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As chloroplast-stealing or “kleptoplastidic” lineages become more reliant on
stolen machinery, they also tend to become more specialized on the prey from
which they acquire this machinery. For example, the ciliate Mesodinium rubrum
obtains>95% of'its carbon from photosynthesis, and specializes on plastids from
the Teleaulax clade of cryptophytes. However, M. rubrum is sometimes observed
in nature containing plastids from other cryptophyte species. Here, we report
on substantial ingestion of the blue-green cryptophyte Hemiselmis pacifica by
M. rubrum, leading to organelle retention and transient increases in M. rubrum's
growth rate. However, microscopy data suggest that H. pacifica organelles do not
experience the same rearrangement and integration as Teleaulax amphioxeia's.
We measured M. rubrum's functional response, quantified the magnitude and
duration of growth benefits, and estimated kleptoplastid photosynthetic rates.
Our results suggest that a lack of discrimination between H. pacifica and the
preferred prey 7. amphioxeia (perhaps due to similarities in cryptophyte size and
swimming behavior) may result in H. pacifica ingestion Thus, while blue-green
cryptophytes may represent a negligible prey source in natural environments,
they may help M. rubrum survive when 7Teleaulax are unavailable. Furthermore,
these results represent a useful tool for manipulating M. rubrum's cell biology
and photophysiology.

KEYWORDS
acquired photosynthesis, ciliate, cryptophyte, functional response, Hemiselmis pacifica,
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INTRODUCTION

KLEPTOPLASTIDIC - or chloroplast-stealing — lin-
eages give us insight into the physiological challenges
that eukaryotic cells face by incorporating photosyn-
thetic machinery into their metabolic repertoire. On
one hand, the retention of functional chloroplasts is
an energetic boon, allowing for the generation of fixed
carbon and energy in the new host cell (Johnson, 2011;

Stoecker et al., 2009); in some cases, this acquired me-
tabolism supports rapid population growth (Johnson
& Stoecker, 2005; Stoecker et al., 2009) and even bloom
formation (Campbell et al., 2010; Herfort, Peterson,
Campbell, et al., 2011; Moeller et al., 2016; Montagnes
et al., 2008). On the other hand, by capturing light en-
ergy, plastids can generate substantial photooxidative
stress and thus have the potential to be quite damaging
to the kleptoplastidic host cell (Miyagishima, 2023).
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Kleptoplastidic lineages employ a variety of strate-
gies to address these physiological challenges (reviewed
in Miyagishima, 2023), including upregulating exist-
ing damage response machinery (Speijer et al., 2020),
limiting retention times and light exposure of plas-
tids (Cartaxana et al., 2018), and evolving repair and
regulatory mechanisms for stolen plastids (Hansen
et al., 2016; Johnson et al., 2023). In the latter case, regu-
lation may involve the use of laterally transferred genes
in the host nucleus (Karnkowska et al., 2023; Wisecaver
& Hackett, 2010) or the retention of a prey nucleus
(termed a kleptokaryon, Johnson et al., 2007) that re-
mains transcriptionally active and directs plastid activ-
ity (Hehenberger et al., 2019; Johnson et al., 2007). The
kleptokaryon may play an important role in plastid divi-
sion (Johnson & Stoecker, 2005) and photoacclimation
(Johnson et al., 2023), allowing for better regulation and
integration of chloroplasts into their new host.

These elaborate, kleptokaryon-involving regulatory
mechanisms tend to be found in kleptoplastidic lineages
that are also highly specialized on a limited subset of
prey (Johnson, 2011; Yamada et al., 2023). For example,
the highly photosynthetic ciliate Mesodinium rubrum
steals chloroplasts, mitochondria, and nuclei from cryp-
tophyte algae in the Teleaulax/Geminigera clade (Hansen
et al., 2013). Although single-cell sequencing of field
collections shows the occasional presence of other plas-
tid types, during bloom formation plastids come from a
single-prey species (Herfort, Peterson, McCue, et al., 2011;
Johnson et al., 2016). Laboratory studies have confirmed
that M. rubrum can ingest and even grow on non-7eleaulax
cryptophytes (Hansen et al., 2012; Myung et al., 2011; Park
etal., 2007), but none have looked at longer term dynamics
and the fate and function of these ingested cryptophytes.
While M. rubrum can apparently distinguish between some
cryptophyte algae during ingestion, and selectively ingests
preferred prey types (Jiang & Johnson, 2021; Peltomaa &
Johnson, 2017), it may not always do so efficiently. In con-
trast, M. rubrum's sister species, M. chamaeleon, which
gets about half of its carbon from photosynthesis (Moeller
etal., 2021; Moestrupetal., 2012) (compared to M. rubrum's
>95%, Smith & Hansen, 2007), can retain functional plas-
tids from at least half a dozen different cryptophyte algae
and support sustained positive growth (Kim et al., 2019;
Moeller & Johnson, 2018; Moestrup et al., 2012).

However, when preferred prey are not available, it is
unclear how M. rubrum populations sustain themselves
given the gradual loss of stolen organelles (Johnson
et al., 2006), or what the dynamics of plastid replace-
ment with nonpreferred prey might look like. Some
studies suggest that M. rubrum may transiently rely on
bacterivory as a heterotrophic source of carbon (Myung
et al., 2006). And the presence of alternate prey types in
field sequencing data may be evidence of opportunistic —
rather than erroneous — predation (Johnson et al., 2016,
2018). However, it is less clear whether alternative prey
plastids are integrated into M. rubrum's metabolism.

Here, we report on ingestion of a blue-green crypto-
phyte, Hemiselmis pacifica, by M. rubrum. Based on field
observations (Herfort, Peterson, McCue, et al., 2011;
Johnsonetal., 2016) and past experimental work (Hansen
etal., 2012; Myunget al., 2011; Park et al., 2007; Peltomaa
& Johnson, 2017), we hypothesized that (1) ingestion of
H. pacifica would be minimal and would not increase
M. rubrum growth rates, (2) M. rubrum would exhibit
a preference for ingesting its preferred prey, Teleaulax
amphioxeia, over H. pacifica, and (3) we would find no
evidence of sustained photosynthetic activity or growth
benefits from H. pacifica plastids. However, the robust
capacity for growth and photosynthesis by M. rubrum-
fed H. pacifica (at least for the first 2weeks of feeding
on this alternative prey) surprised us. Although photo-
synthetic function is reduced and organelle integration
is limited, we find evidence that alternate cryptophyte
prey may help M. rubrum persist during intervals when
preferred prey are unavailable. We detail these findings
as evidence of experimental capacity to alter organelle
retention even in the highly photosynthetic, highly spe-
cialized M. rubrum.

MATERIALS AND METHODS
Cultures and maintenance

We assessed the performance of M. rubrum strain
CBJRO5 offered the blue-green cryptophyte alga H.
pacifica CCMP 706 (ordered from the National Center
for Marine Algae and Microbiota [NCMA], Bigelow,
ME, USA). To maintain M. rubrum and to contrast
performance of the ciliate when offered its preferred
cryptophyte prey, we fed the ciliate the red cryptophyte
T. amphioxeia (GCEPOIl) at a ratio of approximately 3
cryptophytes to 1 M. rubrum during weekly transfers.
All three species were maintained at 18°C in GF/F fil-
tered, autoclaved coastal seawater from Santa Barbara,
CA, USA, amended with f/2-Si nutrients (Guillard &
Ryther, 1962), with a 12h light:12h dark cycle at an illu-
mination of 20 pmol quanta/m?/s during daylight.

Grazing functional responses and prey selectivity

To quantify the ingestion of H. pacifica by M. rubrum,
we conducted two experiments, one (Experiment 1) with
a gradient of H. pacifica densities to measure the cili-
ate's functional response, and a second (Experiment 2)
in which we offered M. rubrum a mixture of H. pacifica
and 7. amphioxeia to test for preferential feeding on the
red cryptophyte.

For Experiment I, we inoculated 25mL suspension
culture flasks with M. rubrum at a concentration of 500
cells/mL. We added H. pacifica at concentrations of ei-
ther 1000, 2000, 4000, 4500, 6500, and 11,000 cells/mL,
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producing cryptophyte to M. rubrum ratios of 2, 4, §,
9, 13, and 22 H. pacifica cells per 1 M. rubrum cell. We
also inoculated H. pacifica into M. rubrum-free flasks,
to serve as predator-free controls that allowed us to mea-
sure growth in the absence of grazing. All experimental
treatments were run in triplicate. Each day for 4 days, we
fixed a I-mL sample of each experimental flask in 1%
acid Lugol's solution; M. rubrum and H. pacifica cells
were then counted on a compound microscope at 100X
magnification (10X objective x 10X ocular) to determine
population densities over time. We estimated the growth
rates of M. rubrum and H. pacifica as the slope of a line
fit through the log of population size over time.
Following the methods of Jeong and Latz (1994), we
used the difference in growth rates between predator-
free and predator-present experimental flasks to cal-
culate ciliate ingestion rates. We fit a Holling Type 11
(saturating) predator functional response (Holling, 1959)
to ingestion rates as a function of prey density in order
to estimate the clearance rate (a.k.a. attack rate) ¢ and
handling time & of M. rubrum feeding on H. pacifica:

ax [H. pacifica]

Ingestion = .
l+axhx [H. pacifica]

We also fit a Monod-form (Monod, 1949) saturating
function to M. rubrum's growth rate as a function of H.
pacifica density to assess the sensitivity of the ciliate's
growth to prey availability:

8max X [H pacifica]

Growth = + 8.
H+ [H. pacifica] &0

Here, g, is the baseline growth rate of M. rubrum in
the absence of prey, g .. is the maximum possible in-
crease in that growth rate, and H is the concentration of
H. pacifica cells that results in half of the maximum in-
crease in growth (i.e. the half-saturation concentration).
We also fit linear models to the relationships between
ingestion and H. pacifica abundance, and growth and
H. pacifica abundance. We used the Akaike information
criterion (AIC) to determine whether linear or saturating
models best fit the data. All calculations (and those de-
scribed next, unless otherwise specified) were performed
in R (version 4.3.0, R Core Team, 2023).

For Experiment 2, we inoculated six 25mL flasks with
a mixture of 7. amphioxeia and H. pacifica. Although
our intended target concentrations were 5000 cells/mL
per species, differences in inoculation efficiency resulted
in initial densities of approximately 5000 7. amphiox-
eia cells/mL and 2500 H. pacifica cells/mL. To three of
these flasks, we added M. rubrum at a concentration of
approximately 1000 cells/mL, creating two treatments,
each run in triplicate. We sampled all flasks daily for
4 days to determine population sizes.

In order to differentiate between T. amphioxiea and
H. pacifica cryptophytes, we used a FlowCam 8400

imaging flow cytometer with a 532-nm laser (Yokogawa
Fluid Imaging Technologies, Scarborough, ME, USA).
Ciliates and cryptophytes can be differentiated based on
particle size and appearance (using the FlowCam's auto-
mated image classification system), and the instrument's
laser allows us to differentiate between phycoerythrin
(PE)-containing (i.e. 7. amphioxeia) and PE-absent (i.e.
H. pacifica) particle types. We counted cryptophytes and
M. rubrum on the FlowCam by diluting experimental
samples to a concentration of <2000 cells/mL, and then
imaging all particles in 1 mL of the diluted sample. We
then classified M. rubrum and cryptophytes using image
analysis. We used the flowPeaks package in R (Ge &
Sealfon, 2012) to assign cryptophytes to species based on
PE fluorescence. Following determination of population
dynamics of all three species, we used the algorithm of
Jeong and Latz (1994) to compute species-specific inges-
tion and clearance rates. We used ¢ tests to test for prey
preference as significant differences in M. rubrum clear-
ance rates of the two cryptophyte species.

Confirmation of plastid ingestion

We used confocal fluorescence microscopy of fixed
M. rubrum cells to confirm that H. pacifica cells were
ingested by M. rubrum. We fixed cells in 1% glutar-
aldehyde and stored them overnight at 4°C to ensure
fixation. Within 72h of glutaraldehyde fixation, we
stained DNA by incubating fixed cells for 30min at
room temperature in a 10 pg/mL DAPI solution. After
staining, cells were filtered onto a 1-pm pore size poly-
carbonate white Whatman Nuclepore Track-Etch
membrane filter (Whatman, Inc., Florham Park, NJ,
USA) and washed 3x with sterile seawater to eliminate
background stain fluorescence. Filters were mounted
onto glass slides using Type F immersion oil (Olympus
Corporation, Tokyo, Japan) and stored frozen until
confocal analysis.

We examined samples using a point-scanning con-
focal microscope (Leica SP8 Resonant Scanning
Confocal) with a 63X/1.4 lens. We identified plastids
based on the presence of phycobiliproteins: PE (7. am-
phioxiea plastids) and phycocyanin (PC) (H. pacifica
plastids) absorb and emit different wavelengths of light.
Therefore, we measured fluorescence of DAPI (excitation
laser=405nm, filter range=412—-484 nm), glutaraldehyde
(excitation laser=488nm, filter range=501-555nm), PE
(excitation laser=>570 nm, filter range=570-609 nm), and
PC (excitation laser=620nm, filter range=640—660nm).
This allowed us to visualize ciliate nuclei, plastids, and
cryptophyte nuclei within individual cells. We collected
high-resolution Z-stacks of representative cells at a
0.5-pm slice depth and a 1024 x 1024 pixel resolution.
To visualize plastid content, we created maximum in-
tensity projections in all four channels, scaling bright-
ness and contrast for each channel independently, using
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Fiji (Schindelin et al., 2012). Overlay images, as well as
single-channel grayscale images, are shown.

Long-term feeding impacts on
photosynthesis and growth

To determine the capacity of M. rubrum for sustained
growth on H. pacifica, we conducted a 3-week-long ex-
periment (Experiment 3) in which we contrasted the pig-
mentation, photosynthetic capacity, and growth of M.
rubrum populations that were either starved or offered
H. pacifica (three replicates per treatment=six experi-
mental flasks total). To ensure that H. pacifica avail-
ability was not growth limiting, we allowed M. rubrum
to feed “ad libitum” by replenishing H. pacifica popula-
tions to at least 5000 cells/mL whenever populations fell
below 1000 cells/mL in the fed treatment. We measured
the population sizes of M. rubrum and H. pacifica daily
by counting Lugol's acid-fixed samples on a compound
microscope (as in Experiment 1).

Daily for the first four time points, and every
2-3days thereafter, we collected additional data on
M. rubrum cells. To examine plastid replacement dy-
namics, we imaged cells on the FlowCam, and used
chlorophyll and PE fluorescence to estimate the cell
volume occupied by PE-containing remnant 7. amphi-
oxeia plastids and PC-containing new H. pacifica plas-
tids (see Calibration of Flow Cam measurements section,
next). On the same dates, we measured photosynthetic
capacity using a fluorescence induction relaxation
(FIRe) system (custom built by M. Gorbunov, Rutgers
University, New Brunswick, NJ, USA). In brief, this
system measures autofluorescence in response to pulses
of photosynthetically active radiation of known inten-
sity to quantify electron transport rates as a function
of light availability (Gorbunov & Falkowski, 2004).
These fluorescence-based photosynthesis—irradiance
curves allowed us to determine dark-acclimated pho-
tosynthetic efficiency (F\/F,,), photosynthetic rates at
growth irradiance (P;), and maximum photosynthetic
rates (P ) as described in our previous work (Lepori-
Bui et al., 2022; Moeller et al., 2021; Paight et al., 2023).
We also measured chlorophyll content directly by fil-
tering a known number of M. rubrum cells onto a GF/F
filter (Whatman) and extracting pigments overnight in
a 90% acetone solution at —20°C. The following day, we
quantified chlorophyll concentration using a Trilogy
Fluorometer with a 460 nm LED (Turner Designs, San
Jose, CA, USA). To avoid contamination of photophys-
iology measurements by free-living H. pacifica cells,
we washed subsamples of experimental cultures free
of prey using an 8.0-pm polycarbonate transmembrane
filter, as described previously (Moeller et al., 2021;
Moeller & Johnson, 2018; Peltomaa & Johnson, 2017)
before measuring photosynthesis—irradiance curves or
filtering for chlorophyll extraction.

Because of the length of our experiment and growth
rate of M. rubrum, we performed one dilution on Day 8
to prevent M. rubrum populations from becoming den-
sity limited (e.g. approaching carrying capacity due to
nutrient limitation). We performed a fivefold dilution for
the fed treatment and a threefold dilution for the starved
treatment, commensurate with growth rates and popu-
lation sizes. We corrected for this dilution (and dilution
due to the addition of fresh prey in the fed treatment) by
scaling population sizes proportionally to the volumes
added. This allowed us to calculate M. rubrum growth
rates over a sliding 7-day window as the slope of the rela-
tionship between the natural log of population size and
experimental day.

Calibration of FlowCam measurements

We used the FlowCam to collect data on cell pigmenta-
tion. Specifically, we used peak red fluorescence (a proxy
for chlorophyll content) and peak yellow fluorescence (a
proxy for PE content) to estimate the amount of photo-
synthetic pigment contained in cells.

To calibrate our FlowCam fluorescence measure-
ments to the amount of cell volume occupied by plastids,
we performed a calibration experiment (Experiment 4)
in which we simultaneously measured the fluorescence
properties of M. rubrum cells using the FlowCam and
the confocal microscope. During this 19-day experi-
ment, we grew M. rubrum cells under three conditions to
generate a range of plastid contents: For the first 2 weeks
of the experiment, we used two treatments — starved and
well fed with H. pacifica —to produce populations of cells
that, over time, had diminishing numbers of PE plastids
and increasing numbers of PC plastids, respectively. On
day 15, we split the H. pacifica-fed populations into two
new treatments: starved and well fed with T. amphioxeia.
The latter treatment was used to regenerate cells with a
mixture of two plastid types.

At eight time points during this experiment (days 1,
3,6,9,12, 15, 17, and 19), we collected FlowCam optical
data as described earlier and prepared a 1-mL subsample
of cells with glutaraldehyde fixation and DAPI staining
for confocal microscopy, also as described earlier. Using
the confocal microscope, we collected data on 15 cells
per replicate (0.5pm slice thickness, 256 %256 pixel res-
olution); because the experiment was run in triplicate,
this represents 45 cells per treatment per experimental
time point. After collecting data from three of the four
channels described earlier (representing DAPI, PE, and
PC), we used a custom Python script (see https://doi.org/
10.5281/zenodo.14201363 for all data and scripts used in
this manuscript) to compute the percentage of cellular
volume occupied by PE or PC plastids. We used nonlin-
ear regression (function n/s in R) to estimate best-fitting
relationships between chlorophyll proxies (FlowCam red
fluorescence and confocal total plastid volume) and PE
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proxies (FlowCam yellow fluorescence and confocal PE
plastid volume) (Figure SI), and developed a statistical
model that allowed us to predict PE and PC plastid con-
tent with a high degree of accuracy (R*=0.913 and 0.953,
respectively; Figure S2).

RESULTS
Ingestion of H. pacifica by M. rubrum

We found that ingestion of H. pacifica and growth of M.
rubrum increased as a function of H. pacifica popula-
tion size (Figure 1), indicating that consumption of H.
pacifica supports at least transient increases in M. ru-
brum growth rates. Ingestion was a saturating function
of H. pacifica abundance, with a clearance rate (a.k.a. at-
tack rate) a of 7.068 x 10> mL per M. rubrum per day and
a handling time / of 3.331 x 10> days (Figure 1A), though
we note that a linear functional response was nearly as
statistically strong (Figure S3).

Growth was also a saturating function of H. paci-
fica abundance, with a baseline growth rate (in the ab-
sence of prey) g, of 3.127 x 1072 per day, a maximum
increase in growth g of 0.4501 per day (leading to
a predicted maximum growth rate of 0.4814 per day),
and a half-saturation prey abundance H of 15,880

oo
|
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o
|

N
|

Ingestion rate
(H. pacifica -+ M. rubrum=" - d™")

2 Holling Type Il fit
a=7.068x 107
0 - h=3.331x 107
T T T T
~0.25 - (B) e
I'E, o
© 0.20
o
< 0.15
o
(o)}
S 0.10 °® Monod saturating fit
3 Omax = 0.4501
; 0.05 H = 1.588 x 10‘;
- _, | gl;o=3.127x1cl)
0 5 10 15
Mean H. pacifica population (103 cells - mL'1)
FIGURE 1  Mesodinium rubrum ingestion functional response

(A) and growth functional response (B) to increasing concentrations
of Hemiselmis pacifica prey. Both ingestion and growth saturate as
prey abundance increases.

cells per mL (Figure 1B; a linear model gave a worse
statistical fit, Figure S3).

We found no evidence of selective grazing by M. ru-
brum when the ciliates were simultaneously offered T
amphioxeia and H. pacifica (Figure 2). Over time, the
population sizes of both cryptophytes declined in the
presence of M. rubrum (Figure 2A), providing evidence
of predation. The growth rate of H. pacifica was slightly
(but nonsignificantly) lower than that of 7. amphioxeia,
leading to an overall decrease in the relative abundance
of H. pacifica in the mixed cryptophyte population over
time (Figure 2B). However, this decrease was identical
to the one observed in the presence of M. rubrum, indi-
cating that the two cryptophytes were consumed in pro-
portion to their abundance. Indeed, after controlling for
differences in cryptophyte growth rates (Figure 2C) and
population sizes (Figure 2D), while the overall ingestion
of T. amphioxiea was higher (Figure 2E), the clearance
rates (a.k.a. attack rates, which represent the “effort”
that M. rubrum is putting into finding and capturing
each cryptophyte species) were statistically identical
(Figure 2F, t-test p=0.9292).

Photosynthetically active H. pacifica plastids are
retained by M. rubrum

Both compound and confocal fluorescence micros-
copy confirmed the presence of PC-containing H.
pacifica plastids inside of M. rubrum cells (Figure 3).
Furthermore, we observed colocalization of small DAPI-
stained puncta (presumably H. pacifica nuclei) with H.
pacifica plastids.

When M. rubrum were fed H. pacifica over long times-
cales (Experiment 3), we observed changes in FlowCam
measurements of cell fluorescence consistent with inges-
tion and retention of H. pacifica plastids. Specifically,
while starved M. rubrum showed gradual decreases in
both chlorophyll and PE fluorescence, H. pacifica-fed
M. rubrum exhibited sharp decreases in PE fluorescence
after Sdays of feeding, though chlorophyll fluorescence
was maintained (Figure S4). Based on our calibration
between confocal and FlowCam data (Figures S1 and
S2), we estimate that these changes in fluorescence cor-
respond to a replacement of PE-containing 7. amphiox-
eia plastids (Figure 4A) by PC-containing H. pacifica
plastids in the fed treatment (Figure 4B), and an overall
decline in plastid volume in H. pacifica-fed M. rubrum
(Figure 4C).

Changes in chlorophyll content mirrored this shift
in plastids, with H. pacifica-fed M. rubrum populations
showing sharper decreases in per-cell chlorophyll content
than starved populations in the last two weeks of the ex-
periment (Figure SA). However, photosyntheticefficiency
of this chlorophyll was higher in fed cells (Figure 5B),
though per-chlorophyll photosynthetic rates were lower
in H. pacifica kleptoplastids (Figure 5C). Within about
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FIGURE 2

No evidence of selective grazing by Mesodinium rubrum offered Hemiselmis pacifica and Teleaulax amphioxeia. (A) Population

dynamics of H. pacifica and T. amphioxeia in the presence (filled symbols) and absence (open symbols) of M. rubrum. Lower (negative) growth
rates in the presence of M. rubrum provide evidence of grazing on both cryptophytes by the ciliate. (B) During the experiment, the relative
abundance of H. pacifica (which was initially inoculated slightly below the 50:50 intended ratio) did not differ in the two experimental
treatments. Because the growth rates of the two cryptophytes were similar (though H. pacifica grew nonsignificantly slower, C), the initial
difference in population size led to a difference in abundances that persisted throughout the experiment (D). As a result of these numerical
differences in prey abundance, ingestion rates of 7. amphioxeia were higher (E), but the attack rates were identical (F).

2weeks (the time required for near-elimination of T
amphioxeia plastids, Figure 4), H. pacifica-fed M. ru-
brum photophysiology came to resemble the photophys-
iology of free-living H. pacifica cells (Figure S5), with
faster reductions in maximum photosynthetic rate P,
light sensitivity @, and saturating light intensity £, than
starved M. rubrum cells (Figure 5SD-F).

Feeding on H. pacifica supports transient
increases in M. rubrum growth rates

Over the course of the 3-week long-term experiment
(Experiment 3), we observed increased growth rates
in H. pacifica-fed M. rubrum populations for the first
12days (Figure 6). This led to an approximate threefold
increase in maximum ciliate population size compared
to starved cells (Figure 6A). However, after 2weeks,
growth rates in H. pacifica-fed and starved cultures were
comparable, and growth rates fell below zero (indicating
population declines) for both treatments during the third
week of the experiment (Figure 6B). Over the course of
the experiment, M. rubrum-fed H. pacifica were generally

slightly larger than starved cells, and showed a 25%
increase in cell volume after population size plateaued
on day 15 (Figure S6).

In the separate experiment designed to calibrate plas-
tid content between the FlowCam and confocal micro-
scope (Experiment 4), we observed that returning H.
pacifica-fed M. rubrum to T. amphioxeia prey resulted in
replacement of H. pacifica plastids with 7. amphioxeia
ones (Figure 2 and Figure S7). This replacement occurred
rapidly: within 48 h, two thirds of H. pacifica plastids had
been eliminated (compared to about one fifth in starved
cells; Figure S7). Within 4days, M. rubrum cells had re-
covered a near-complete complement of 7. amphioxeia
plastids. Even accounting for positive M. rubrum growth
rates in 7. amphioxeia-fed cultures, H. pacifica plastid
volume was lost three times as rapidly in 7. amphioxeia-
fed cultures as in starved cultures (Figure S8).

DISCUSSION

The kleptoplastidic ciliate M. rubrum has long been de-
scribed as a prey specialist, with each described lineage
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FIGURE 3 Confocal images of Mesodinium rubrum subject to different feeding treatments. (A—E) Mesodinium rubrum-fed Teleaulax
amphioxeia and then subject to 3days of starvation still have numerous phycoerythrin-bearing red plastids. (F-J) After 2weeks of feeding on
Hemiselmis pacifica, M. rubrum cells are filled with phycocyanin-bearing blue-green plastids; H. pacifica nuclei colocalize with these plastids.
Typically, one or two 7. amphioxeia plastids remain. (K-O) After only 2days of feeding with 7. amphioxeia, however, M. rubrum cells quickly
eliminate most H. pacifica plastids and re-equip themselves with 7. amphioxeia plastids.
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FIGURE 4 Changes in Mesodinium rubrum cell volume occupied by (A) Teleaulax amphioxiea plastids, (B) Hemiselmis pacifica plastids,
and (C) all plastid types varied by treatment. While starved cells gradually lost plastid volume over time, H. pacifica-fed cells rapidly replaced
T. amphioxiea plastids after day 5, though the total cell volume occupied by plastids was lower in the H. pacifica-fed cultures.

obtaining matched sets of chloroplasts, mitochondria,
and transcriptionally active nuclei from specific crypto-
phyte species in the Teleaulax/Geminigera clade (Hansen
et al., 2013; Johnson et al., 2016). Although in our study,
M. rubrum could not sustain growth on an alternate prey
source indefinitely, we were surprised to observe robust
ingestion of the cryptophyte H. pacifica, including a lack

of discrimination by the ciliate between H. pacifica and
its optimal prey 7. amphioxiea, and the presence of pho-
tosynthetically active blue-green H. pacifica plastids in
M. rubrum's cytoplasm. Although we did not track car-
bon fixed by ingested H. pacifica plastids, elevated M.
rubrum growth rates in fed cultures (even as cell volume
remained constant or increased) suggest substantive
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FIGURE 5 Photophysiology of Mesodinium rubrum starved (open points) or fed Hemiselmis pacifica (filled points). (A) Cellular chlorophyll
content decreased in both treatments, but (B) photosynthetic efficiency remained higher for H. pacifica-fed cultures. Overall, photosynthesis
rates at growth irradiance (C), maximum photosynthetic rates (D), light sensitivity (E), and saturating light intensity (F) were lower for H.
pacifica-fed cultures. Where applicable, reference lines representing parameters from 7Teleaulax amphioxiea (dashed line) and H. pacifica (dotted
line) photosynthesis—irradiance curves are shown. Note that H. pacifica-fed M. rubrum cells still retain some 7. amphioxeia plastids, which

contribute to measurements, especially prior to day 14 (Figure 4).

contributions to carbon and energy acquisition. Our
results suggest that nonpreferred plastids observed in
M. rubrum cells (Johnson et al., 2016) may be photosyn-
thetically active and help sustain M. rubrum populations
when preferred prey are absent or only available in low
abundances.

However, by displacing 7. amphioxeia plastids during
ingestion of H. pacifica, M. rubrum cells appear to ex-
change short-term growth benefits for long-term de-
clines in photosynthetic performance. We observed
more rapid loss of PE-containing 7. amphioxeia plastids
in H. pacifica-fed M. rubrum populations than in starved
populations, resulting in decreases in total plastid vol-
ume, cellular chlorophyll content, and photosynthetic
capacity compared to starved cells. In part, changes in
photophysiology may reflect lower per-chlorophyll pho-
tosynthetic performance in free-living H. pacifica than
T. amphioxeia (Figure S5), but the ultimate impact is a
reduction in cellular photosynthetic rates.

Although M. rubrum's photosynthetic capacity is re-
duced by H. pacifica ingestion, over short time periods
its growth accelerates with prey availability. Indeed, al-
though saturating functions were the best statistical fits
to our short-term (Experiment 1) data (Figure S3), our ex-
periment did not include sufficiently high prey densities
to directly measure saturated ingestion or growth rates

(Figure I). Rates of ingestion were more similar to, for ex-
ample mixotrophic oligotrich ciliates (Gismervik, 2005;
Schoener & McManus, 2017) than previous reports of M.
rubrum (Johnson et al., 2006; Yih et al., 2004). It is pos-
sible that high rates of prey ingestion represent “luxury
consumption” (Schoener & McManus, 2017) and allow
M. rubrum to maintain fresh H. pacifica plastids. The
gross growth efficiency (GGE; M. rubrum cells produced
per H. pacifica cells ingested, Figure S9) indicated that
about 27.5 H. pacifica cells would need to be ingested to
produce one M. rubrum cell, which is much higher than
observed ingestion rates for this species. (At low H. pa-
cifica densities, legacy photosynthetic contributions of
T. amphioxeia plastids appear to dominate the growth
signal.) Using others' measurements of ~650 pg C per M.
rubrum cell (Smith & Hansen, 2007; Stoecker et al., 1991)
and our own prior measurements of ~40 pg C per H. paci-

fica (Moeller et al., 2021; Paight et al., 2023), we find that

GGE_ ranges from 0.48 to 2.37 (Figure S10), which more
closely resemble mixotrophic than phagotrophic cili-
ates (Hughes et al., 2021; Schoener & McManus, 2017).
However, values less than 0.5 at high prey densities imply
that M. rubrum growth could be substantially bolstered
by heterotrophy when H. pacifica abundance is high.
Ultimately, the ingestion of H. pacifica plastids
seemed to lead to a physiological “dead end” for
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FIGURE 6 Long-term growth of Mesodinium rubrum is
enhanced by the presence of Hemiselmis pacifica. (A) When fed

H. pacifica (filled points), M. rubrum populations grew faster for a
longer period of time, ultimately achieving larger population sizes
over the 3-week experiment. (Note that M. rubrum population data
have been rescaled to account for dilution; actual population sizes
were below 10,000 cells/mL throughout the experiment.) (B) We used
a sliding 7-day window to calculate growth rates, and found that
feeding with H. pacifica increased M. rubrum growth rates for the
first 12days of the experiment, but in the final 10days growth rates
were similar between starved and fed treatments.

M. rubrum cells, whose accelerated growth halted
after 2weeks of experimental feeding. At this point,
cell volumes also began to increase (Figure S6), and
we saw numerous misshapen cells (personal observa-
tion; Figure S6). Together with microscopy observa-
tions that H. pacifica nuclei colocalize with H. pacifica
plastids, and that ingested H. pacifica plastids are not
arrayed along the outside of the cell like 7" amphioxeia
plastids, our findings suggest a breakdown in organ-
elle handling, and perhaps cell division, with ingestion
of alternative prey. In contrast, when fed 7. amphi-
oxeia, M. rubrum cell division is a synchronized and
orderly event, with simultaneous division of plastids
directed by the kleptokaryon, which is localized away

IS

from other prey organelles with the ciliate's own nuclei
(Johnson et al., 2007, 2023; Johnson & Stoecker, 2005;
Kim et al., 2017). Future research should explore cyto-
skeletal attachment of H. pacifica-containing vacuoles
and their localization during ciliate mitosis.

Given long-term limitations to performance, why
does M. rubrum ingest H. pacifica, especially when
preferred prey are available? One reason may be that
H. pacifica and T. amphioxiea are similar in cell size
and swimming behavior (personal observation).
Because M. rubrum is an ambush predator (Jiang &
Johnson, 2021), similar motility patterns of the two
cryptophytes may trigger the ciliate to capture and
ingest them in the same way, in contrast to its ability
to discriminate between, for example 7. amphioxeia
and Storeatula major, a substantially larger and slower
swimming cryptophyte that tends to swim in short
loops rather than long fast runs (Jiang & Johnson, 2021;
Peltomaa & Johnson, 2017). Still, little is known about
the physical and biochemical cues that mixoplankton
like M. rubrum use to identify their prey.

Previous studies have also shown robust ingestion by
M. rubrum of non-Teleaulax cryptophytes resulting in
short-term positive growth, however, none have assessed
how ingestion of alternate prey changes the photophys-
iology of M. rubrum. Hansen et al. (2012) found no ev-
idence that organelles from nonpreferred cryptophytes
were sequestered, and reported some ultrastructural
changes to the thylakoid membrane of Hemiselmis tepida
plastids that were interpreted as being consistent with
exposure to digestive enzymes. Based on our observa-
tions of temporary retention of organelles with photo-
synthetically active plastids, it is unlikely that ingested
H. pacifica prey are ingested specifically for heterotro-
phic digestion. However, they are clearly handled differ-
ently than ingested organelles from preferred Teleaulax
prey, with the prey nucleus packaged along with the plas-
tid and other organelles in a membrane and not moved to
the cell perimeter. Superficially, this alternative prey or-
ganelle sequestration mechanism more closely resembles
what is seen in M. chamaeleon, albeit with less stability
of plastid function and longevity (Moeller et al., 2021).
Collectively, these observations suggest that, when M.
rubrum ingests nonpreferred cryptophyte prey, they fail
to be sequestered, perhaps through some intracellular
recognition process, and are instead retained until opti-
mal prey is found. The fast replacement of these alterna-
tive prey organelles once the ciliate encounters Teleaulax
suggests that optimal prey uptake may then stimulate
quickened digestion or possibly egestion of these alter-
native prey organelles.

Ultimately, the presence of alternate prey may
serve as an important, though time-limited ecologi-
cal “bridge” for kleptoplastidic specialists like M. ru-
brum to tolerate low-resource environmental conditions
until the presence of preferred prey can again support
rapid growth (Herfort, Peterson, McCue, et al., 2011;
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Johnson et al., 2016; Peterson et al., 2013). Indeed, we
observed rapid replenishment of 7. amphioxeia plastids
and accelerated growth within 48h of refeeding with
preferred prey, consistent with other data showing rapid
uptake of preferred organelles (Peterson et al., 2013).
However, as its species name suggests, M. rubrum is not
observed to have blue-green plastids in nature, suggest-
ing that these interactions are relatively rare or transient.
This may be due to different microhabitats used by M.
rubrum and PC-containing Hemiselmis cryptophytes, or
due to prey selectivity mechanisms that function in na-
ture but not in the laboratory. Nevertheless, the ability to
induce ingestion of alternate prey in laboratory settings
opens new doors to exploring the cellular mechanisms of
plastid integration via disruption with suboptimal prey.
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