










uptake through integrin-dependent phagocytosis was symbiont-
specific. To test whether inhibition of integrin binding
broadly affects microalgae uptake, we repeated peptide blocking
experiments in Aiptasia larvae using SSB01 symbionts and the

non-symbiotic microalgae Nannochloropsis oculata and Chromera
velia (Figs. 3L and EV2F–H). Here, SSB01 represents a true
Aiptasia symbiont, N. oculata represents a distantly related algae,
while C. velia is closely related to Symbiodiniaceae and has been

Figure 3. RGD-integrins facilitate symbiont uptake in symbiotic cnidaria.

(A) Aiptasia larvae with SSB01 symbionts (pink) treated with the control peptide DGR. Cyan= nuclei, yellow= actin. Scale bar= 20 µm. (B) SSB01 internalized by
Aiptasia larvae normalized to a no-peptide control. Aiptasia larvae were exposed to control peptide DGR, integrin ligand RGD, or integrin ligand LDV for 30 min, then
exposed to symbionts (B. minutum, SSB01) for 24 h. n= 3. (C) Aiptasia larvae with an internalized inert bead (pink) coated with RGD. Cyan= nuclei, yellow= actin.
Scale bar= 20 µm. (D) Number of peptide-coated beads taken up by Aiptasia larvae. Beads were coated with either control peptide DGR or integrin ligand RGD, then
incubated with Aiptasia larvae for 24 h. n= 4. (E) Acropora digitifera larvae with internalized SSB01 symbionts (pink). Scale bar= 100 µm. (F) SSB01 per A. digitifera
larvae after a 24 h incubation and exposure to either the control peptide DGR or integrin ligand RGD (1000 µM peptide). n= 5. (G) A. digitifera larvae with
internalized inert beads (pink) after 24 h of exposure. Scale bar= 100 µm. (H) Control peptide DGR or integrin ligand RGD-coated beads per A. digitifera larvae after
24 h exposure. n= 6 (I) Non-symbiotic Nematostella vectensis polyp with SSB01 (pink). Cyan= nuclei, yellow= actin. Scale bar= 100 µm. (J) Time course of
microalgae uptake in N. vectensis polyps upon SSB01, N. oculata and C. velia exposure. n= 4. (K) SSB01 per N. vectensis polyp after a 24 h incubation and exposure to
either the control peptide DGR or integrin ligand RGD. n= 4. (L) Algae per Aiptasia larvae as a ratio of RGD- to DGR-treated (1000 µM peptide). Less than 1
indicates RGD decreases algae per larvae compared to the DGR control. n= 4. For all plots, whiskers depict mean ± SEM. For (B, J–L), significance was found via
ANOVA. For (D, F, H), statistical significance was found via paired t test. The number of biological replicates is stated for each quantification. Source data are
available online for this figure.
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found to be associated, but not necessarily symbiotic, with corals
(Mohamed et al, 2018; Cumbo et al, 2013). We found that SSB01
uptake was reduced after RGD exposure compared to the control
DGR-peptide (Figs. 3L and EV2H). In contrast, we did not observe
a significant reduction in the uptake of N. oculata or C. velia
when larvae were treated with the inhibitory RGD peptide.
These results indicate that integrin-dependent phagocytosis is
symbiont-specific. Interestingly, blocking with RGD peptides
only reduced SSB01 uptake/retention by ~50%. Likewise, RGD-
coating of beads enhances uptake by ~50%, but a baseline
uptake for other types of particles remains (Fig. 3D). This is
consistent with a complex uptake mechanism involving multiple
receptors, including glycan–lectin, as well as scavenging receptor
interactions and a post-phagocytotic sorting mechanism during
early symbiosis establishment (Wood-Charlson et al, 2006;
Neubauer et al, 2016; Jacobovitz et al, 2021; Bay et al, 2011).
However, the sequence of events and exact molecules involved
remain to be elucidated.

Integrin overexpression increases SSB01 uptake
in HEK293T cells

To further establish whether RGD-binding integrins are involved in
symbiont phagocytosis, we quantified SSB01 uptake in human embryonic
kidney (HEK) 293T cells that overexpressed the mammalian RGD-
binding integrin dimer αVβ3 (Dupuy and Caron, 2008; Horton, 1997;
Torres-Gomez et al, 2020). To assess localization and co-expression of the
two subunits, each subunit was tagged with one half of a split-YFP, which
led to a robust signal at cell membranes, indicative of correct localization
and complex formation (Fig. 4A). We found that overexpression of the
mammalian RGD-binding integrins significantly increased the proportion
of HEK cells that phagocytosed SSB01 compared toGFP-CaaX-expressing
control cells, which allows for localization of GFP to the membrane
(Fig. 4B,D). Notably, some intracellular SSB01 displayed a halo of YFP
fluorescence, which indicates the integrin dimers decorated the
phagolysosome membrane (Fig. 4A, inset). Taken together, SSB01 uptake
in HEK cells is significantly enhanced by overexpression of RGD-binding
integrins.

Integrins bind ligands in a pocket created between the alpha and
beta subunits. The conserved cation-binding sites, Metal Ion-
dependent Adhesion Site (MIDAS), Adjacent to MIDAS (AMI-
DAS), and Ligand-associated Metal-binding Site (LIMBS) in the
beta-subunit play an important role in binding efficiency (Fig. EV3)
(Emsley et al, 2000; Shimaoka et al, 2003; Valdramidou et al, 2008;
Vorup-Jensen et al, 2003). Mutations in aspartic acid residues D119
and D217 (numeration according to processed human integrin beta
3) have been shown to decrease collagen binding, with collagen
being the prototypic RGD-containing protein (Valdramidou et al,
2008). Thus, we generated a double mutant version (D119A,
D217A) of the mammalian integrin β3 and used it in the previously
described assay (Fig. EV3). Overexpression of the integrin β3
mutant, together with integrin αV, showed no difference in the
integrin expression pattern (Fig. 4C); however, it resulted in a
significantly lower fraction of HEK cells that phagocytosed SSB01
compared to the wild-type integrin dimer (Fig. 4D). These data
suggest that integrins recognize a potential RGD-containing
protein on the surface of SSB01 to enhance its uptake, a mechanism
which is even conserved in human integrins.

To investigate whether RGD-binding integrins specifically
facilitate the uptake of Aiptasia symbionts, we compared the
uptake of SSB01, N. oculata, and C. velia in HEK cells after integrin
overexpression (Fig. 4D). We found that SSB01 were taken up
significantly more frequently than both N. oculata and C. velia in
cells where RGD-binding integrins were overexpressed. Expression
of the mutated integrin dimer led to particle uptake similar to the
range of uptake in the GFP-CaaX-expressing control cells for all
algae (Fig. 4D). Although integrin overexpression did significantly
increase the number of cells that phagocytosed C. velia when
compared to controls, the proportion is still much lower than that
of cells containing SSB01 upon integrin overexpression (Fig. 4D).
To determine whether the integrin dimer αVβ3 preferentially
allows for uptake in an RGD-dependent manner, we coated beads
with either RGD or DGR and compared bead uptake in cells
overexpressing αVβ3 integrins to GFP-CaaX-expressing cells.
RGD-coated beads were taken up by integrin-overexpressing cells
approximately ten times more efficiently than DGR-coated beads or
by cells in which integrins were not overexpressed (Fig. EV4). This
tenfold increase in uptake mirrors the approximate tenfold increase
in SSB01 uptake upon integrin overexpression. Our observations
indicate that (1) integrin overexpression enhances SSB01-specific
uptake and that (2) mutations in RGD-binding sites negatively
impact SSB01 uptake, which strongly implicates RGD-binding
integrins in successful symbiont phagocytosis and symbiosis
establishment.

Together, integrin-dependent uptake appears to add specificity,
as overexpression of integrins significantly increased the phagocy-
tosis of SSB01 symbionts but not non-symbiotic algae. In addition,
blocking with RGD peptides only affects symbiont uptake, and
does not play a role in the uptake of non-symbiotic algae or in a
non-symbiotic host (N. vectensis). Similarly, blocking certain
glycan/lectin interactions reduces symbiont colonization, but has
little effect on incompatible symbionts (Tortorelli et al, 2021).
Being able to distinguish between beneficial and potentially
parasitic or ineffective partnerships is a critical step in establishing
a symbiotic relationship. Our data suggest integrin–ligand inter-
actions to be a potential mechanism to facilitate the uptake of
beneficial symbionts. However, non-symbiotic algae are still
phagocytosed and establish a transient relationship inside
host cells until finally being expelled (Jacobovitz et al, 2021).
Therefore, it is unclear whether integrins play a role at the cell
surface in the detection of symbionts and facilitation of uptake,
or if integrins within the phagocytic vesicle signal to the host
whether to expel or incorporate the algae. It is possible that
integrins play a role in both steps of symbiosis establishment,
uptake and post-phagocytic processing, which is an area of
potential future research. In addition, the exact integrin dimer
and symbiont cell-surface ligand involved in the selection of
symbionts is unknown. It is also possible that the host secretes
components that bind to symbiont cell wall ligands that are in
conjunction recognized by host integrins to facilitate uptake and
add an additional layer of specificity into the selection process of
beneficial partners, as similar processes have been seen with
glycan/lectin interactions in Xenia soft corals (Hu et al, 2023).
Further examination is required to identify integrin ligand pairs,
which would be beneficial in the quest to generate optimal
host–symbiont pairings.
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Methods

Reagents and tools table

Reagent/resource Reference or source
Identifier or catalog
number

Experimental models

Breviolum minutum
(SSB01)

Xiang et al, 2013 NA

Reagent/resource Reference or source
Identifier or catalog
number

Microchloropsis gaditana National Center for Marine
Algae and Microbiota,
Bigelow Laboratory for
Ocean Sciences

CCMP526

Nannochloropsis oculata Norwegian Culture
Collection of Algae K-1276;
Norwegian Institute for
Water Research

Figure 4. Integrin overexpression increases SSB01 uptake in HEK293T cells.

(A) HEK cells transfected with expression plasmids encoding mammalian integrin αV and β3 (each with halves of a split YFP and upon heterodimer formation fluoresce
(yellow)) and exposed to SSB01 (pink). The inset shows integrins localized to the phagolysosome membrane. (B) HEK cells transfected with control plasmid encoding GFP-
CaaX (yellow) exposed to SSB01 (pink). (C) HEK cells transfected with expression plasmids encoding mammalian αVβ3 integrins with the binding site mutated (D119A, D217A)
(each with halves of a split YFP and upon heterodimer formation fluoresce (yellow)) and exposed to SSB01 (pink). Scale bars for (A–C)= 50 µm. (D) Percentage of HEK cells
transfected with either αVβ3 integrins, αVβ3 integrins with the binding site mutated (D119A, D217A), or GFP-CaaX as a control that phagocytosed SSB01,N. oculata, and C. velia.
For each condition, three biological replicates were used.Whiskers depict the mean ± SEM. Statistical significance was found via ANOVA followed by Tukey. For all images and
plots protein expression was carried out for 48 h prior to a 90 min exposure to the respective algae. Source data are available online for this figure.
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Reagent/resource Reference or source
Identifier or catalog
number

Chromera velia Norwegian Culture
Collection of Algae K-1276;
Norwegian Institute for
Water Research

Exaiptasia diaphana
(F003 & CC7)

Carolina Biological Supply
Company

162865

Nematostella vectensis

Acropora digitifera

HEK293T cells American Type Culture
Collection

CRL-3216

Recombinant DNA

Plasmids for (F)ISH and
HEK cell experiments

This study Table EV1

Oligonucleotides and other sequence-based reagents

Primers for cloning This study Table EV2

Chemicals, enzymes, and other reagents

Daigo’s IMK medium Wako Pure Chemical
Corporation

398-01333

PRO reef seasalt Tropic Marin 00005945

Artemia cysts Ocean nutrition 4727

GibcoTM Dulbecco’s
Modified Eagle’s Medium

ThermoFisher Scientific 41966-029

GibcoTM Fetal Bovine
Serum

ThermoFisher Scientific 10500-064

GibcoTM 10,000 U/mL
penicillin-streptomycin

ThermoFisher Scientific 15140-122

GibcoTM Trypsin-EDTA ThermoFisher Scientific 25200-056

COMPEL™ Magnetic
beads with COOH
modification (excitation
480 nm, emission
520 nm)

Bangs Laboratories UMDG003

COMPEL™ Magnetic
beads with COOH
modification (excitation
360 nm, emission
450 nm)

Bangs Laboratories UMGB003

MES buffer Sigma-Aldrich M8250

ED(A)C (50mg/mL, N-
(3-
Dimethylaminopropyl)-N
′-ethylcarbodiimid
-hydrochlorid)

Sigma-Aldrich E6383

Sulfo-NHS (50mg/mL,
sulfo-N-
hydroxysuccinimide)

Abcam Ab14569

NH2-PEG8-Propionic
acid

Sigma-Aldrich JKA12005

Tris (50mM, pH 7.5) Carl Roth 4855.2

SDGRG (H-Ser-Asp-Gly-
Arg-Gly-OH)

Bachem 4015321

GRGDS (H-Gly-Arg-Gly-
Asp-Ser-OH)

Bachem 4008998

EILV (FibronectinCS-1
Fragment

Bachem 4026203

Bovine serum albumin
(BSA)

Sigma-Aldrich A7906

magnesium chloride
hexahydrate (MgCl2-6
H2O)

Labochem LC-5041.4

Formaldehyde Sigma-Aldrich F1635

Reagent/resource Reference or source
Identifier or catalog
number

Triton X-100 Carl Roth 3051

Glycerol Sigma-Aldrich G5516

1,4-diazabicyclo[2.2.2]
octane

DABCO; Sigma-Aldrich D27802

Non-toxic double-sided
tape

Tesa TES5338

Tween-20 Sigma-Aldrich P7949

DMSO ThermoFisher Scientific 67-68-5

Phalloidin-Atto 565 Sigma-Aldrich 94072

Hoescht 33258 Sigma-Aldrich B2883

Sodium Azide Sigma-Aldrich S2002

TRIzol Ambion® by Life
Technologies;
ThermoFisher Scientific

15596018

Chloroform Honeywell 132950

RNeasy Mini Kit columns Qiagen 74104

SuperScript® IV Reverse
Transcriptase

InvitrogenTM;
ThermoFisher ScientificTM

18090010

5 U/μL E. coli RNase H New England Biolabs Inc. MO2975

Q5® High-Fidelity DNA
Polymerase

New England Biolabs Inc. M0491

GeneJET PCR Purification
Kit

ThermoFisher Scientific K0692

T4 DNA ligase New England Biolabs Inc. M0202S

TOP10 chemically
competent E. coli

ThermoFisher Scientific C404010

NEBuilder® HiFi DNA
Assembly Cloning Kit

New England Biolabs Inc. E5520S

DH5-alpha E. coli ThermoFisher Scientific 18265017

EnduraTM DUOs bacteria Lucigen; BiosearchTM
Technologies

60240-0

T4 DNA ligase buffer New England Biolabs Inc. B0202S

T4 Polynucleotide Kinase New England Biolabs Inc. M0201S

DpnI New England Biolabs Inc. R0176L

poly-L-lysin Sigma-Aldrich P8920

AscI New England Biolabs Inc. R0558S

PacI New England Biolabs Inc. R0547S

Roche DIG RNA Labeling
Kit

Roche 11175025910

phenol/chloroform/
isoamyl alcohol

Carl Roth A156.1

Sodium Acetate Carl Roth X891.1

Isopropanol Carl Roth CP41.3

Methanol Carl Roth X948.1

Hydrogen peroxide Merck 1072090250

Proteinase K ThermoFisher Scientific EO0492

Glycine Carl Roth 0079.3

Triethanolamine Sigma-Aldrich T9534-100G

Acetic anhydride Sigma-Aldrich 242845

PFA, paraformaldehyde Carl Roth 0335.1

Formamide Carl Roth P040.2

Trisodium citrate Carl Roth HN12.2

Sodium chloride Thermo Fish Scientific S/3161/60
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Reagent/resource Reference or source
Identifier or catalog
number

Heparin Serva 11761338

Salmon sperm DNA Invitrogen 15632-011

blocking buffer (Blocking
solution, Roche in Maleic
acid buffer)

Roche 11096176001

anti-Dig alkaline
phosphatase

Roche 11093274910

anti-Dig horseradish
peroxidase

Roche 11207733910

NBT/BCIP Roche 11681451001

Tris Carl Roth 2449.2

TSA Plus Fluorescein kit Perkin Elmer 16473824

DABCO Carl Roth 0718.1

Software

Leica LAS X Version 2.1.0

Fiji Version1.53c

Excel Microsoft 16.16.6

Geneious 10.2.6

IQ-TREE 1.6.12

FigTree http://tree.bio.ed.ac.uk/
software/figtree/

BBTools https://sourceforge.net/
projects/bbmap

39.15

R 4.4.3

DESeq2 https://doi.org/10.1186/
s13059-014-0550-8

Prism GraphPad Software, LLC Version 9.1.1

Other

Apogee PAR Quantum
meter

Apogee MQ-200

Polycarbonate tanks Cambro, Huntington Beach,
CA, USA

GN 1/4 - 100 cm (#
44 CW) and 1/9 -
65 cm (#92 CW)

Intellus Ultra Controller
Incubators

Percival I-36LL4LX

Cell culture flasks Cellstar®; Greiner Bio-One 658195

HERAcellTM 150i cell
incubator

ThermoFisher Scientific 50116047

Leica TCS SP8 confocal
microscope

Leica

Methods and protocols

Live organism and cell culture
Microalgae maintenance. Breviolum minutum clade B (family
Symbiodiniaceae, strain SSB01; homologous Aiptasia symbiont)
(Xiang et al, 2013), Microchloropsis gaditana CCMP526 (National
Center for Marine Algae and Microbiota, Bigelow Laboratory for
Ocean Sciences), Nannochloropsis oculata, and Chromera velia
(Norwegian Culture Collection of Algae K-1276; Norwegian Institute
for Water Research) were grown in cell culture flasks in 0.22-μm
filter-sterilized Diago’s IMK medium (Wako Pure Chemical
Corporation). B. minutum, N. oculata, and C. velia were cultured
at 26 °C, whereas M. gaditana was maintained at 18 °C. In all,
1–2 weeks prior to experiments, all microalgae cultures (including

M. gaditana) were split and kept at 26 °C on a 12 h light/12 h dark
cycle under ~20–25 μmol m−2 s−1 of photosynthetically active radia-
tion (PAR), as measured with an Apogee PAR Quantum meter (MQ-
200; Apogee).

Aiptasia stock culture conditions. Clonal Aiptasia (Exaiptasia
diaphana) lines F003 and CC7 (Carolina Biological Supply
Company; 162865) were maintained in translucent polycarbonate
tanks (GN 1/4 - 100 cm (# 44 CW) and 1/9 - 65 cm (#92 CW);
Cambro, Huntington Beach, CA, USA) filled with artificial seawater
(ASW; PRO-REEF Sea Salt, Tropic Marin®) at 31–34‰ salinity.
Aiptasia stocks were kept in Intellus Ultra Controller Incubators (I-
36LL4LX; Percival, Perry, USA) at 26 °C on a diurnal 12 h light:12 h
dark cycle (12L:12D) under white fluorescent bulbs with an intensity
of ~20–25 μmol m−2 s−1 of PAR and ~4000 K light temperature.
Animals were fed twice per week using freshly hatched Artemia
nauplii (Ocean NutritionTM) and cleaned 3 h later with cotton-tip
swabs and tissue paper, followed by a water change.

Aiptasia spawning and larval culture conditions. Spawning of
Aiptasia clonal lines F003 and CC7 was induced as described
previously (Grawunder et al, 2015). Developing Aiptasia larvae were
maintained in glass beakers in filter-sterilized artificial seawater
(FASW) at 26 °C and exposed to a 12 L:12D cycle and ~4000 K light
temperature.

Nematostella stock culture conditions. Nematostella vectensis
stocks were cultured in polycarbonate tanks filled with 1/3 ASW at
11.0–11.5‰ salinity. Tanks were kept in darkness at 18 °C, and
animals were fed once to twice per week with freshly hatched
Artemia nauplii. N. vectensis were transferred into clean tanks filled
with fresh 1/3 ASW (18 °C) once a week.

N. vectensis spawning and larval culture conditions. Spawning was
induced as previously described (Fritzenwanker and Technau, 2002;
Stefanik et al, 2013), with the following adaptations: Female and
male tanks were rotated to spawn every 2–3 weeks. The day before
spawning, animals were transferred to clean tanks with fresh 1/3
ASW (18 °C) and incubated for 8 h at 26 °C under white fluorescent
bulbs with an intensity of ~20–25 μmol m−2 s−1 and ~4000 K light
temperature. The water was replaced with fresh 1/3 ASW (18 °C) the
next day and tanks were monitored for spawning for 2–3 h. Egg
packages were transferred into petri dishes and fertilized with sperm
water. Developing larvae were kept at 18 °C or 26 °C and filtered into
fresh 1/3 FASW after escaping the jelly coat.

Acropora digitifera spawning. Colonies of the coral Acropora
digitifera were collected off Sesoko Island (26 °37’41”N, 127 °51’38”E,
Okinawa, Japan) according to Okinawa Prefecture permits and CITES
export and import permits. They were handled as previously described
(Wolfowicz et al, 2016) at the Sesoko Tropical Biosphere Research
Center (University of Ryukyus, Okinawa, Japan). Isolated Acropora
colonies were kept until spawning, and spawned symbiont-free gametes
were mixed for fertilization. Planula larvae were then maintained at
around 1000 larvae/L in filtered natural seawater, which was
exchanged daily.

HEK293T cell culture conditions. Adherent HEK293T cells (Amer-
ican Type Culture Collection, VA, USA) were cultured in GibcoTM
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Dulbecco’s Modified Eagle’s Medium (DMEM; 41966-029; Thermo-
Fisher ScientificTM) supplemented with 10% (vol/vol) heat-
inactivated GibcoTM Fetal Bovine Serum (FBS; 10500-064; Thermo-
Fisher ScientificTM) and 1% (vol/vol) GibcoTM 10,000 U/mL
penicillin-streptomycin (15140-122; ThermoFisher ScientificTM).
Cells were grown in cell culture flasks (658195, Cellstar®; Greiner
Bio-One) at 37 °C with 5% CO2 in a HERAcellTM 150i cell incubator
(50116047; ThermoFisher ScientificTM) and passaged two to three
times a week using 0.25% GibcoTM Trypsin-EDTA (25200-056;
ThermoFisher ScientificTM).

Uptake assays
Bead coating. COMPEL™ Magnetic beads with COOH modifica-
tion (Bangs Laboratories, UMDG003 (Fig. 3D,F,H), UMGB003
(Fig. EV4)) were coated with peptides and used for infections.
Around 11 million Beads were washed three times in 400 µL MES
buffer (0.05 M, pH 5, Sigma-Aldrich, M8250) and resuspended in
320 µL MES buffer. Next, 40 µL each of ED(A)C (50 mg/mL, N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimid-hydrochlorid, Sigma-
Aldrich, E6383) and Sulfo-NHS (50 mg/mL, sulfo-N-hydroxysucci-
nimide, Abcam, ab14569) were added and incubated with rotation at
room temperature (RT) for 15 min, after which they were washed
three times in 400 µL ice-cold MES buffer and resuspended in 390 µL
ice-cold phosphate-buffered saline (PBS, pH 7.2). A linker was then
added to the beads through the incubation with 10 µL of 100 mM
NH2-PEG8-Propionic acid (Sigma-Aldrich, JKA12005) for 2 h at RT
with rotation. After this, the beads were washed and incubated in
400 µL Tris (50 mM, pH 7.5, Carl Roth, 4855.2) for 15 min, and then
washed three times in 400 µL MES buffer. At this stage beads can be
stored before coupling to peptides. In all, 0.5 million beads were used
for coupling and resuspended in 160 µL MES buffer. 20 µL each of
ED(A)C and Sulfo-NHS (50 mg/ml each) were added and incubated
at RT with rotation for 15 min, followed by three washes in MES
buffer. Beads were resuspended in 99 µL PBS (pH 7.2) and 1 µL
100 mM of peptide, SDGRG (H-Ser-Asp-Gly-Arg-Gly-OH, Bachem,
4015321), GRGDS (H-Gly-Arg-Gly-Asp-Ser-OH, Bachem, 4008998)
or EILV (FibronectinCS-1 Fragment, Bachem, 4026203) was added
and incubated with rotation at RT for 2 h. Beads were then incubated
at RT with rotation for 15 min in Tris (50 mM, pH 7.5), before three
final washes in MES buffer and resuspension in FASW.

Exposure of Aiptasia larvae, A. digitifera larvae and N. vectensis to
beads/algae. At least three replicates of Aiptasia larvae (4–8 dpf), A.
digitifera larvae (3–6 dpf) or N. vectensis early tentacle bud stages
(4–6 dpf) were collected in 1.5-mL bovine serum albumin-coated
(BSA; A7906; Sigma-Aldrich) tubes. Where indicated 500 μL
SDGRG, GRGDS, or EILDV peptide (stocks: 100 mM) solutions
were prepared in FASW (Aiptasia) or 1/3 FASW (N. vectensis) at
indicated concentrations. 50N. vectensis tentacle buds or 300–500
Aiptasia larvae in 500 µL 1/3 FASW or FASW, respectively, were
transferred to each peptide solution using 1% BSA-coated pipette
tips and incubated for 30 min at 26 °C, when treated with peptides,
otherwise this step was omitted. Exposure to algae or beads were
performed at a final concentration of 5 × 104 cells/mL (Aiptasia/A.
digitifera) or 1 × 105 cells/mL (N. vectensis) and incubated at 26 °C
with rotation (1 rpm) and exposed to a 12 L:12D cycle for 24 h. Prior
to fixation, N. vectensis polyps were relaxed in 344 mM magnesium
chloride (LC-5041.4; Labochem® International) in 1/3 FASW for
10 min and transferred into 1% BSA-coated tubes.

Staining and mounting. Samples were fixed in 4% formaldehyde
solution (F1635; Sigma-Aldrich) for 30 min and then washed twice
in 0.1% Triton X-100 in phosphate-buffered saline (PBS-Triton)
(3051; Carl Roth). They were either stained for F-actin and DNA (see
below) or directly washed stepwise into glycerol from 30 to 50% and
finally mounted in 87% glycerol (G5516; Sigma-Aldrich) in PBS with
the addition of 2.5 mg/mL 1,4-diazabicyclo[2.2.2]octane (DABCO;
D27802; Sigma-Aldrich). A lash sword was used to position the
polyps along their lateral axis on the microscopy slide. Non-toxic
double-sided tape (TES5338; tesa®) was used as a spacer between the
microscopy slide and the coverslip. For staining, fixed Aiptasia larvae
or N. vectensis polyps were washed 3 times in 0.05% Tween-20
(P7949; Sigma-Aldrich) in PBS (PBS-T) for 5 min. For permeabiliza-
tion, samples were rotated at 0.25 rpm in 1% PBS-Triton and 20%
dimethyl sulfoxide (DMSO; 67-68-5; ThermoFisher ScientificTM) for
1 h at RT. After 3 washes in PBS-T for 10 min, larvae or polyps were
incubated in Phalloidin-Atto 565 (94072; Sigma-Aldrich) diluted
1:200 in PBS-T for 1 h at 0.25 rpm in the dark. Samples were washed
3 times in PBS-T for 5 min before incubation with 10 μg/mL Hoechst
33258 (B2883; Sigma-Aldrich) diluted in Tris-buffered saline (pH
7.4), 0.1% Triton X-100, 2% BSA, and 0.1% sodium azide (S2002;
Sigma-Aldrich) for 20–30 min at 0.25 rpm and RT in the dark.
Larvae or polyps were washed three times for 5 min with PBS-T and
then mounted as described above.

Microscopic analysis. Confocal microscopic analysis was carried out
on a Leica TCS SP8 confocal laser scanning microscope using a ×10
dry immersion objective (numerical aperture = 0.30) or a ×63 glycerol
immersion objective (numerical aperture = 1.30), Leica LAS X and Fiji
software (version 2.1.0/1.53c) (Schindelin et al, 2012). Hoechst, Atto-
565, and microalgae autofluorescence were excited with 405, 561, and
633 nm laser lines, respectively. Fluorescence emission was detected at
410–501 nm for Hoechst, 542–641 nm for Phalloidin-Atto 565, and
645–741 nm for symbiont autofluorescence.

Quantification of infection efficiency. The number of intracellular
algae or particles was counted for at least 30 Aiptasia larvae, 20 A.
digitifera larvae or 30 N. vectensis polyps per replicate per microalgal
or particle type, and data recording was documented in Microsoft
Excel version 16.16.6.

Molecular cloning
RNA isolation/cDNA synthesis. In all, 1–2 CC7 polyps or 5000
aposymbiotic Aiptasia larvae (5–8 dpf) were homogenized until
dissolved using 1mL TRIzol® (15596018; ambion® by Life Technol-
ogies; ThermoFisher ScientificTM) and a tissue homogenizer (Mini-
Batch D-1; MICCRA). After samples were incubated at RT for 5 min,
200 µL Chloroform (132950; Honeywell) was added, and the samples
were incubated for 3 min at RT before centrifugation
(10,000–12,000 × g, 15 min, 4 °C). The supernatant was transferred
into a fresh RNase-free 1.5-mL Eppendorf tube, and one volume of
70% ethanol was added. RNA was applied to RNeasy Mini Kit
columns (Qiagen, 74104) and purified according to the manufacturer’s
instructions. cDNA was transcribed using the SuperScript® IV Reverse
Transcriptase (InvitrogenTM, 18090010; ThermoFisher ScientificTM)
following the manufacturer’s instructions. Complementary RNA was
removed by adding 0.5 μL of 5 U/μL E. coli RNase H (MO2975; New
England Biolabs Inc. (NEB)), followed by incubation for 20min
at 37 °C.
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Restriction cloning. For cloning of plasmid P-0251, the insert was
PCR-amplified from cDNA using Q5® High-Fidelity DNA Poly-
merase (M0491; NEB) with the primers and template defined in
Table EV2. After column- or gel-purification using the GeneJET
PCR Purification Kit (ThermoFisher ScientificTM) according to
manufacturer’s manual, PCR product and vector (Tables EV1 an-
d EV2) were digested using enzymes indicated in Table EV2,
according to the manufacturer’s instructions (New England
Biolabs), ligated using T4 DNA ligase (NEB) according to the
manufacturer’s instructions and transformed to TOP10 chemically
competent E. coli (ThermoFisher ScientificTM) according to the
manufacturer’s instructions. The insert sequence was checked by
sequencing.

NEBuilder® HiFi DNA Assembly. For cloning of plasmids P-0299
and P-0300, fragments were amplified with primers from cDNA or
plasmid templates as indicated in Table EV2, using Q5® High-
Fidelity DNA Polymerase, per the manufacturer’s instructions. After
column- or gel-purification of inserts using the GeneJET PCR
Purification Kit (ThermoFisher ScientificTM) according to the
manufacturer’s manual, cloning vectors (Table EV1) were digested
using enzymes indicated in Table EV2, according to the manufac-
turer’s instructions (NEB). Template plasmids were removed by gel
extraction using the GeneJET PCR Purification Kit. Vector and
insert concentrations were determined by 1% agarose gel electro-
phoresis, and constructs were assembled using the NEBuilder® HiFi
DNA Assembly Cloning Kit (E5520S; NEB) using a 1:2 vector:insert
dsDNA pmols ratio following the manufacturer’s instructions.
Samples were diluted 1:4–1:3 prior to transformation of 2.5 μL into
chemically competent DH5-alpha E. coli (18265017; ThermoFisher
ScientificTM) or EnduraTM DUOs bacteria (60240-0; Lucigen;
BiosearchTM Technologies). The insert sequence was checked by
sequencing.

Site-directed mutagenesis. For cloning of plasmids P-302 and P-
0303, primers with mismatches (underlined in Table EV2) were used
to amplify the original plasmid (Table EV1) using the Q5® High-
Fidelity DNA Polymerase, per the manufacturer’s instructions.
Similar to site-directed mutagenesis kits, 1 µL of PCR product was
used in a reaction mix containing, 1 µL of T4 DNA ligase buffer
(B0202S; NEB), 1 µL T4 Polynucleotide Kinase (M0201S; NEB), 1 µL
T4 ligase (M0202S; NEB), 1 µL DpnI (R0176L; NEB), and 5 µL H2O,
and incubated for 1 h at 37 °C. Half the reaction mix was
transformed into chemically competent DH5-alpha E. coli.

HEK293T cell infection assays
Mammalian αVβ3 plasmid constructs. If not stated otherwise,
155 fmol human integrin subunit αV fused to the C-terminal part of
a split-YFP (P-0299), and 167 fmol mouse integrin subunit β3 (P-
0300) fused to the N-terminal part of a split-YFP were used to
overexpress the integrin dimer αVβ3 in human HEK293T cells. In
total, 80 fmol GFP-CaaX (pEGFP-f, AGP57; Clontech; obtained from
Ary Shalizi, Stanford University, P-0273) together with (empty)
282 fmol pCS2+ plasmid constructs (P-0301, gift from Sergio
Acebron, Heidelberg University) were transfected as a negative
control. As a non-functional control, the beta 3 subunit was mutated
by changing aspartic acid D119 and D217 to alanine (P-0303, based
on (Valdramidou et al, 2008)), and overexpressed (167 fmol)
together with the alpha subunit as indicated above.

Calcium phosphate transfection. HEK293T cells (0.75 × 105 cells/
well) in DMEM were grown in 12-well plates (665102; Cellstar®;
Greiner Bio-One) on sterile poly-L-lysin (0.01%, P8920; Sigma-
Aldrich) coated coverslips overnight at 37 °C with 5% CO2.
Appropriate amounts of plasmid DNA constructs (see above) and
7.5 μL 2.5 M CaCl2, were added to water to a final volume of 75 µL.
An equal volume of 2× HeBS buffer (pH 7.05) was added dropwise,
and the mix was incubated for 10 min at RT. The transfection mix
was added, and cells were incubated at 37 °C with 5% CO2 for 5–7 h
before gently washing twice with 1× dPBS and subsequently adding
fresh DMEM. Cells were incubated for 48 h prior to infection.

Uptake in HEK293T cells. HEK293T cells were infected using
symbionts, N. oculata, or C. velia 48 h post-transfection. In all, 1–2-
week-old algae cultures in IMK medium were pelleted for 5 min at
2000 × g and resuspended in DMEM at a final concentration of
3 × 105 cells/mL (if not stated otherwise). Prior to exposure to algae
or beads, transfected HEK293T cells were washed once with pre-
warmed 1× dPBS, before adding 1 mL of algae/beads suspension in
each well. After incubation for 1.5 h at 37 °C with 5% CO2, cells were
washed once with pre-warmed 1× dPBS. HEK293T cells were fixed
using 4% FA in 1× dPBS at RT for 30 min, washed with dPBS, and
mounted on microscopy slides in 100% glycerol. Algal/bead uptake
was compared in a minimum of three independent biological
replicates.

Quantification of HEK293T cell infection efficiency. The total
number of transfected HEK293T cells and transfected cells with
intracellular algae was counted in Z-stacks (size 20–40 μm) of six
randomly chosen fields of view per sample. Confocal microscopic
analysis was carried out on a Leica TCS SP8 confocal laser scanning
microscope using a ×63 glycerol immersion objective (numerical
aperture = 1.30), Leica LAS X and Fiji software (version 2.1.0/1.53c)
(Schindelin et al, 2012). eGFP, YFP, and algae autofluorescence were
excited using 488, 514, and 633 nm laser lines, respectively.
Fluorescence emission was detected at 493–570 nm for eGFP, 519–
590 nm for YFP, and 645–741 nm for microalgae autofluorescence.

(Fluorescent) in situ hybridization
Probe generation. The plasmid for probe-generation (Table EV1)
was designed as described in the molecular cloning section.
Digoxygenin-labeled probes were generated after linearization with
either AscI (R0558S: NEB) or PacI (R0547S: NEB); dependent on
final orientation of the probe, using DIG RNA Labeling Kit
(11175025910: Roche). In short, 1 µg linearized plasmid was
incubated with transcription buffer, NTP labeling mixture, RNase
inhibitor, T7 or SP6 polymerase for 2 h at 37 °C, before adding
DNaseI for an additional incubation of 20 min. RNA was extracted
using phenol/chloroform/isoamyl alcohol (25:24:1) (A156.1: Carl
Roth), and precipitated using 3M sodium acetate (X891.1: Carl
Roth) and isopropanol (CP41.3: Carl Roth).

In situ hybridization. For in situ hybridization, Aiptasia larvae
(3–8 dpf) were fixed in 3.7% PFA in FASW for 1 h, washed 3 times
in PBS-Triton with 1% BSA, followed by three washes in 100%
methanol (X948.1: Carl Roth). Larvae were then incubated in 90%
methanol and 3% hydrogen peroxide (1072090250: Merck) in
water for 30 min at RT, followed by rehydration through 60%
methanol and 40% of 0.1% Tween-20 in PBS (PBS-T), 30%

EMBO reports Victor A S Jones et al

302 EMBO reports Volume 27 | January 2026 | 291 – 310 © The Author(s)



methanol and 70% PBS-T, and four washes in 100% PBS-T for
5 min each. Next, larvae were incubated in 0.01 mg/mL proteinase
K (E00492: ThermoFisher) in PBS-T for 8 min prior to two 3 min
washes in 2 mg/mL glycine in PBS-T. Larvae were washed with 1%
Triethanolamine (T9534: Sigma-Aldrich) in PBS-T, then with
0.3 µL/mL acetic anhydride (242845: Sigma-Aldrich) in 1%
triethanolamine in PBS-T for 10 s, then with 0.6 µL/mL acetic
anhydride in 1% triethanolamine in PBS-T for 10 s and then twice
in PBS-T, followed by a 30 min incubation in 4% PFA in PBS-T at
RT and five washes in PBS-T.
Next, larvae were incubated for 10 min in hyb buffer (50%

formamide (P040.2: Carl Roth), 0.075 M trisodium citrate
(HN12.2: Carl Roth), 0.75 M sodium chloride (S/3161/60: Thermo-
Fisher), 0.05 mg/mL heperin (11761338: Serva), 0.25% Tween-20,
1% SDS, 0.05 mg/mL salmon sperm DNA (15632-011: Invitrogen),
pH 4.5) at RT, followed by 1–4 h incubation in fresh hyb buffer at
60 °C. Larvae were then incubated with denatured (10 min at
90 °C) DIG-labeled probes (1 ng/µL) at 60 °C for 36–72 h with
rotation. For competition with unlabeled probes, a tenfold excess
was used. After incubation, larvae were washed at 60 °C for 5 min
in hyb buffer, and again for 15 min in hyb buffer, prior to wash
into 2X SSC buffer (0.3 M sodium chloride, 0.03 M trisodium
citrate, pH 7.0) in consecutive steps of 75% hyb buffer with 25% 2×
SSC buffer, followed by 50% each buffer and 25% hyb buffer with
75% 2× SSC buffer and finally 100% 2× SSC buffer for 10 min each
at 60 °C followed by two 20 min washes at 60 °C in 0.05× SSC
(7.5 mM sodium chloride, 0.75 mM trisodium citrate, pH 7.0).
Next, larvae were washed into PBS-T in three steps at RT from
75% 0.05× SSC with 25% PBT to 50% each, 25% 0.05× SSC with
75% PBS-T to 100% PBS-T. After this, larvae were incubated in
blocking buffer (11096176001: Roche) for 30 min at RT, followed
by incubation in anti-Dig alkaline phosphatase (for in situ
hybridization) (11093274910: Roche) or anti-Dig horseradish
peroxidase (for fluorescent in situ hybridization) (11681451001:
Roche) diluted 1:5000 in blocking buffer at 4 °C overnight,
followed by three short washes in PBS-T and seven washes of
20–30 min at RT.
For detection of in situ hybridization, larvae were washed twice

in AP buffer (0.1 M sodium chloride, 0.1 M tris (pH 9.5), 0.1%
Tween-20) for 5 min at RT and twice in AP buffer with 0.05 M
magnesium chloride for 5 min at RT. Larvae were then incubated
in NBT/BCIP staining solution (0.1 M Tris-HCl (pH 9.5), 0.1 M
sodium chloride, 1:50 NBT/BCIP stock (11681451001: Roche)) at
37 °C until sufficient staining was detected, at which point staining
was stopped with an equal volume of 100% ethanol. This was
followed by two washes in 100% ethanol and three washes in PBS-
Triton, followed by a final wash with PBS, before mounting in 90%
glycerol, 10% Tris (0.1 M, pH 8.0).
For the detection of fluorescent in situ hybridization, the TSA

Plus kit (16473824: Perkin Elmer) was used. Larvae were incubated
for 10 min in FITC stock solution diluted 1:50 in amplification
diluent at RT, after which they were washed twice in PBS-Triton
for 5 min at RT. For counterstaining of the nuclei, 10 μg/mL
Hoechst was used for 10 min at RT, followed by three 10 min
washes at RT in PBS-Triton and one wash in PBS. The
samples were then mounted in 90% glycerol, 10% Tris (0.1 M,
pH 8.0) with 2.6 mg/mL DABCO (0718.1: Carl Roth), and
microscopically analyzed using a Nikon Eclipse microscope with
a color camera.

Integrin protein and transcriptomic analysis
Review integrin gene models. To identify the set of Aiptasia integrins,
all predicted proteins from refseq were queried against the Pfam database
(Paysan-Lafosse et al, 2025) using the hmmsearch function from
HMMER-3.3 (Eddy, 2011). Two proteins featuring at least one
“integrin_beta” domain and four proteins featuring at least one
“integrin_alpha” domain were kept as candidates for careful inspection.
A set of revised gene models and predicted proteins (see additional files
in source data for Fig. 1A,C) was generated for the purpose of the RNA-
seq analysis conducted in this study. The gene models of the two beta
subunits were kept as is. The gene LOC110254773 was renamed ITB1 as
it was found to be the reciprocal best blast hit to the human integrin beta
1. The second beta-subunit LOC110234081 was named ITB2 in the
figures and annotation files. One alpha subunit was kept as it appears in
the refseq annotation as it seemed complete in terms of the functional
domains contained in the protein that it encodes (XP_028518220.1).
This gene was renamed ITA2. The three other alpha subunit genes were
truncated in the refseq gene models, as none of their predicted protein
sequences contained a signal peptide. One curated model was generated
in refseq for ITA1, and its protein sequence has the accession number
NP_001421589.1. The initial gene model of ITA4 submitted to genbank
encoded for a protein featuring a signal peptide. This gene model
(AIPGENE21256 which encodes the protein KXJ25122.1) was used to
create a curated gene model in refseq for ITA4 (accession number of the
protein: NP_001428822.1). The alpha subunit ITA3, was split into two
genes in the refseq gene models (LOC110250732, LOC110250768) with
the first being very short and encoding a protein that features an
N-terminal signal peptide (XP_020913011.1) while the second encodes
for a protein featuring all the other domains but no signal peptide
(XP_020913056.1). The initial gene model submitted by KAUST spans
both genes but seems too long as it engulfs a third gene and its resulting
predicted protein does not have a significant signal peptide anymore.We
continued with a gene model manually created for ITA3. It spans the two
genes mentioned above. One remaining gene was annotated in refseq as
a partial integrin. It is located on a very small contig and by blasting it to
the three higher quality genomes of CC7, RED, and HAW clonal lines
accessible through the reefgenomics webportal (www.reefgenomics.org),
we found that it points at the same genes as querying ITA3 against them.
This suggests that this is possibly an assembly error in the initial
reference genome, and we ignored this additional gene for this study.
Pfam domains (Paysan-Lafosse et al, 2025) and significant signal
peptides (Teufel et al, 2022) of the revised integrin subunits were then
predicted using Interproscan online (Jones et al, 2014).

Integrin alpha (ITA) phylogeny. Identification of integrin α proteins
was performed in Geneious 10.2.6 (https://www.geneious.com). Aiptasia
integrin α proteins with refseq accession numbers NP_001421589.1,
XP_028518220.1, XP_020913056.1+XP_020913011.1 (combined into
one gene for analysis), XP_020908361.1 and (we propose referring to
these as ITA1, ITA2, ITA3, and ITA4 respectively) were used as starting
point for a blastp search (in Geneious) against the refseq protein
database, retrieving the 40 top hits for each, combining these to a total of
83 unique hits. Several of these were different isoforms which were
manually curated to give a total of 49 unique hits. The same proteins
together with the human ITAE protein (Uniprot accession P38570) were
used for a blastp search against the uniprot database retrieving 30 top hits
each, combined to a total of 55 unique hits. Sequences were aligned using
theMUSCLEAlignment function with default parameters (in Geneious).
The protein alignment was then imported into IQ-TREE (1.6.12) and
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used to perform phylogenetic analysis (Nguyen et al, 2015). First,
ModelFinder determined that the best mode of protein evolution was
WAG+ I+G4 model (Kalyaanamoorthy et al, 2017), using the
Bayesian information criterion. Phylogenetic trees were then generated
using 1000 ultrafast bootstrap iterations (Minh et al, 2013) and the SH-
aLRT test (Anisimova et al, 2011). The tree was visualized using FigTree
(http://tree.bio.ed.ac.uk/software/figtree/). The full tree (Fig. EV1) was
then collapsed for ease of analysis.

RNA sequencing and analysis. Raw FastQ files from previously
published RNA-seq samples of Aposymbiotic and Symbiotic Aiptasia
larvae (Wolfowicz et al, 2016; Baumgarten et al, 2015; Data ref:
Baumgarten et al, 2015) were downloaded from NCBI (accessions:
SRR1648373-76). The FastQ files were mapped simultaneously to the
Aiptasia reference genome (GCF_001417965.1) and the genome of
Symbiodinium minutum (Shoguchi et al, 2013) using the script
BBsplit from BBTools 39.15 https://sourceforge.net/projects/bbmap.
Only reads that mapped exclusively to the Aiptasia genome were
kept for further analysis. Filtered reads were then aligned to the
Aiptasia genome using STAR (Dobin et al, 2013) with the option
--quantMode set to GeneCounts. The gene models used to compute
the GeneCounts were carefully curated as Integrin alpha genes
needed to be manually re-annotated (see below). The differential
gene expression analysis was then conducted in R (4.4.3) using the
DESeq2 library (Love et al, 2014). Genes which were not expressed in
at least two samples were filtered out prior to running the analysis.
Data from Jacobovitz et al (Jacobovitz et al, 2021; Data ref:

Jacobovitz et al, 2021) were processed in the same manner as
described above. The RNA-seq libraries of Symbiotic cells (SymSym:
SRR10423689-94) were compared to the cells of aposymbiotic larvae
(ApoApo: SRR10423679-83), aposymbiotic cells of symbiotic larvae
(SymApo: SRR10423684-88), and cells hosting M. gaditana (Mgad:
SRR10546813-15). The number of replicates required to keep a gene
in the differential gene analyses was adapted in each case so that
every gene kept in the analysis was expressed in at least N samples
with N = (lower number of replicates across the two conditions)− 1.

Statistics
For main figures, data were analyzed using Prism 9 (Version 9.1.1;
GraphPad Software, LLC). For expanded view Figs. EV2 and EV4, figures
were generated and analyzed using R Studio Version 2023.12.1+ 402
(2023.12.1+ 402). No blinded quantification was done for analysis.

The Shapiro test for normality was performed in R for all
datasets. Descriptive statistics (mean and standard deviation) and
SEM were calculated. When two parameters were compared, paired
parametric t tests were used to calculate P values (significance level
P < 0.05) using Prism Graphpad. When more than two parameters
were analyzed, ANOVA was performed, and Tukey’s multiple
comparison tests were performed to determine statistical signifi-
cance for each comparison (alpha = 0.05).

Data availability

No original transcriptomics datasets were generated; only pre-
viously described publicly available datasets were reanalyzed, the
details of which are in the respective “Methods” sections.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44319-025-00645-9.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44319-025-00645-9.
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Expanded View Figures

Figure EV1. Phylogenetic tree of integrin α proteins prior to collapse of subtrees and rotation of nodes.
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Figure EV2. Raw and extended data for Fig. 3 RGD-integrins facilitate symbiont uptake in symbiotic cnidaria.

(A, B) Aiptasia larvae were exposed to control peptide DGR, integrin ligand RGD or integrin ligand LDV for 30min then exposed to symbionts (B. minutum, SSB01) for 24 h.
n= 3. (A) SSB01 internalized by Aiptasia larvae. (B) Percent of Aiptasia larvae that phagocytosed SSB01. (C) Percent of Aiptasia larvae that phagocytosed peptide-coated
beads. Beads were coated with either control peptide DGR or integrin ligand RGD then incubated with Aiptasia larvae for 24 h. n= 4. (D) Aiptasia larvae exposed to inert
beads coated with RGD peptides and imaged after 48 h of exposure. Green= actin, Cyan=DNA, pink= bead. Scale bar= 10 µm. (E) SSB01 per N. vectensis polyp after a
24 h incubation and exposure to either the control peptide DGR or integrin ligand RGD. n= 4. (F) Algae per Aiptasia larvae and (G) Percent of Aiptasia larvae with algae
inside upon RGD or DGR treatment (1000 µM peptide). n= 4. (H) Percent of larvae from G normalized by taking the ratio between RGD to DGR treatment. A ratio of less
than 1 means RGD treatment has lower algae uptake than DGR. n= 4. For all plots, biological replicates are colored to highlight trends and natural variation between
replicates. For (A, B, E–H) ANOVA was used to determine significance. Only significant differences are shown. For (C), significance was found via paired t test.
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Figure EV3. Active sites of RGD-binding integrin and mutations used for this study.

Highly conserved residues are highlighted in black and as conservation decreases this goes from gray to white. Conserved active sites are noted above with the colored
labels. Orange = MIDAS. Turquoise = ADMIDAS. Pink = LIMBS. Red = used mutations to disrupt RGD binding.
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Figure EV4. Upon integrin overexpression, HEK cells preferentially phagocytose RGD-coated beads.

HEK cells transfected with expression plasmids encoding mammalian integrin αV and β3 (each with halves of a split YFP and upon heterodimer formation fluoresce) and
exposed to beads coated with either RGD or DGR. Percentage of HEK cells transfected with either αVβ3 integrins or GFP-CaaX as a control that phagocytosed RGD or
DGR-coated beads. n= 3 biological replicates. Whiskers depict the minima and maxima, the center depicts the median and upper and lower edges of the box depicts the
25th and 75th percentile, respectively. Exact P values are 0.0000577 for the overexpression comparison and 0.0000173 for the RGD GFP and overexpression comparison.
Statistical significance was found via ANOVA followed by Tukey.
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