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SUMMARY

The evolution of novel traits can have important consequences for biological diversification. Novelties such
as new structures are associated with changes in both genotype and phenotype that often lead to changes in
ecological function.’? New ecological opportunities provided by a novel trait can trigger subsequent trait
modification or niche partitioning®; however, the underlying mechanisms of novel trait diversification are still
poorly understood. Here, we report that the innovation of a new chlorophyll (Chl) pigment, Chl d, by the
cyanobacterium Acaryochloris marina was followed by the functional divergence of its light-harvesting com-
plex. We identified three major photosynthetic spectral types based on Chl fluorescence properties for a
collection of A. marina laboratory strains for which genome sequence data are available,*® with shorter-
and longer-wavelength types more recently derived from an ancestral intermediate phenotype. Members
of the different spectral types exhibited extensive variation in the Chl-binding proteins as well as the Chl en-
ergy levels of their photosynthetic complexes. This spectral-type divergence is associated with differences in
the wavelength dependence of both growth rate and photosynthetic oxygen evolution. We conclude that the
divergence of the light-harvesting apparatus has consequently impacted A. marina ecological diversification

through specialization on different far-red photons for photosynthesis.

RESULTS AND DISCUSSION

Divergence of A. marina photosynthetic spectral types
from an intermediate ancestor

Novel traits are engines of biological diversification. The evolu-
tion of a novel trait can enable an organism to access unoccu-
pied niches where there are new resources to exploit,”® which
can trigger an adaptive radiation through subsequent trait modi-
fication.>° During the process of novel trait diversification, pop-
ulations might begin to partition the new niche space to avoid
intraspecific competition.’® This partitioning may be tempo-
ral,"™2 spatial,’® or with respect to resource utilization.”® The
latter involves character displacement, i.e., an evolutionary
change in a trait that enables specialization on a specific
resource.'* However, despite the importance of novel traits,
with few exceptions (e.g., Erwin'® and Mallarino et al."®) we rarely
know their underlying mechanisms of diversification.

One of the most consequential innovations in the history of life
was the invention of chlorophyll (Chl) a-based photosynthesis
by cyanobacteria, which sparked the oxygenation of Earth.
Since the origin of Chl a and its subsequent acquisition by
diverse eukaryotes via endosymbiosis, different organisms
have extended the reach of the photosynthetic apparatus
through the diversification of light-harvesting complexes
(LHCs) that harvest wavelengths of light that are inaccessible

to Chl a. While photosynthetic reaction center structure, compo-
sition, and function have been highly conserved during billions of
years of Chl a-based oxygenic photosynthesis,’” spectrally
distinct LHCs have independently evolved in diverse photosyn-
thetic lineages over the same period of time. These indepen-
dently derived LHCs include the phycobilisomes (PBSs) of
most cyanobacteria and red algae,'®'° the prochlorophyte Chl
a/b-binding proteins (Pcb),”° the LHC proteins of green algae
and plants,?"?? and the fucoxanthin Chl a/c-binding proteins of
stramenopiles and haptophytes.”®** LHCs are often tuned to
specialize on the prevailing light available in the environment?®
(e.g., the diversity of PBS pigments in marine Synechococcus
at varying depths). Many plants and cyanobacteria also contain
small proportions of long-wavelength (LW)-absorbing Chl a mol-
ecules (red Chls) associated with photosystem | (PSI) to extend
their light-harvesting capacity in shaded environments.?®*’
However, due to the ancient origins of Chl a-based photosyn-
thetic systems, it is difficult to reconstruct the evolutionary his-
tory of Chl a-based LHC diversification.

By contrast, the comparatively recent origin of Chl d tens of
millions of years ago in the cyanobacterium Acaryochloris
marina”®~° offers the rare opportunity to investigate the process
of LHC diversification following the innovation of a novel Chl
pigment. Chl d differs from Chl a by the replacement of a vinyl
group with a formyl group at the C-3 position of the chlorin
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Figure 1. Divergence of A. marina photosyn-
thetic spectral types

Data are color coded by spectral type in all panels.
(A) In vivo absorption spectra of representative
strains MBIC11017, MUO03, and HP10 normalized
by the Chl d peak (713 nm).
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(B) RT fluorescence emission spectra of A. marina
strains grown in white light. P4 emission spectrum
indicated by dotted yellow line.

(C) Maximum likelihood phylogeny of A. marina
strains adapted from Miller et al.,* which was out-
group rooted with A. thomasi RCC1774. Branch
lengths are in units of the expected number of amino
acid substitutions per site. Bootstrap support was
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ring, which shifts pigment absorption into the far-red (FR) spec-
tral region (700-750 nm?®). In A. marina, Chl d constitutes >90%
of Chl content, including the reaction center Chls where photo-
chemistry occurs.®' This enables A. marina to thrive in low-light,
low-energy habitats, and it is widely distributed in shallow
temperate and tropical saline environments where visible light
is filtered, often attached to red algae or animals.” Like prochlor-
ophyte cyanobacteria, A. marina and its close relative
A. thomasi, which does not produce Chl d,** use membrane-
bound Pcb proteins for light harvesting.>*>** Yet it remains un-
known whether the innovation of Chl d has been followed by
the diversification of the A. marina LHC to specialize on different
FR wavelengths, as predicted by niche-partitioning theory.
Resolving this question has implications for our understanding
of the process of biological diversification after the origin of a
novel trait.

To investigate LHC functional diversity, we first obtained
room temperature (RT) absorption and fluorescence emission
spectra for a sample of 30 A. marina laboratory strains isolated
from diverse geographic locations and grown in a white light
environment.*®> The absorption spectra of strains were very
similar (Figure S1), including the characteristic Q, peak of Chl
d at 710-715 nm, and pigment composition is qualitatively
identical among strains with respect to the kinds of Chl and
carotenoid pigments produced (Chl d with small amounts of
Chla and pheophytin a, a-carotene, and zeaxanthin; Figure S1).
However, Figure 1A highlights key differences observed for
representative strains. Strain HP10 exhibited an additional
shoulder of LW absorbance at ~740-750 nm, compared with
strains MBIC11017 and MUO3 (Figure 1A), which was also
recently observed for the A. marina strain Moss Beach.*® This
variation in Chl d absorption suggests functional differences
in light use across A. marina strains. Meanwhile, the type-strain
MBIC11017, which is the only A. marina strain known to
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marginal posterior probability of IW as the ancestral
state, indicated by the pie chart.

(D) 77 K fluorescence emission spectra of whole
cells from select strains of each spectral type.
Dotted lines indicate peaks.

See also Figures S1, S2, and S4.
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produce the light-harvesting pigment phycocyanin,® addition-
ally produced an absorption peak for this phycobiliprotein at
~620 nm (Figure 1A%%), obscuring the Q, bands of Chl at 605
and 650 nm (Figure 1A).

We next characterized RT fluorescence emission spectra,
which detect photons radiated by excited electrons of light-har-
vesting antenna Chl molecules as they return to ground state
(particularly the photosystem Il [PSII] antenna when performed
at RT*"). Differences among strains were more apparent for RT
fluorescence emission compared with absorption (Figure 1B).
We identified three major A. marina spectral types: a previously
unidentified intermediate wavelength (IW) type with an emission
maximum at 727-731 nm; a short-wavelength (SW) spectral type
with an emission maximum at 721-724 nm, as reported for
A. marina strain MBIC11017°%; and a LW spectral type with a
broader emission peak and maximum at 738-748 nm, first
observed for A. marina strain Awaji.*®

Many photosynthetic organisms have the capacity to adjust
the composition of their light-harvesting systems to better
match the quality of light in the environment by a process called
complementary chromatic acclimation (CCA®°). Several CCA
mechanisms have been characterized in cyanobacteria.***’
To address whether differences in CCA could explain the
different A. marina spectral types, we grew strains at different
light intensities in both white and FR light. Although strains
did exhibit minor shifts in fluorescence emission maximum in
response to changes in light quantity and quality, strains
consistently remained in the same spectral-type grouping irre-
spective of light environment (Figure S2). We conclude that the
A. marina spectral types are due to fixed, evolved differences
among strains rather than the product of differences in acclima-
tion response.

To understand the evolutionary origins of the divergent
spectral types, we mapped the RT fluorescence emission
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phenotype onto a genome-wide A. marina phylogeny (Fig-
ure 1C%. Members of the earliest branching lineages exhibited
the IW spectral type, indicating that this was most likely the
ancestral phenotype. Ancestral state reconstruction (ASR) by
the marginal posterior probabilities approximation (MPPA)
maximum likelihood model and F81 model for character evo-
lution strongly supports this hypothesis (99.4% marginal pos-
terior probability). Strikingly, the derivations of both SW and
LW spectral types through hypsochromic and bathochromic
shifts in fluorescence wavelengths, respectively, appear to
be comparatively recent (Figure 1C). The SW spectral type
(observed in strains MU13, MBIC11017, and MU10) originated
within a clade of primarily tunicate-associated A. marina (Fig-
ure 1C*%), whereas the LW spectral type was innovated by the
ancestor of a clade of strains isolated from diverse locations,
including western North America, Portugal, Italy, and Japan.
One strain (P4) exhibits an intermediate phenotype between
LW and IW spectral types, suggesting a partial reversion to
the ancestral phenotype (Figures 1B, 1C, and S4).

Possible sources of functional variation among

A. marina spectral types

The observed differences in RT fluorescence emission maxima
among spectral types suggest the presence of different energy
forms of Chl in the light-harvesting apparatus,®” which impacts
the wavelengths of photons that are harvested as well as the
flow of excitation energy to the reaction centers.*>** To inves-
tigate this in more detail, we obtained 77 K fluorescence emis-
sion spectra, which better resolve functional differences among
photosynthetic systems by eliminating biochemical and physio-
logical processes, slowing down energy transfer and sharp-
ening peaks through the loss of intramolecular vibrations.®’
77 K spectra corroborated RT observations of differences
among spectral types in Chl energy levels but also revealed
variation within each spectral type that was not apparent for
PSlI-dominated RT fluorescence (Figure 1D). Both SW and IW
spectral types contained a 715-nm and a prominent ~730-nm
emission peak; however, the latter peak was shifted to longer
wavelengths in IW strains (ranging from 736 to 742 nm) (Fig-
ure 1D). MUO5 had an additional emission shoulder at
772 nm as well as the 715-nm peak, both of which MUO3
(earliest branching A. marina strain) lacked (Figure 1D). This
was also the case for LW strains, yet both S15 and P4 con-
tained a longer-wavelength shift of the prominent peak to
748 nm (Figure 1D).

Although a detailed characterization of the mechanisms that
give rise to this rich functional variation within and between
A. marina spectral types is the subject of future work, we iden-
tified possible contributors to these patterns, which are not
mutually exclusive. Because the different spectral types use
the same kinds of Chls and carotenoids (Figure S1), differences
among spectral types are likely due to (1) changes in protein
environment (e.g., hydrophobicity) in the vicinity of Chl mole-
cules that are caused by variability in Pcb sequence and/or
composition within LHCs and/or (2) differences in the amounts
of Chl d versus Chl a molecules in the light-harvesting antenna
proteins themselves.

A. marina pcb genes are members of a large gene family that
includes prochlorophyte pch, the iron-stress gene isiA and

¢ CellP’ress

the psbC and psbB genes of PSIl (Figure S3*+%°) Whereas

A. marina pcbA genes are more closely related to isiA, pcbC pa-
ralogs form a separate clade; all are derived from three ancestral
copies with orthologs in A. thomasi RCC1774 (Figures 2 and S3),
most likely obtained by ancient horizontal transfer from prochlor-
ophyte(s). A. marina strains exhibit extensive variation in pcb
copy number (ranging from 6 to 10 copies; Figure 2A) due to a
dynamic history of gene duplication, differential retention of pa-
ralogs, and horizontal acquisition of genes from other A. marina
strains (Figure 2). Basal A. marina lineages diverged prior to
several pcb duplication events and consequently harbor fewer
gene copies (Figures 2A and 2B), which is associated with fewer
fluorescence emission peaks (Figure 1D).

Although the same pcb repertoire is generally shared within
each spectral type (Figure 2A), recombination of pcb alleles dur-
ing A. marina diversification may contribute to spectral differ-
ences between closely related strains. For example, strains P4
and P9 possess the same number and kinds of Pcbs (Figure 2A),
but P4 alleles for two pcbA loci are more closely related to those
of basal strains than LW strains (Figure S4). This may contribute
to the unique RT fluorescence emission spectrum of strain P4,
which is intermediate between ancestral and LW spectral types
(Figures 1B and S4).

Differences in Pcb stoichiometry may also contribute to func-
tional differences of A. marina LHC. We purified Chl-protein
complexes of selected strains by sucrose density gradient
centrifugation (Figure 3A) and characterized fluorescence prop-
erties of specific fractions. Fraction F3 primarily contained PSI
complexes based on position in the density gradient and similar-
ity of pigment absorption and emission compared with published
results for iron-replete MBIC11017.%*%%%7 Notably, the F3 ab-
sorption spectrum for SW strain MBIC11017 is missing a prom-
inent longer-wavelength shoulder that is observed in MUQ5 and
P4 (Figure 3B); this FR shoulder was further resolved at 77 Kas a
broad band of intense fluorescence emission at wavelengths
greater than 750 nm, which was absent in MBIC11017 (Fig-
ure 3C). This broad bandwidth suggests the presence of multiple
Chl molecules with lower energy than the PSI reaction center*®
(peak wavelength of 740 nm = 1.68 eV), which would necessitate
thermally activated uphill energy transfer from the antenna to the
PSI special pair. Low-energy Chl a molecules (red Chls) within
other cyanobacterial PSI antenna have been shown to be
involved in light harvesting (reviewed in Karapetyan et al.*9).
Liquid chromatography-mass spectrometry (LC-MS) analysis
of F3 for MBIC11017 and MUO5 showed enrichment of PSI
proteins together with multiple Pcb proteins. The Pcbs of
MBIC11017 (SW) were dominated by PcbA1 paralogs 1369
and 3654 (MBIC11017 numbering; Table S1; Figure 2C).
PcbA1 3654 expressed in Chl a-producing Synechocystis sp.
PCC 6803 exhibits a 723-nm emission peak at 77 K°%; we there-
fore assigned the MBIC11017 emission band at 729 nm (red-
shifted due to the presence of Chl d) to these PcbA1 copies.
By contrast, F3 of MUO5 contained similar amounts of PcbC
copies 1368/3655 (these paralogs have identical sequences)
compared with 1369 and 3654 (Table S2). These Pcbs may
therefore be responsible for the LW fluorescence that is absent
in MBIC11017, and the transition from IW to SW spectral types
most likely involved evolved differences in Pcb stoichiometry
of the PSI LHC.

Current Biology 34, 1-8, July 8, 2024 3
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Figure 2. Pcb copy-number variation and complex evolution in Acaryochloris
(A) Presence/absence table of pcb gene copies in Acaryochloris strains. Strains are color coded by spectral type and are ordered as in Figure 1C. Gray boxes
indicate pseudogenes and white boxes indicate the absence of a gene copy. Horizontally acquired genes, identified by phylogenetic analysis, are indicated

by “H.”

(B) Partially collapsed Acaryochloris phylogeny outgroup rooted with A. thomasi RCC1774 (gray). A. marina branches are colored by identified spectral type.
Green (pcbC), pink (pcbAT), and blue (pcbA2) symbols indicate an inferred duplication, gray symbols indicate an inferred loss, as in (C).

(C) Collapsed gene tree of all pcb copies and inferred gene trees of pcbC, pcbA1, and pcbA2 copies. Genes are labeled using MBIC11017 numbering, except for
pcbA2 copy 1570 (which MBIC11017 lacks). Green, pink, and blue symbols indicate an inferred duplication; gray symbols indicate an inferred loss, as in (B).

See also Figure S3.

Finally, evolved differences in the amounts of Chl d versus Chl
a in light-harvesting antenna proteins may have contributed to
the transition from IW to SW spectral types (Figure 1C). SW
strains MBIC11017 and MU13 exhibit a lower pheophytin
a-normalized Chl d: Chl a (mean + SE; 7.61 + 1.23) than IW
and LW strains (13.7 + 0.14; Figure 3D). This increase in antenna
Chla molecules in SW strains is evident as enhanced Chl fluores-
cence emission at wavelengths below 700 nm (Figure 1D).

Physiological and fithess consequences of spectral-
type divergence

Do these differences in spectral type have phenotypic conse-
quences, such as specialization on different FR wavelengths?
We predicted that a basal A. marina strain with ancestral spectral
type would be an FR generalist. By contrast, during the process
of diversification, cells might subsequently have partitioned
ecological niche space through spectral-type divergence and
specialization on specific FR wavelengths as a response to
new ecological opportunities or competition avoidance with
other A. marina.>">? To investigate this, we compared growth
rates and photosynthetic oxygen production of representative

4 Current Biology 34, 1-8, July 8, 2024

strains from each spectral type in different FR environments
provided by LED sources with peak emission at 706 nm (approx-
imately the Chl d in vivo absorption maximum) and 731 nm,
respectively.

Strains responded to the light environments differently (Fig-
ure 4A), as indicated by a highly significant strain x light interac-
tion termin alinear model (F»,15 = 12.43; p = 0.001). Specifically,
basal IW strain MUO3 exhibited no difference in growth rate be-
tween light environments (Fy 4 = 0.30; p = 0.62; Figure 4A), as
expected for an intermediate generalist phenotype. By contrast,
derived spectral types exhibited growth patterns consistent
with predictions based on evolved shifts in Chl fluorescence
(Figure 4A): HP10 (LW) grew significantly slower in 706 nm
compared with 731 nm (Fy 4 = 17.2; p = 0.01), whereas the
growth rate for MU13 (SW) was faster in 706 nm (F; 4 = 6.02;
p =0.07). Observed differences in absolute performance among
strains may reflect phenotypic differences with respect to their
responses to other environmental parameters in the growth
assay (e.g., temperature and light intensity). With respect to
photosynthetic oxygen evolution, LW strain HP10 exhibited a
much lower rate at 706 nm (Figure 4B; F, 27 = 4.91, p = 0.016
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Figure 3. Possible contributors to derived
shifts in A. marina spectral types

(A-C) (A) Fractions of Chl-protein complexes from
MBIC11017, MUO5, and P4 after sucrose density
gradient centrifugation. Fraction 3 (F3) was further
purified, and absorption (B) and 77 K fluorescence
emission (C) spectra were performed for F3 frac-
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(D) High-performance liquid chromatography chro-
matogram of A. marina strains MBIC11017, MUOS5,
MUO03, MU13, and P4 normalized to pheophytin a.
Minor differences in retention times are not due to
chemical difference: spectra of eluted pigments
were compared with standards authenticated by
LC-MS to verify identities. Inset: estimated ratios of
Chl d:Chl a, when normalized to pheophytin a.

See also Tables S1 and S2.
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MU13 (SW). The low net rates of oxygen evolution for HP10 in
706 nm light might explain, in part, the reduced growth rate
we observed at shorter wavelengths.

Taken together, A. marina spectral types exhibit physiological
differences when grown in different FR light environments, sug-
gesting that derived spectral types have specialized to use
distinct FR wavelength environments. Divergence of A. marina
spectral types therefore resembles the diversification of beak
size and shape in Darwin’s finches that is associated with
specialization on different diets.>® Although we cannot infer the
environment in which these spectral types were derived,
A. marina strains of different spectral types are known to co-
occur in nature (e.g., P4/P9 and MU03/MUO04"). Consequently,
we speculate that resource partitioning of available light
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wavelengths was favored by A. marina strains for competition
avoidance. Future investigations could try to resolve the variation
in light environments between A. marina spectral types in nature.
We conclude that, following the innovation of a Chl d-based
light-harvesting system in A. marina, ecological divergence has
enabled strains to preferentially use different FR wavelengths
for photosynthesis.
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Figure 4. Physiological and fitness conse-
quences of spectral-type divergence

Error bars are standard errors.

(A) Population growth rates in 706 and 731 nm FR
light environments for MUO3 (IW, yellow), MU13
(SW, blue), and HP10 (LW, red).

(B) Net rates of oxygen production for MU0O3, MU13,
and HP10 when grown and assayed in 706 and
731 nm, respectively.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

Acaryochloris marina MUQO3
Acaryochloris marina WB4
Acaryochloris marina GR1
Acaryochloris marina MUO8
Acaryochloris marina MUQ9
Acaryochloris marina MUQ5

Acaryochloris marina CCMEE 5410

Acaryochloris marina MU12
Acaryochloris marina MU11
Acaryochloris marina MU10
Acaryochloris marina MU13
Acaryochloris marina 12.1

Acaryochloris marina MUO7
Acaryochloris marina MUQ6
Acaryochloris marina MU04

Acaryochloris marina NIES2412

Acaryochloris marina Awaji
Acaryochloris marina S1
Acaryochloris marina S9
Acaryochloris marina P4
Acaryochloris marina P9
Acaryochloris marina HP9
Acaryochloris marina FH2
Acaryochloris marina FH6
Acaryochloris marina FH1
Acaryochloris marina HP1
Acaryochloris marina HP11
Acaryochloris marina HP3
Acaryochloris marina HP5
Acaryochloris marina HP6
Acaryochloris marina MSP2
Acaryochloris marina HP10
Acaryochloris marina S7
Acaryochloris marina S15
Acaryochloris marina HP8
Acaryochloris marina FH11

Miller et al.*; NCBI
Miller et al.; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.; NCBI
Miller et al.; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.; NCBI
Miller et al.; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.”; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI
Miller et al.*; NCBI

Accession: SAMN15662354
Accession: SAMN24371045
Accession: SAMN15662355
Accession: SAMN15662357
Accession: SAMN15662356
Accession: SAMN15662358
Accession: GCA_000238775.2
Accession: SAMN15662360
Accession: SAMN15662359
Accession: SAMN15662361
Accession: SAMN15662362
Accession: SAMN24371046
Accession: SAMN15662363
Accession: SAMN1566236
Accession: SAMN15662365
Accession: SAMN15662366
Accession: SAMN15662367
Accession: SAMN15662369
Accession: SAMN15662370
Accession: SAMN24371035
Accession: SAMN24371036
Accession: SAMN15662371
Accession: SAMN24371038
Accession: SAMN24371039
Accession: SAMN24371037
Accession: SAMN15662372
Accession: SAMN24371044
Accession: SAMN24371041
Accession: SAMN24371042
Accession: SAMN24371043
Accession: SAMN15662374
Accession: SAMN15662373
Accession: SAMN15662377
Accession: GCA_018336915.1
Accession: SAMN15662375
Accession: SAMN24371040

Acaryochloris marina MBIC11017 Swingley et al.?’; NCBI Accession: GCA_000018105.1
Acaryochloris thomasi RCC1774 Partensky et al.>?; NCBI Accession: NZ_PQWO00000000
Cyanothece sp. PCC7425 NCBI Accession GCA_000022045.1
Prochlorococcus marinus str. AS9601 NCBI Accession: PRINA13548
Prochlorothrix hollandica PCC 9006 NCBI Accession: PRINA158811
Prochlorococcus marinus SS120 NCBI Accession: PRINA57995
Prochloron didemni NCBI Accession: PRINA13452
Prochlorococcus marinus MED4 NCBI Accession: PRUINA213

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Synechococcus sp. JA-3-3Ab NCBI Accession: PRINA16251
Synechococcus sp. 65AY6Li NCBI Accession: PRINA209725
Synechococcus sp. PCC 7335 NCBI Accession: PRINA19377
Fischerella sp. NIES-3754 NCBI Accession: PRJDB4348
Synechococcus elongatus str PCC 7942 NCBI Accession: PRUNA10645
Synechocystis sp. PCC 6803 NCBI Accession: PRINA715740
Synechococcus sp. PCC 7002 NCBI Accession: PRINA28247
Thermosynechococcus sp. NK55a NCBI Accession: PRINA218025
Synechococcus sp. Nb3U1 NCBI Accession: PRINA795194
Miscellaneous Cyanobacterial NCBI Accessions: PRINA224116; PRJDB11069;
Chlorophyll-binding proteins PRJEB60184; PRJDB5665
Prochlorococcus Chlorophyll-binding proteins NCBI Accession: PRINA246696

Biological samples

Acaryochloris marina strains

University of Montana Culture
Collection for Cyanobacteria

N/A

Deposited data

Acaryochloris genome sequence data Miller et al.* NCBI BioProject: PRUNA649288
Software and algorithms

IQ-TREE Nguyen et al.>* V2.0

Mauve Darling et al.*>® V1

PastML Ishikawa et al.*® V1.9.29.9

JMP https://www.jmp.com/en_us/home.html V17.2

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Scott Miller

(scott.miller@umontana.edu).

Materials availability

This study did not generate any new unique reagents.

Data and code availability

® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources

table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Acaryochiloris culture maintenance

Acaryochloris strains were cultured in 10 BG-11 or modified 10 BG-11 media as in Ulrich et al.® Batch cultures containing 75 mL of
media were maintained in 250 mL Erlenmeyer flasks at 20°C or 30°C under 12 h cycles of 20-25 umol photons m™2s™" cool white
fluorescent light (350 — 800 nm). All strains are maintained in the University of Montana Culture Collection for Cyanobacteria and

are available upon request.

METHOD DETAILS

Pigment extraction, room temperature spectroscopy, and tube assays
Absorbance scans were performed in vivo by first normalizing by optical density at 750 nm (OD-s0) and measuring absorption from
300-800 nm with a Beckman Coulter DU 530 spectrophotometer (Indianapolis, IN). To calculate Chl d concentration, a methanol
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assay was performed.>°” Briefly, 2 mL of culture were harvested and pelleted by centrifugation. The supernatant was discarded, and
cell pellets were resuspended in 2 mL ice cold 100 % methanol. To extract pigments, samples were stored on ice in the dark for
~30 min, after which they were centrifuged to pellet cell debris. Chl d concentration (ng/ml) was determined by measuring the absor-
bance at 697 nm and then using the published extinction coefficient of Chl d in methanol (63.68 x 10% L mol~'em™; ®%). Aliquots of
each culture were normalized by Chl d concentration before taking fluorescence emission spectra (450 nm excitation, 475-800 nm
scan) with a Photon Technology International model QM-7/2005 spectrofluorometer (Ontario, Canada). Spectra were further normal-
ized by peak wavelength.

Select A. marina strains were aliquoted into 15 mL of IOBG-11 media in culture tubes with a starting OD,5o of 0.01. Tubes were
propagated into different intensities of FR (0.94, 1.7, 3.5, and 10 umol photons m= s™') and cool white light (15, 30, 46, 70, and
99 pmol photons m2 s™') at 20°C. Metal screening was used to reduce light intensity. Pigments were extracted to normalize to
Chl d concentration before fluorescence emission spectra were collected as above.

Phylogenetic analysis of A. marina LHC

The Acaryochloris spp. maximum likelihood phylogeny was used from Miller et al.,* with Cyanothece sp. PCC7425 (NCBI:
GCA_000022045.1) as the outgroup. Ancestral state reconstruction was performed with PastML>® using the marginal posterior prob-
abilities approximation (MPPA) maximum likelihood model and F81 model for character evolution.”® Amino acid sequences of
A. marina Pcb obtained from annotated genome sequence assemblies in addition to other publicly available cyanobacterial Pcb,
CP43, CP47, and IsiA protein sequences (NCBI: PRJNA224116, PRJNA13548, PRINA158811, PRJNA57995, PRJINA13452,
PRJNA213, PRUNA16251, PRJDB11069, PRINA209725, PRINA19377, PRINA246696, PRUEB60184, PRJDB4348, PRJDB5665,
PRJNA10645, PRINA715740, PRINA28247, PRINA218025, PRINA795194, PRJINA12997, PRJNA430151, and PRJNAG49288)
were used to create a concatenated alignment. The extrinsic loop between the 5th and 6th transmembrane helices was removed
in PsbC (CP43) and CP47 sequences for better alignment to Pcb and IsiA proteins, which lack this large extrinsic loop.*®
We constructed a maximum likelihood tree with 1,000 ultrafast bootstrap replicates®® using IQ-TREE version 2.0°* according to
the cpREV+F+l+G4 model of sequence evolution selected by the Akaike information criterion (AIC) in ModelFinder.c’ The
Shimodaira-Hasegawa-like aLRT (SH-aLRT) was performed in parallel with bootstrap replicates to maximize load balance. To confirm
presence/ absence of specific Pcb copies, we manually checked Pcb fragmented sequences for evidence of pseudogenization (pre-
mature stop codon) or artifacts from misalignment. The multiple genome alignment tool Mauve®® was used to examine synteny of op-
erons containing pcb copies. Gene trees of individual pcb copies were constructed from nucleotide alignments using the above
method according to the TPM2u+F+G4, TIM2+F+G4, TIM2+F+G4 models of sequence evolution for isiA, pcbA1 1570 and pcbA2
1369 copies, respectively.

HPLC analysis

For HPLC analysis at The Pennsylvania State University, A. marina cells were harvested and washed once in 50 mM HEPES/NaOH
buffer, pH 7.0 by gentle centrifugation, resuspension, and another centrifugation. Methods were followed as previously
described.®>%° Briefly, pigments were extracted from the cell pellet by sonication in acetone:methanol (7:2, v/v). Protein and other
insoluble cell debris were removed by centrifugation, and pigment solutions were filtered through a 0.2-pm polytetrafluoroethylene
membrane syringe filter. Next, pigments were analyzed by reversed-phase HPLC on a 25 cm - 4.6 mm analytical Discovery C18 col-
umn (Supelco, Bellefonte, PA, USA) using an Agilent Model 1100 HPLC system equipped with a model G1315B diode array detector.
Chl ratios were estimated by calculating the area under each curve after normalizing to Pheophytin a. Pheophytin a is the primary
electron acceptor of PSII and should not vary across strains.®*

Membrane separation, fractionation, and spectroscopy

Cell pellets (5-8 g by dry weight) were stored in —80 °C and shipped to The Pennsylvania State University, University Park, for further
processing. Pellets were resuspended in MES buffer containing 50mM MES (pH 6.5), 15 mM CaCl,, and 10mM MgCl,; 10 mL of
buffer was used for each gram of cells. After homogenizing cells, a combination of approaches was used for cell lysis. Cells were
passaged three times through a chilled French press (pressure ~ 138 MPa), sonicated, and passed through a microfluidizer (Micro-
fluidics M-110EH-30 Microfluidizer Processor) at 30,000 psi. Further, a volume of 1 mL was mixed with an equal volume of 0.1-mm
glass beads and cells were broken by eight rounds of 30 s of bead beating in a Mini-BeadBeater (BioSpec Products). Samples were
centrifuged at 4000 rpm for 15 min in 10°C to remove cell debris. The supernatant was centrifuged at 40,000 rpm for 1 h in 4°C and
pelleted membranes were resuspended in MES buffer. The Chl concentration was measured and adjusted to 0.4 mg Chl mi™ by dilu-
tion with MES buffer. Membranes were then solubilized by addition of n-dodecyl-B-d-maltoside detergent (DM) to a final concentra-
tion of 1% (w/v) and incubated at 4°C for 1 h. Solubilized membranes were separated from insoluble debris by centrifugation at
8000 rpm for 15 min in 4°C. The solubilized membranes were loaded onto 5 to 20% (w/v) sucrose gradients containing 0.1% DM
in MES buffer, and the gradients were centrifuged for about 18 hours at 108,000g in 4°C. Green-colored fractions were collected
from sucrose gradients (see Figure 3A), dialyzed against MES buffer and concentrated using Millipore Centriprep 100K Centrifugal
Filtration Devices (EMD Millipore, Darmstadt, Germany). For further purification, F2 and F3 fractions were loaded onto 5 to 20% (w/v)
sucrose gradients containing 0.1% DM in MES buffer and subjected to a second ultracentrifugation for 18 hours at 108,000g in 4°C.
Fractions were collected and dialyzed against MES buffer.
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Absorption and low-temperature (77 K) fluorescence spectra were collected for membrane fractions after normalizing for Chl con-
centration. Absorption spectra (300-800 nm) were measured with Cary 14 spectrophotometer that was modified for solid-state oper-
ation by On-line Instrument Systems Inc. (Bogart, GA, USA). 77 K fluorescence emission spectra were measured using an SLM Model
8000C spectrofluorometer that has been modified for computerized solid-state operation by On-line Instrument Systems Inc.,
(Bogart, GA, USA). Membrane fractions were diluted in MES buffer to normalize Chl concentration and then glycerol was added
to produce a final concentration of 60% (v/v). After loading into the measuring tube, samples were quickly frozen in liquid nitrogen.
To measure the fluorescence emission from Chl-protein complexes, samples were excited at 450 nm and emission was measured
over the range of 600-800 nm.

LC-MS Preparation

To precipitate the proteins from purified fractions, 12% PEG (w/v) was added to each tube, inverted to mix, and stored in 4°C over-
night. The PEG/protein mixtures were centrifuged for 20 min at 30,000 rpm in 4°C. Supernatants were decanted, and pellets were
briefly dried. The protein pellets were resuspended in resuspension buffer composed of 50 nM MES pH 6.5, 10 mM MgCl,,
15 mM CaCl,, 10 % glycerol, and 0.05% DM. Samples were stored in —-80°C and prepared for LC-MS performed at the Penn State
Proteomics and Mass Spectrometry Core Facility, University Park, PA.

FR growth and net oxygen production experiments

For each strain, triplicate independent cultures derived from the same inoculum were grown in 706 nm and 731 nm LED boxes in
25°C. The intensity of LED lights varied between 1.9-2.1 pmol photons m2s™". Growth was measured every 48 hours by taking
ODy50 readings of a 2 mL subsample, after which cultures were randomly moved to different positions within each respective light
environment to mitigate any differences in light exposure. Growth rates (generations/day) were estimated from the exponential
growth phase of each culture.

Aliquots of exponentially growing cells were gently homogenized and pelleted via low-grade centrifugation (5500g for 30 min) and
resuspended in 2 mL 10 BG-11 media to a normalized Chl d concentration. The sample was kept in the dark for at least 5 min prior to
measuring net oxygen evolution with a Unisense OX-Eddy Clark-type oxygen sensor when the sample was exposed to 706 nm or
731 nm LED light for 30 sec. Each sample was measured twice and was dark acclimated as well as carefully homogenized with a
sterile needle in between measurements. The oxygen sensor signal was recorded every second using the Unisense SensorSuite
Logger software. Prior to experimental procedures, the oxygen sensor was calibrated following manufacturer’s instructions for con-
version from raw sensor signal (mV) to oxygen concentration (umol O, L™"). For each of the light treatments, the rate of oxygen evo-
lution (umol O, L™ s7") was estimated by the initial slope of a stable increase of oxygen over 10-15 seconds.

QUANTIFICATION AND STATISTICAL ANALYSIS
Differences in growth rates and net rates of oxygen evolution of A. marina strains MUO3, MU13, and HP10 in both light environments

were assessed by linear models in JMP version 17.2 (SAS Institute Inc., Cary, NC). Details of other quantification analyses can be
found in the results and discussion text.
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