mediated en-
docytosis), which are mainly focus on bacteria, mammals, and 
plants (53, 60, 61). But given that the interaction between BMVs 
and microalgae was rarely reported, there is a scarcity of relevant 
studies offering insights or adequate methodologies to clearly eluci-
date the mechanisms underpinning the uptake process, and further 
more studies are needed to establish robust and efficient approaches 
to better address this question.

In summary, our study found out a potentially manipulative 
interkingdom communication system between bacteria and algae 
mediated by BMVs (Fig. 7). On the basis of the discovery of the 
involvement of BMVs in algae killing, captured direct evidence 
demonstrated that BMVs can function as shuttles encapsulating 
and delivering multiple cargos, including algicidal pigments, iron, 
and DNA, to targeted algae cells. Our findings characterized 
BMVs as a powerful means of bacteria-algae cross-talk on account 
of their selectivity for effective algicides, long-term protective ca-
pability for cargoes, targeted delivery manner, and ability to pen-
etrate through algae barriers. These features allow the BMV system 
to be a promising tool for better exploring and even modulating 
bacteria-algae interactions, exhibiting significance in further ap-
plications of harmful algae control and microalgae genetic en-
gineering.

METHODS
Bacterial strains, algae, and culture conditions
A detailed bacterial strain list used in this study can be found in ta-
ble S2. LY03 and relevant mutants were grown in nutrient agar (NA) 
broth [distilled water, 1 liter; peptone, 5.0 g; meat extract, 3.0 g; agar, 
15.0 g (pH 7.2)] at 30°C. Escherichia coli DH5α was used for plasmid 
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construction, and E. coli HB101 was used to introduce the plasmid 
into LY03 via conjugation. Genetic knockout in LY03 was conduct-
ed using pK18mobSacB. Antibiotics were added as necessary at final 
concentrations of kanamycin (50 μg/ml).

The algal strains used in this study are listed in table S3. These 
algal strains were provided by the College of Ocean and Earth Sci-
ences, Xiamen University, Xiamen, China. The algal cultures were 
cultivated in f/2 medium (39) prepared with natural seawater at 
20° ± 1°C under a 12-hour light/12-hour dark cycle with a light in-
tensity of 50 μmol photons/m2 per s.

Electron microscopic observation of algae and bacteria
LY03 cells were incubated in NA broth at 30°C with shaking at 150 
rpm for 16 hours. Then, LY03 cells were collected by centrifugation 
at 3500g for 8 min and washed twice with phosphate-buffered saline 
(PBS). Then, the cells were fixed with 2.5% glutaraldehyde for 12 
hours at 4°C. For SEM observation, the fixed cells were attached to a 
coverslip for 5 min, wiped dry, dehydrated in a graded ethanol series 
(30, 50, 70, 80, 95, and 100%), and then dried at the critical point. 
The dry cells were sputter-coated with gold on a copper mesh and 
imaged via SEM (JSM-6390LV, JEOL Co., Japan).

For TEM observation, LY03 and algal cells treated with MVs 
were fixed with glutaraldehyde solution (2.5%) overnight. After 
washing three times with PBS, the samples were gently embedded in 
2% agar blocks. The resin block was cut into 70-nm ultrathin sec-
tions with a Leica Mltracut R microtome (Leica, Germany), double-
stained with 2% uranyl acetate-lead citrate on a copper mesh, and 
then observed using TEM.

Cell growth assays, transcriptomic analysis, and 
whole-genome resequencing of LY03 and QY03
LY03 and QY03 were incubated in NA broth at 30°C with shaking at 
150 rpm for 30 hours. The optical density (OD) of the bacterial cul-
tures at 600 nm was measured every 2 hours to monitor cell growth. 
All treatments were performed in triplicate.

LY03 and QY03 were grown in NA medium to exponential phase 
(10 hours) and stationary phase (16 and 18 hours, respectively). 
Then, the bacterial cells were collected by centrifugation at 4°C. Total 
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s recommendations. For each 
of the samples, 10 μg of RNA was used for RNA sequencing library 
preparation by using the stranded Total RNA kit (Illumina TruSeq). 
After purification and enrichment, all libraries were sequenced us-
ing an Illumina HiSeq 2000 (Illumina, San Diego, CA, USA). All 
treatments were performed in triplicate. After calculation of the 
read counts of the transcripts, the expression difference of the tran-
script between samples was analyzed, and the differentially ex-
pressed genes among different groups were identified using EdgeR 
software (Majorbio, Shanghai, China).

To identify the mutation sites of QY03, the bacterial cells of QY03 
were obtained according to the method described above for whole-
genome resequencing. The genome of LY03 was used as the reference 
genome (39), and its gene clusters were predicted on the antiSMASH 
platform (https://antismash.secondarymetabolites.org/). After DNA 
extraction and sequencing of QY03, the adapters of sequencing reads 
were removed using fastp v0.20.0 and then mapped to the reference 
genome using the Burrows-Wheeler Aligner (BWA) software algorithm 

Fig. 7. A conceptual model of MV-mediated interkingdom interaction between LY03 and microalgae. LPS, lipopolysaccharide.

https://antismash.secondarymetabolites.org/
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mem (http://bio-bwa.sourceforge.net/). Then, the sequencing reads 
were filtered using Picard tools to remove PCR duplications. Se-
quencing depth and coverage relative to the reference genome were 
then calculated on the basis of the aligned BAM file. Genome Analy-
sis Toolkit (GATK) software was used to locally realign reads near 
InDels to obtain a realigned BAM file, which eliminated false-positive 
single-nucleotide polymorphisms (SNPs) around InD. Snippy 4.6.0 
software was then used to detect SNPs, small indels, etc. and to filter 
out loci with low sequencing depth and alignment quality values. 
Last, variant loci were annotated using snpEf to determine the im-
pact of mutations on the genome (http://snpeff.sourceforge.net/Sn-
pEff.html).

Construction of TalD mutant strain
The TalD mutant strain was constructed by the allelic exchange 
method. Two sets of primers listed in table S4 were designed to am-
plify the upstream and downstream regions of the target gene. Then, 
the two fragments were ligated by overlap PCR and subcloned and 
inserted into the pK18 suicide plasmid, which was introduced into 
E. coli DH5α (donor strain). After that, with the help of E. coli 
HB101 (helper strain), this recombination plasmid was transferred 
into LY03 (recipient strain) by triple parental conjugation. All the 
donor and helper strains were cultured in LB medium (5) [adding 
kanamycin (50 μg/ml)] at 37°C for 12 hours, and the recipient strain 
was cultured in NA medium at 30°C for 16 hours. These bacterial 
cells were washed and resuspended in 10 mM MgSO4. Then, the 
donor strain, helper strain, and recipient strain were mixed at a ratio 
of 1:1:5 and incubated on NA agar plates at 30°C for 24 hours. To 
obtain the mutant, NA agar plates with kanamycin (50 μg/ml) and 
ampicillin (100 μg/ml) and NA agar plates with 5% sucrose were 
used to select transconjugants (first homologous recombination 
event) and mutants, respectively. The resulting colonies were puri-
fied and analyzed by colony PCR using primers LF/LR followed by 
DNA sequencing.

Construction of eGFP-labeled LY03
To obtain eGFP-LY03, the sequence of eGFP was amplified by PCR 
using primers from table S4 and cloned and inserted into the broad 
host expression plasmid pBBR1-Tac-MCS2. The recombination 
plasmids were then introduced into LY03 by triple parental conjuga-
tion. Last, NA agar plates with kanamycin (50 μg/ml) and ampicillin 
(100 μg/ml) were used to select strains and verified by colony PCR 
and sequencing.

MV isolation, purification, and characterization
To obtain MV solutions, bacterial cultures were collected at station-
ary phase followed by centrifugation at 10,000g for 30 min at 4°C, 
and supernatants were filtered through 0.45- and 0.22-μm vacuum 
filters to thoroughly remove the remaining bacterial cells. The fil-
trate was concentrated by ultrafiltration using a 100-kDa hollow fi-
ber membrane (Millipore) and then ultracentrifuged at 150,000g at 
4°C for 3 hours using a swing rotor (60 Ti, Beckman Coulter, USA) 
to obtain the crude MVs. The purified MVs were further obtained 
by density gradient centrifugation. The crude MVs were suspended 
in 1.3 ml of 45% OptiPrep solution (Sigma-Aldrich) with 10 mM 
Hepes-NaCl solution, transferred to ultracentrifuge tubes, and then 
overlaid with equal volumes of Optiprep at a series of concentra-
tions (45, 40, 35, 30, 25, 20, 15, 10, and 0%). After centrifugation at 
100,000g for 6 hours at 4°C in an SW 41Ti rotor, 1.3-ml fractions 

were collected from each gradient and recovered by diluting with at 
least five times volume of PBS buffer and pelleting in an ultracentri-
fuge (~150,000g, 1 hour, 4°C, SW41Ti rotor). The pellets were resus-
pended in PBS and stored at 4°C. The protein amount of purified 
MVs was determined using the Bradford protein assay according to 
the manufacturer’s manual (Beyotime), and the protein concentra-
tion was used to indicate the MV concentration in the present 
study (25).

The size and concentration of purified MVs were characterized 
by Nano FCM. MV samples were diluted (1:10,000) and analyzed 
using the Flow Nano Analyzer (Nano FCM Inc., Xiamen, China) 
according to the manufacturer’s instructions. The lasers were cali-
brated using 200-nm control beads, which were then regarded as a 
reference for particle concentration. In addition, a mixture of 
different-sized beads was analyzed to set a reference for size distri-
bution. PBS was analyzed as a background signal. Particle concen-
tration and size distribution were calculated using the nFCM 
software package, Nano FCM v. 2.0.

The morphology of purified MVs was captured using TEM. Ten 
microliters of MV solution was dropped onto a copper electron mi-
croscopy grid for 2 min and wiped dry, followed by negative staining 
with 1% uranyl acetate for 3 min and rinsed three times with PBS 
solution. Then, samples were dried at room temperature for 10 min 
and analyzed at 80 kV using Hitachi HT7800.

Extraction and identification of algicidal compounds
Treatments of MVs with proteinase K and nuclease
First, to rule out the possibility that the algicidal compounds carried 
by MVs are protein or nuclei acid, 1 U of ribonuclease A, 2 U of 
deoxyribonuclease I (DNase I), and proteinase K (100 μg/ml) were 
added to LY03-MVs and incubated at 37°C for 2 hours. These en-
zymes were removed by ultracentrifugation at 150,000g for 1.5 
hours, and then the pellets were resuspended in PBS and applied to 
the determination of algicidal activity against alga H. akashiwo.
Sample collection for extraction and identification of 
algicidal compounds
LY03, QY03, and ΔTalD were grown in NA broth at 30°C for 24 
hours. The total culture of LY03, QY03, and ΔTalD was extracted 
with equal volume of ethyl acetate. After the removal of solvents 
under vacuum, the extract was suspended in methanol (MeOH) for 
LC-MS analysis. For analyzing different culture components of 
LY03, the fermented LY03 broth was divided into four aliquots to 
prepare bacterial cells (LY03-Cells), cell-free supernatant (LY03-
Sup.), supernatant after the removal of MVs [LY03-Sup. (no MVs)], 
and MVs from the supernatant (LY03-MVs), respectively. Then, 
each component was extracted and suspended as described above 
for LC-MS analysis. Another 6 liters of fermented LY03 broth was 
obtained for the extraction and analysis of algicidal compounds.
General experimental procedures in chemistry
Thin-layer chromatography on glass plates was coated with silica gel 
(200 to 300 mesh, Qingdao Marine Chemical Plant). Column chro-
matography was performed with silica gel (200 to 300 mesh, Qingdao 
Marine Chemical Plant), reversed-phase RP-18 (40 to 63 μm, Merck), 
and Sephadex LH-20 (Amersham Biosciences). Optical rotations were 
measured on AUTOPOL IV automatic polarimeter (RUDOLPH 
Inc.). Mass spectra for compound characterization were collected by 
Waters Acuity SQD LC-MS with the mode of electron spray ioniza-
tion (ESI). High-resolution mass spectra were obtained by Thermo 
Fisher Scientific LTQ (linear ion trap quadrupole) Fourier transform 

http://bio-bwa.sourceforge.net/
http://snpeff.sourceforge.net/SnpEff.html
http://snpeff.sourceforge.net/SnpEff.html
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ion cyclotron resonance mass spectrometry (FTICR-MS). Com-
pounds were purified by Waters Acuity SQD LC-MS with a Waters 
Nova-Pak C18 column (6 μm, 9.4 mm by 150 mm). NMR spectra 
were measured on a Bruker AVANCE (600 MHz) using tetramethyl-
silane as the internal standard, and chemical shift was reported in δ 
(parts per million), multiplicities (s = singlet, d = doublet, t = triplet, 
q = quartet, p = pentet, m = multiplet, and br = broad), and integra-
tion and coupling constants (J in Hz). 1H and 13C chemical shifts are 
relative to the solvent: δH 7.26 and δC 77.0 for CDCl3; δH 2.50 and δC 
39.5 for deuterated dimethyl sulfoxide; δH 2.05 and δC 29.8 and 206.2 
for acetone-​d6. The structure elucidation, NMR and HRMS spectra, 
and details were shown in tables S5 and S6 and figs. S11 to S23. Struc-
tural assignments were made with additional information from gra-
dient COSY, gradient HSQC, and gradient HMBC experiments.
LC-MS analysis
Sample analysis was performed using Waters Acuity SQD LC-MS 
with the mode of ESI. The injection volume was 20 μl. Samples were 
separated through a C18 column (4.6 mm by 100 mm with 1.7-μm 
particle size, Waters, Milford, MA, USA) with column temperature 
maintained at 40°C and mobile phases consisting of 0.1% trifluoro-
acetic acid in H2O (mobile phase A) and MeOH (mobile phase B). 
The gradient started with 2 min of isocratic elution with 5% B (and 
95% A), and B was increased to 100% in 2 to 20 min and kept for 
next 10 min. The flow rate for mobile phases was set at 1 ml/min.
Extraction of Tambjamine LY1 and Tambjamine LY2
Six liters of fermented LY03 broth was obtained, the ethanol ex-
tract of LY03 bacterial cells was fractionated by medium-pressure 
liquid chromatography over an RP-18 column (170 g) eluting with 
a MeOH-H2O gradient (v/v, from 10 to 100% in 4 hours, flow rate 
of 25 ml/min) to afford fractions F1 to F6. The 100% MeOH frac-
tion, F6, was sequentially subjected to Sephadex LH-20 (2.5 cm by 
150 cm) eluting with MeOH to get two subfractions, the F6A and 
F6B. The F6A part was chromatographed using Waters Acuity 
SQD LC-MS with a Waters Nova-Pak C18 column (6 μm, 9.4 mm 
by 150 mm) under gradient elution in MEOH-H2O (0 to 10 min, 
5 to 100% MeOH, ultraviolet detection at 254 nm, flow rate of 
20 ml/min). Tambjamine LY1 (9.5 mg) was isolated as a pure com-
pound at a retention time of 7.5 min. Tambjamine LY2 (6.5 mg) 
was isolated from the F6B fraction at a retention time of 9.0 min 
by using the same elution method as used for Tambjamine LY1 
purification.
Computational analysis
The specific rotation was calculated using ωB97X-D in conjunction 
with the 6-311+G(D,P) basis set (62). The calculated specific rota-
tions (|α|D) of Tambjamine LY1 with proposed configurations of 20R 
and 20S are −82.69 and +82.69, respectively. Combined with the ex-
perimental value of −30.9, the absolute configuration of C-20 in 
Tambjamine LY1 is determined as R. Similarly, the calculated specific 
rotations (|α|D) of Tambjamine LY2 with proposed configurations of 
20R and 20S are +100.02 and −100.02, respectively. Combined with 
the experimental value of +41.9, the absolute configuration of C-20 
in Tambjamine LY2 is determined as R.

Protein and metabolite identification of MVs
To identify the protein component of MVs, purified MVs were col-
lected from LY03 culture at the stationary phase. Then, 100 μg of 
MVs was mixed with 5× loading buffer, boiled for 5 min, and ap-
plied to 12% SDS–polyacrylamide gel electrophoresis. The resultant 
gels were cut into small (1 mm by 1 mm) pieces and were transferred 

into tubes, followed by rinse with PBS three times and trypsin di-
gestion. Afterward, the obtained peptides were analyzed by the tim-
sTOF Pro mass spectrometer (Bruker). The localization of identified 
proteins was predicted using the CELLO subcellular structure pre-
diction software. In addition, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) annotation was performed using eggNOG-mapper 
tool version 5.0.

LY03-S-MVs were also applied to metabolite detection. The me-
tabolites of LY03-MVs were extracted using the cold MeOH method 
(63). Briefly, the MV samples were subjected to three rapid freeze-
thaw cycles and then cooled (−20°C) for 1 hour. After that, the sam-
ples were vortexed and centrifuged for 15 min at 13,000 rpm at 4°C, 
and the supernatant was retained for vacuum evaporation. Metabo-
lites were reconstituted in 100 μl of acetonitrile:water (1:1, v/v), and 
then the mixture was vortexed and centrifuged to remove insoluble 
material. Metabolite analysis was performed using the TripleTOF 
5600+ (AB Sciex) system, LC-MS/MS parameters were controlled 
by Analyst 1.7.1 software, and the final data were obtained by Muti-
quant 3.0.3 software.

Algicidal activity and spectrum determination of strains, 
MVs, and algicidal compounds
Bacterial cultures (LY03, QY03, and ΔTalD) and MVs were precul-
tured, collected, and then added to 1 ml of tested algal cultures (ta-
ble S3) at logarithmic phase. The growth of algal culture on 48-well 
plates was monitored by measuring chlorophyll autofluorescence at 
an excitation wavelength of 440 nm and an emission wavelength of 
680 nm using a Tecan Spark plate reader. Algal cultures in NA me-
dium or PBS were used as controls. The algicidal activity was calcu-
lated using the following equation

FT and F0 represent the fluorescence values of the algal cultures 
at different time points and at the beginning of the treatment period, 
respectively. All treatments were performed in triplicate.

To determine the algicidal activities of algicidal compounds, the 
growth of algae was monitored by counting the cell numbers using 
an automatic cell counter (Countstar IA1000, Shanghai Ruiyu Bio-
tech Co. Ltd., Shanghai, China) since the presence of a maximum 
absorption peak at 425 nm for algicidal compounds may affect the 
results detected by the Tecan Spark plate reader. The algicidal rates 
were also calculated on the basis of the above formula.

Parameter settings of fluorescence microscopy
Confocal microscopy observation in this study was conducted on a 
Leica TCS SP8 system with a 100× oil objective. The fluorescence 
signals of DAPI and R18 were collected at 360 to 460 and 562 to 630 
nm, respectively.

Zeiss Cell Discoverer 7 was used to track the interactions be-
tween algae and bacterial cells or their derived MVs. Images were 
acquired with the Zeiss Cell Discoverer 7 using a combination of 
three light-emitting diode modules with 488-, 555-, and 647-nm 
wavelengths. The following bandpass emission filters were used: 410 
to 546, 555 to 645, and 645 to 700 nm. A Plan-Apochromat 50×/1.2 
NA objective with a 2× tube lens was used for image acquisition. 
The Cell Discoverer chamber was set to 25°C, and then the mixed 
solutions of bacterial cells or MVs with algae were added to the 
24-well plates and imaged continuously for 2 to 5 hours. Compiled 

Algicidal rates (% ) =
F0 − FT

F0
× 100
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videos and images were processed using ZEISS ZEN software. 
Quantitative assessments of fluorescence in images were performed 
using FIJI software (National Institutes of Health).

Imaging of interactions of microalgae with eGFP-LY03 and 
LY03-MVs via fluorescence microscopy
The cellular membranes of H. akashiwo and T. pseudonana were 
stained with FM4-64 (10 μg/ml) for 2 to 6 hours at 25°C. eGFP-LY03 
was cultivated to stationary phase, and then cells were collected and 
washed three times with PBS, followed by incubation with labeled 
microalgae. Purified LY03-MVs were fluorescently labeled with the 
lipophilic dye DiO (MVs-DiO) by incubation with algal cells for 
1 hour at 37°C, according to the manufacturer’s manual (Beyotime). 
The free dye was removed from the labeled MVs by washing twice 
with PBS (150,000g, 1.5 hours) and incubated with labeled microalgae, 
which were observed by Zeiss Cell Discoverer 7.

Chemotaxis assays of LY03 toward algae cells
Quantitative capillary chemotaxis assay
LY03 cells were inoculated in NA broth to stationary phase and then 
washed and resuspended at an OD600 of 0.04 in f/2 medium. Subse-
quently, cell suspensions were kept at 4°C for 24 hours to reduce 
motility. After that, an empty capillary (10 cm long with an internal 
diameter of 0.22 mm) was inserted into the Eppendorf tube contain-
ing the algal cultures, and the solution was siphoned by the capillary 
completely. Then, capillaries with f/2 medium only (control group) 
or algal cultures were heat-sealed on one end, and the capillary was 
inserted into a barrel of a disposable syringe prefilled with 300-μl 
cell suspension and sealed on one end. After incubation at 30°C for 
2 hours, the capillaries were removed from the barrels and rinsed 
with f/2 medium, and 1 μl of the content was diluted 100 times. Last, 
100 μl of the diluent was spread on NA plates. After incubation for 
72 hours at 30°C, colonies were counted. All treatments were per-
formed in triplicate.
Drop assay
LY03 cells were cultured in NA broth to stationary phase. Then, the cells 
were washed three times and resuspended in f/2 medium for drop assay. 
F/2 agar medium containing 0.18% Noble agar (Sigma-Aldrich, USA) 
was heated until the agar melted and then cooled to 40°C, and bacterial 
cells were added to the medium at a final OD600 = 1. After the plates 
solidified, 10 μl of f/2 medium (CK) or microalgal cells (H. akashiwo 
and T. pseudonana) in f/2 medium were dropped in the center of the 
plates and incubated at 30°C. Chemotactic responses of LY03 to micro-
algae were observed for 2 days. Every treatment had three replicates.

Determination of algal cellular membrane permeability
To determine the cell membrane permeability of H. akashiwo, algal 
cells were treated with MVs for 0, 60, and 180 min. Samples were 
collected by centrifugation and stained with PI (5 μg/ml; Beyotime) 
for 5 min in the dark at room temperature. Fluorescence was ana-
lyzed on a flow cytometer (Quanteon/ACEA, USA) using 535-nm 
excitation and a 617-nm bandpass filter for detection. For each sam-
ple, approximately 10,000 cells were analyzed. Three parallel sam-
ples were analyzed for each treatment.

The observation of membrane fusion between MVs and 
targeted microalgae
The fusion of MVs with the cytoplasmic membranes of targeted micro-
algae (H. akashiwo, T. pseudonana, and P. tricornutum) was monitored 

by octadecyl rhodamine B chloride (R18, TCI). One hundred mi-
crograms of isolated MVs was labeled with R18 at a concentration 
of 80 μg/ml for 1 hour at room temperature. The unbound dye 
was removed by ultracentrifugation at 150,000g, and then the pel-
lets were resuspended in PBS. Afterward, the algae were collected 
and washed three times with PBS. Thirty micrograms of labeled 
MVs was applied to the algal cells resuspended in PBS for 2 hours, 
and the fluorescence was observed by confocal microscopy (Leica 
TCS SP8 system).

Determination of MV-mediated interkingdom iron delivery
To test whether MVs were involved in iron delivery to microalgae, 
the incubation experiment of targeted microalgae (H. akashiwo, 
T. pseudonana, and P. tricornutum) with MVs was conducted. The 
MVs were collected from LY03 cultures at the exponential and sta-
tionary phase (LY03-E-MVs and LY03-S-MVs). The MVs were also 
collected to incubate with FeCl3 solution (100 μM) to assess their 
capability of iron recruitment. Then iron-incubated LY03-E-MVs 
were added to the cultures of H. akashiwo, T. pseudonana, and 
P. tricornutum, when untreated and iron-incubated LY03-S-MVs 
were added to the cultures of P. tricornutum, at a final concentration 
of 30 μg/ml. The algal cultures were grown in f/2 medium without 
adding FeCl3 (iron-deficient f/2 medium, f/2-Fe), using MVs as the 
sole iron source. The untreated MVs were also incubated with algal 
cultures to assess the MV effect on algal growth. In addition, to ex-
plore whether the iron is surface attached on or encapsulated inside 
the MVs, the iron-incubated MVs were further treated with 50, 10, 
and 1 μM EDTA when 50 μM EDTA has been verified to be able to 
chelate 100 μM iron in iron-incubated MV samples and then added 
to the algal cultures. The growth of microalgal cells was monitored 
by a Tecan Spark plate reader and an automatic cell counter. Simul-
taneously, microalgal cells cultured in f/2-Fe and in f/2-Fe medium 
with ferric iron addition at final concentration of 100 μM (f/2-Fe + i 
medium) were used as the respective negative and positive controls. 
All experiments were performed in triplicate.

To further determine whether siderophore was involved in iron 
acquisition of LY03 and its MVs, the occurrence of siderophore was 
assayed based on a chrome azurol S (CAS) method (64). Briefly, 20 
μg of LY03 cells and LY03-MVs was collected at the exponential and 
stationary phase (LY03-S, LY03-E, LY03-E-MVs, and LY03-S-MVs) 
and suspended in 20 μl of PBS solution. The suspensions were then 
added to 20 μl of CAS assay solution (Coolaber, Beijing, China) in a 
96-well plate. Simultaneously, 20 μl of PBS was also mixed with equal 
volumes of CAS assay solution as the negative control. After 0.5-hour 
incubation at room temperature, the color of solutions was observed.

Observation of MV-mediated DNA delivery
MVs were labeled with DAPI (10 μg/ml) for 1 hour at room tempera-
ture. The unbound dye was removed by ultracentrifugation at 150,000g, 
and then the pellets were resuspended in PBS. Afterward, external DNA 
was removed using 2 U of DNase I (Thermo Fisher Scientific, CA, USA) 
at 30°C for 30 min and washed again. Then, the labeled DAPI-MVs were 
incubated with T. pseudonana and P. tricornutum for 24 hours at 25°C, 
washed three times with PBS, and applied to monitor the fluorescence 
signals by confocal microscopy.

Detection of plasmid DNA and partial genomic DNA in MVs
The MVs of eGFP-LY03 cultured in NA were collected and incu-
bated with 1 U of DNase I (Thermo Fisher Scientific) to digest DNA 
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attached to their surface. The reaction was performed in 300 μl at 
37°C for 2 hours. To validate the digestion efficiency of DNase I, 
equal amounts of MVs were lysed (frozen and thawed five times fol-
lowed by sonication for 30 s and then placed in ice for 30 s) before 
treated with DNase I. Simultaneously, the treatments of untreated 
and DNase-treated eGFP-pBBRMCS2 plasmid were also established. 
eGFP-LY03 was used as the positive control, and LY03 and LY03-
MVs were used as the negative controls. Then, MV-related plasmid 
DNA was detected by PCR using the primers listed in table S3.

To detect MV-related partial genomic DNA, MVs of LY03 and 
ΔTalD were extracted and treated with DNase I as described above. 
Then, PCR experiments were conducted using the primers listed in 
table S4 to detect the presence of representative genomic genes, in-
cluding 16S (phylogenetic biomarker), OmpA (outer membrane-
related gene), TalD (key gene of pigment biosynthesis), and betl 
(potential regulatory gene of pigment biosynthesis).

Statistical analysis
All data are presented as the mean ± SEM from at least three inde-
pendent experiments. Comparisons between two groups were per-
formed by unpaired t test. Statistical analyses were performed with 
GraphPad Prism software 9.0, and a statistical significance level of 
less than 0.05 was accepted.
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