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Abstract

The cyanobacterium Prochlorococcus has a conspicuously reduced genome causing it to require help from co-
existing organisms for survival under a variety of stressful conditions. In this work we used conditioned media
experiments to demonstrate that exudates of the heterotrophic bacterium Alteromonas macleodii EZ55
facilitated the survival of Prochlorococcus MIT9312 batch co-cultures as they entered stationary phase. We
further show that the largest molecular weight fraction (> 50 kDa) was much more effective than the < 50
kDa fraction, and that boiling the exudate dramatically reduces its ability to facilitate Prochlorococcus growth
and survival, supporting the hypothesis that active enzymes in the exudate were responsible for the observed
effects.
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Dataset Description

Supplemental files allow the replication of our growth curve analyses. There are a number of similar .csv files
containing strain and growth information and GrowthCurves.R which contains the R code used to analyze
them.
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The primary data file in this dataset "GrowthCurves.csv" has the raw, day-to-day measurements of growth in a
large number of phytoplankton cultures. These had to be manually processed to extract growth rates etc,
which are summarized in the “.summary.csv” files.

A full file inventory (description, purpose and related figure in results paper) was added to the supplemental
files.

Methods & Sampling

Strains and culture conditions:

All strains used in this study were taken from those used for a Long-Term Phytoplankton Evolution (LTPE)
experiment (1). Prochlorococcus strains were streptomycin-resistant derivates of the high light-adapted strain
MIT9312 obtained as described previously (2, 3), either before (Ancestor) or after 500 generations of evolution
at either 400 ppm or 800 ppm pCO, conditions (i.e., modern day or projected year 2100 conditions (4)).

Alteromonas strains were derivatives of strain EZ55, originally isolated from a Prochlorococcus MIT9215
culture (3). As with our Prochlorococcus strains, we used both ancestral and evolved varieties of EZ55 co-
evolved with Prochlorococcus at the two pCO, treatments and subsequently isolated. Prochlorococcus

cultures were revived from cultures cryopreserved with 7.5% DMSO in liquid nitrogen vapor, and Alteromonas

cultures were revived from cultures preserved with 20% glycerol stored at -80° C. Prior to use in experiments,
all Prochlorococcus cultures were grown in co-culture with Alteromonas EZ55 helpers (3) and were acclimated
to culture conditions for at least 4 generations prior to data collection.

Alteromonas cultures were grown in YTSS medium (5) and Prochlorococcus cultures were grown in Pro99
medium (6) or PEv medium (1), both made in an artificial seawater base (ASW) (1). Prior to addition to co-
cultures Alteromonas strains were pelleted at 2000 g for 2 minutes and washed twice in sterile ASW, then

added to cultures at approximately 108 cells mi'L. Alteromonas was grown at 30° C with 120 rpm shaking.
Unless otherwise noted, Prochlorococcus and co-cultures were grown in static 13 mL conical bottom acid-

washed glass tubes under approximately 75 mmol photons m™2 s-1 cool white light in a Percival incubator set

to 23° C. When medium additions were employed, all solutions were filter sterilized with a 0.2 mm filter. Cell
densities of Prochlorococcus cultures to standardize inoculations between experiments were determined using
a Guava HT1 flow cytometer (Luminex Corporation, Austin, TX) by the distinctive signature of these cells on
plots of forward light scatter vs. red fluorescence (Fig. S1A). Day-to-day culture growth was tracked using the
in vivo chlorophyll @ module for the Trilogy fluorometer (Turner Designs, San Jose, CA) with a custom 3D-
printed adapter designed for conical bottom tubes. Fluorometer measurements and cell counts were linearly

related across the range of cells examined in this study (Pearson correlation coefficient 0.835, p = 1.38 x 1075,
Fig. S1B).

Growth tests in conditioned media:

We conducted tests using three types of conditioned media: Prochlorococcus (Pro CM), Alteromonas (EZ55
CM), and Prochlorococcus subsequently treated with Alteromonas (Pro CM + EZ55). For Pro CM, we produced
axenic Prochlorococcus by adding streptomycin to a final concentration of 100 pg/mL to low-density (~10°
cells mL™Y) Prochlorococcus cultures. After 48 h exposure to the antibiotic, we confirmed that no Alteromonas
EZ55 cells survived by transferring 1 mL into sterile YTSS medium and checking for growth after 24 hours. A
0.5 mL aliquot of this axenic Prochlorococcus culture was transferred to 12 ml fresh Pro99 media and
cultivated for 11 days, after which the cells were removed by filtering the medium using a sterile 0.2 um PVDF
syringe filter (Millipore Sigma, Burlington, MA, USA). EZ55 CM and Pro CM + EZ55 were produced by
inoculating washed Alteromonas EZ55 cells from YTSS medium at approximately 10° CFU mL™! to sterile Pro99
(EZ55 CM) or to a sub-sample of the Pro CM described above (Pro CM + EZ55). As with Pro CM, these
cultures were cultivated for 11 days and were then filtered to remove the cells. To initiate experiments, freshly
axenic Prochlorococcus (produced as described above) was transferred to replicate 12 mL tubes of each of
the 3 conditioned media, and growth was measured by chl-a fluorescence every other day.

Data Processing Description

All statistical analyses were performed in R v. 4.4.1. Most analyses used linear models followed by post hoc
extended marginal means testing of pairwise differences between treatment groups using the emmeans



package (1). Assumptions of linear regression were checked for models by Shapiro-Wilk tests of the normality
of residuals and plots of residuals vs. fitted values for homoscedasticity; where these assumptions were
violated we used the Box-Cox procedure to find an optimal power transformation (2). Statistical differences
between lysate and exudate protein localization counts were determined using Fisher’s exact test implemented
in R.

BCO-DMO Curation Notes

* Added file inventory
* Added descriptions from readme to files directly.
* Processed GrowthCurves.csv as primary file.
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Data Files

File

995113 _v1_growthcurves.csv(Comma Separated Values (.csv), 82.92 KB)
MD5:e2ccd2802d24a04901a80c50ac9cff73

Primary data file for dataset ID 995113, version 1
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Supplemental Files

File

50kdGrowthCurves.summary.csv (Comma Separated Values (.csv), 1.78 KB)
MD5:5ad523ab65cb573d83db7ce43edb02ch

This file summarizes the analysis of growth rate data from the experiment with fractionated culture supernatants shown in Fig. 1C
and was used to produce Fig 1D, Fig. S10B, and Fig. S11B. These data are calculated from the cultures listed under experiment
"50kD" in GrowthCurves.csv.

Column headings:

* Strain: Whether the Prochlorococcus strain was an ancestor or an evolved strain (after 500 generations at 400 or 800 ppm pCO2)
from our previous long-term phytoplankton evolution experiment.

* Treatment: Pro99, growth in unamended Pro99 media; 50kd, growth in Pro99 + 50kDa fraction of EZ55 supernatant; 50kdheat,
growth with boiled 50kDa fraction; 5kd, growth with 5-50 kDa fraction

* GR: exponential growth rate of the culture, calculated as the slope of at least three fluorescence measurements taken during log
phase, in units of d”~-1

* Rsq: R™2 value of the regression

* MaxFluor: maximum fluorescence value of the culture being analyzed (arbitrary fluorescence units using the in vivo chlorophyll A
module for the TD Trilogy fluorometer)

* AUC: Area Under the Curve for the culture, i.e., the sum of all fluorescence values over the course of a single transfer

Axenic.csv (Comma Separated Values (.csv), 2.08 KB)
MD5:b551c07cfd3075a49fa4be6826535a8f

Experiments where Alteromonas were killed off using streptomycin prior to transfer of stationary phase cultures.

Column headings:

* Strain: The Prochlorococcus/Alteromonas co-culture from which the Prochlorococcus strain was isolated.

* Replicate: 2 replicates of each strain were observed

* Treatment: Whether antibiotics were used (Axenic) or not (Xenic)

* Day: Number of days elapsed since transfer into fresh medium

* Fluorescence: Chlorophyll fluorescence (arbitrary fluorescence units using the in vivo chlorophyll A module for the TD Trilogy
fluorometer)




File

CO2.csv (Comma Separated Values (.csv), 717 bytes)
MD5:da828c91b9661090a6e211eb17blab82

Data for experiments where bicarbonate was added to stationary phase cultures to see if carbon limitation caused growth cessation.

Column headings:
* Strain: The Prochlorococcus/Alteromonas co-culture from which the Prochlorococcus strain was isolated.
* Day: Number of days elapsed since transfer into fresh medium

* Fluorescence: Chlorophyll fluorescence (arbitrary fluorescence units using the in vivo chlorophyll A module for the TD Trilogy
fluorometer)

GrowthCurves.csv (Comma Separated Values (.csv), 84.87 KB)
MD5:b30789c3e35120840a8d8de26cf858ed

Raw growth curve data per experiment type.

Column headings:

* Experiment: Which experiment the data corresponds to. Init, experiment with conditioned media shown in Fig 1A; 50kD, experiment
using fractionated supernatants shown in Fig 1C; S2.1, regular transfers into Pro99 with 1/26 dilution, not depicted in final data; S2.2,
2:1 transfers into Pro99 medium, depicted in Fig. S4; S2.3, 2:1 transfers into nutrient-free ASW, depicted in Fig. S5.

* Strain: The Prochlorococcus/Alteromonas co-culture from which the Prochlorococcus strain was isolated.

* EvolTreat: Whether the Prochlorococcus strain was an ancestor or an evolved strain (after 500 generations at 400 or 800 ppm
pCO2) from our previous long-term phytoplankton evolution experiment.

* ExpTreat: Control, axenic Prochlorococcus with no amendments; EZ55 CM, axenic Prochlorococcus growing in Alteromonas
conditioned media; Pro CM, Prochlorococcus growing in Prochlorococcus conditioned media; Pro CM + EZ55, Prochlorococcus growing
in media that was first conditioned by Prochlorococcus and then by Alteromonas, Pro99, growth in unamended Pro99 media; 50kd,
growth in Pro99 + 50kDa fraction of EZ55 supernatant; 50kdheat, growth with boiled 50kDa fraction; 5kd, growth with 5-50 kDa
fraction; Transfer, regular transfers into Pro99 with 1/26 dilution; Pro99, 2:1 transfers into Pro99 medium; ASW, 2:1 transfers into
nutrient-free ASW

* Axenic: Was Prochlorococcus axenic during the experiment or not?

* Transfer: Some cultures were observed over multiple consecutive transfers into fresh media.

* Day: Number of days elapsed since transfer into fresh medium

* Fluorescence: Chlorophyll fluorescence (arbitrary fluorescence units using the in vivo chlorophyll A module for the TD Trilogy
fluorometer)

GrowthCurves.R (R Script, 27.28 KB)
MD5:9bae2986953013c3760c20d99f495f25

GrowthCurves.R which contains the R code used to analyze them, allowing the replication of our growth curve analyses.

GrowthCurves_FilelInventory.pdf (Portable Document Format (.pdf), 267.23 KB)
MD5:9ac002bddb9a7cdb892011e5a6c5c816

Inventory of all the supplemental files, experiment they're part of, purpose and figures produced from this files (see results paper in
related publications)




File

InitialGrowthCurves.Summary.csv (Comma Separated Values (.csv), 2.34 KB)
MD5:fd724b59d4b615af3f2b1c7b06215d4e

This file summarizes the analysis of growth rate data from the experiment with conditioned media shown in Fig. 1A and was used to
produce Fig 1B, Fig. S10A, and Fig. S11A. These data are calculated from the cultures listed under experiment "Init" in
GrowthCurves.csv.

Column Headings:

Strain: Whether the Prochlorococcus strain was an ancestor or an evolved strain (after 500 generations at 400 or 800 ppm pCO2)
from our previous long-term phytoplankton evolution experiment.

Treatment: Control, axenic Prochlorococcus with no amendments; EZ55 CM, axenic Prochlorococcus growing in Alteromonas
conditioned media; Pro CM, Prochlorococcus growing in Prochlorococcus conditioned media; Pro CM + EZ55, Prochlorococcus growing
in media that was first conditioned by Prochlorococcus and then by Alteromonas

Growth rate: exponential growth rate of the culture, calculated as the slope of at least three fluorescence measurements taken
during log phase and using units of d~-1

SE: standard error of the regression used to calculate the growth rate (units of d™-1)

R2: R~ 2 value of the regression

MaxFluor: maximum fluorescence value of the culture being analyzed (arbitrary fluorescence units using the in vivo chlorophyll A
module for the TD Trilogy fluorometer)

AUC: Area Under the Curve for the culture, i.e., the sum of all fluorescence values over the course of a single transfer

MediumComparison.csv (Comma Separated Values (.csv), 766 bytes)
MD5:8c88ac4757399f247feb112f204c13ca

Medium: Which medium a culture was grown in, PEv or Pro99

Column headings:

Replicate: 2 replicate cultures were observed in PEv (one failed to grow) and 3 were observed in Pro99
Day: Elapsed days after culture inoculation

Cells: Prochlorococcus cell count obtained by flow cytometry

pH Cultures.csv (Comma Separated Values (.csv), 1.00 KB)
MD5:838d042de18fb5087a982b075e3b8bc0

Data for experiment where pH was measured as cultures grew.

Column headings:

* Strain: The Prochlorococcus/Alteromonas co-culture from which the Prochlorococcus strain was isolated.

* Replicate: 3 replicates of each strain were observed

* Day: Number of days elapsed since transfer into fresh medium

* Fluorescence: Chlorophyll fluorescence (arbitrary fluorescence units using the in vivo chlorophyll A module for the TD Trilogy
fluorometer)

* pH: pH value measured; only collected for certain time points.
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Parameter |Description

Units

Experiment

Which experiment the data corresponds to. Init, experiment with conditioned media
shown in Fig 1A; 50kD, experiment using fractionated supernatants shown in Fig 1C;
S2.1, regular transfers into Pro99 with 1/26 dilution, not depicted in final data; 52.2,
2:1 transfers into Pro99 medium, depicted in Fig. S4; S2.3, 2:1 transfers into nutrient-
free ASW, depicted in Fig. S5.

Unitless

Strain

The Prochlorococcus/Alteromonas co-culture from which the Prochlorococcus strain
was isolated.

Unitless

EvolTreat

Whether the Prochlorococcus strain was an ancestor or an evolved strain (after 500
generations at 400 or 800 ppm pCO2) from our previous long-term phytoplankton
evolution experiment.

Unitless

ExpTreat

Control, axenic Prochlorococcus with no amendments; EZ55 CM, axenic
Prochlorococcus growing in Alteromonas conditioned media; Pro CM,
Prochlorococcus growing in Prochlorococcus conditioned media; Pro CM + EZ55,
Prochlorococcus growing in media that was first conditioned by Prochlorococcus and
then by Alteromonas, Pro99, growth in unamended Pro99 media; 50kd, growth in
Pro99 + 50kDa fraction of EZ55 supernatant; 50kdheat, growth with boiled 50kDa
fraction; 5kd, growth with 5-50 kDa fraction; Transfer, regular transfers into Pro99
with 1/26 dilution; Pro99, 2:1 transfers into Pro99 medium; ASW, 2:1 transfers into
nutrient-free ASW.

Unitless

Axenic

Was Prochlorococcus axenic during the experiment or not?

Unitless

Transfer

Some cultures were observed over multiple consecutive transfers into fresh media.

Unitless

Day

Number of days elapsed since transfer into fresh medium.

Unitless

Fluorescence

Chlorophyll fluorescence (arbitrary fluorescence units using the in vivo chlorophyll A
module for the TD Trilogy fluorometer).

Unitless
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Instruments

Dataset-specific
Instrument Name

Percival

Generic
Instrument Name

Algal Growth Chamber

Generic
Instrument
Description

A chamber specifically designed for the growth of algae in flasks. The chamber
typically provides controlled temperature, humidity, and light conditions.




Dataset-

Description

specific | 0va HT1
Instrument
Name
Generic
Instrument | Flow Cytometer
Name
Flow cytometers (FC or FCM) are automated instruments that quantitate properties of single
G : cells, one cell at a time. They can measure cell size, cell granularity, the amounts of cell
eneric . .
et ane components such as total DNA, newly synthesized DNA, gene expression as the amount

messenger RNA for a particular gene, amounts of specific surface receptors, amounts of
intracellular proteins, or transient signalling events in living cells. Description from:
http://www.bio.umass.edu/micro/immunology/facs542/facswhat.htm

Dataset-
specific
Instrument
Name

Generic
Instrument
Name

Turner Designs Trilogy fluorometer

Generic
Instrument
Description

The Trilogy Laboratory Fluorometer is a compact laboratory instrument for making
fluorescence, absorbance, and turbidity measurements using the appropriate snap-in
application module. Fluorescence modules are available for discrete sample measurements of
various fluorescent materials including chlorophyll (in vivo and extracted), rhodamine,
fluorescein, cyanobacteria pigments, ammonium, CDOM, optical brighteners, and other
fluorescent compounds.
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Project Information

Collaborative Research: Extracellular vesicles as vehicles for microbial interactions in marine
Black Queen communities (Vesicle Interactions)

Coverage: Laboratory cultures

NSF Award Abstract:

The function and stability of microbial communities in the ocean depends on exchanges of biological products
and services between individual cells. Marine microbes are typically far apart from one another, so some of
these exchanges occur through the release of products or services into the surrounding water, where they
travel to other cells via simple diffusion. Understanding the degree to which such valuable products made by
one organism are targeted to a specific partner, and how, has important implications for our understanding of
the ecology and evolution of the marine microbiome. This project examines the role played by a poorly
understood type of very small particle - extracellular membrane vesicles - in mediating functional interactions
within the oceans. Extracellular vesicles are released by most marine microbes and are abundant in ocean
waters, but our understanding of their functions remains in its infancy. As vesicles can contain diverse
molecules, including active enzymes, and transport them between cells, they may work as a packaging and
delivery system for goods and services traded between ecologically important microorganisms. Broader
impacts of the project include providing hands-on research experiences for undergraduate and graduate
students - including those from groups historically underrepresented in STEM fields - and the development of
new active learning exercises to help increase knowledge about the roles microbes play in students' lives.

This project explores vesicle functions across multiple scales, combining -omics analyses, field experiments,

and functional studies in cultures of diverse and ecologically important microbes to arrive at new
understandings of vesicle contributions to cellular exchanges. These experiments incorporate an evolutionary
perspective for exploring the range of vesicle functions and genetic mechanisms affecting their production,


http://www.bio.umass.edu/micro/immunology/facs542/facswhat.htm

examining how their contents have changed in co-cultures of phytoplankton and heterotrophic bacteria
following hundreds of generations of experimental laboratory evolution. Fundamental ecological questions are
addressed concerning whether vesicles, and their associated functions, act as truly '‘public goods' in the
oceans or can instead be targeted to a subset of cells, possibly yielding 'club goods' that define interacting,
cooperative networks. Collectively, this effort will generate new insights into the mechanisms marine microbes
use to interact with one another, and experimentally define the functional potential and ecological impact of EV-
mediated trafficking networks in the oceans.

This project is jointly funded by the Biological Oceanography Program and the Established Program to Stimulate

Competitive Research (EPSCoR). This award reflects NSF's statutory mission and has been deemed worthy of
support through evaluation using the Foundation's intellectual merit and broader impacts review criteria.
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Funding Source Award
NSF Division of Ocean Sciences (NSF OCE) | OCE-2304066
NSF Division of Ocean Sciences (NSF OCE) | OCE-2304067
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