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Summary

Marine Synechococcus thrive over a range of light

regimes in the ocean. We examined the proteomic,

genomic and physiological responses of seven Syne-

chococcus isolates to moderate irradiances (5–80 lE

m22 s21), and show that Synechococcus spans a

continuum of light responses ranging from low light

optimized (LLO) to high light optimized (HLO). These

light responses are linked to phylogeny and pigmen-

tation. Marine sub-cluster 5.1A isolates with higher

phycouribilin: phycoerythrobilin ratios fell toward the

LLO end of the continuum, while sub-cluster 5.1B, 5.2

and estuarine Synechococcus with less phycouribilin

fell toward the HLO end of the continuum. Global pro-

teomes were highly responsive to light, with > 50% of

abundant proteins varying more than twofold

between the lowest and highest irradiance. All strains

downregulated phycobilisome proteins with increas-

ing irradiance. Regulation of proteins involved in

photosynthetic electron transport, carbon fixation,

oxidative stress protection (superoxide dismutases)

and iron and nitrogen metabolism varied among

strains, as did the number of high light inducible pro-

tein (Hlip) and DNA photolyase genes in their

genomes. All but one LLO strain possessed the pho-

toprotective orange carotenoid protein (OCP). The

unique combinations of light responses in each

strain gives rise to distinct photophysiological

phenotypes that may affect Synechococcus distribu-

tions in the ocean.

Introduction

Marine picocyanobacteria are the most abundant oxygenic

photosynthetic organisms on Earth. The members of two

genera, Synechococcus and Prochlorococcus, contribute

�25% of net marine primary productivity globally (Flom-

baum et al., 2013) and up to �80% in the open ocean

gyres (Liu et al., 1999). While light adaptations in Prochlor-

ococcus show clear patterns that reflect depth in the water

column and taxonomic identity (Partensky et al., 1999;

Rocap et al., 2003; Scanlan et al., 2009), light adaptations

in Synechococcus are more varied and involve a large

protein-based light harvesting antenna in addition to chlo-

rophyll (Ahlgren and Rocap, 2006). Global proteomics

provides a new lens to understand how key groups of pro-

teins together give rise to distinct light phenotypes in

Synechococcus.

In the ocean, Synechococcus and Prochlorococcus

trade off in dominance. The distribution of Synechococcus

ranges from coastal to open ocean habitats that extend

deep into temperate climate zones (Zwirglmaier et al.,

2007; 2008; Flombaum et al., 2013; Hunter-Cevera et al.,

2016), whilst Prochlorococcus is more abundant in the

stratified oligotrophic open ocean within tropical and sub-

tropical latitudes. Where the two genera coexist within

stratified waters, they occupy different depth ranges; Syne-

chococcus abundances peak in the surface mixed layer

and decline at greater depth (Partensky et al., 1999;

DuRand et al., 2001; Rocap et al., 2003; Mackey et al.,

2009; 2011; Scanlan et al., 2009), while Prochlorococcus

abundances are highest between 20 m and the base of

the euphotic zone (�200 m) (Fig. 1A). Typically Synecho-

coccus is less abundant below �100 m, but is occasionally

found at depths down to 200–600 m during deep mixing

events (Lindell and Post, 1995; DuRand et al., 2001),

where members of clade I and II can dominate (Post et al.,

2011).

Given the extensive range of light environments they

occupy, it is not surprising that considerable photosynthetic

diversity exists between the two genera and even among

different ecotypes within the same genus. Synechococcus
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spp. possess multi-protein phycobilisome antennae that

vary in their light harvesting capabilities and spectral prop-

erties. Because phycobilisomes constitute up to half of cell

protein in cyanobacteria (Bennett and Bogorad, 1973;

Cohen-Bazire and Bryant, 1982; Kana and Glibert, 1987),

they come at a high nitrogen (N) cost for the cells (Kana

et al., 1992). Cells that contain phycocyanin only are green

in colour and absorb a broad range of orange-red

wavelengths. Cells that carry one or more of the phycoery-

thrin varieties in addition to phycocyanin typically appear

as pink or orange–brown in colour and preferentially

absorb green and blue light (Campbell et al., 1998; Six

et al., 2007b; Scanlan et al., 2009). This variation in pig-

mentation expands the niche for Synechococcus by

allowing it to access wavelengths of light that other photo-

trophs cannot, such as under high chlorophyll bloom

conditions when a greater proportion of green light is avail-

able relative to blue (Bidigare et al., 1990).

Various combinations of photoprotective mechanisms

exist in different ecotypes of Synechococcus. These include

(i) reduction in light harvesting antenna size, (ii) energy par-

titioning between photosystem I (PSI) and photosystem II

(PSII) via state transitions (Biggins and Bruce, 1989; Mulli-

neaux et al., 1997; McConnell et al., 2002), (iii) non-

photochemical quenching of absorbed energy as heat via

the orange carotenoid protein (OCP) (Kirilovsky and Kerfeld,

2012), (iv) accessory antenna formation around PSI by the

iron stress induced protein (IsiA) (Bibby et al., 2001; Boe-

kema et al., 2001) and (v) regulation of chlorophyll

synthesis, photosystem assembly and energy dissipation by

high light inducible proteins (Hlips) (Funk and Vermaas,

1999; Montan�e and Kloppstech, 2000; Xu et al., 2002;

Komenda and Sobotka, 2016). Other non-photosynthetic

tactics for handling the stress of high light include photo-

lyase activation to mitigate DNA damage (Ng et al., 2000),

and production of various proteins to minimize damage

from oxidative stress (Gupta et al., 1993; Hagman et al.,

1997). Alternative oxidase pathways and other photorespir-

atory electron sinks also protect cells from photoinhibition

during over-reduced conditions (Mehler, 1951; Munekage

et al., 2004; Bailey et al., 2008; Mackey et al., 2008; Gross-

man et al., 2010; Muramatsu and Hihara, 2012).

Observations from laboratory experiments (Moore et al.,

2002; Penno et al., 2006; Mackey et al., 2013; 2015) and

field campaigns (Glover et al., 1988; Saito et al., 2005;

Ahlgren and Rocap, 2006; Zwirglmaier et al., 2007; 2008;

Mazard et al., 2012) have together demonstrated that both

nutrients and temperature are important drivers in the

diversification and biogeography of Synechococcus line-

ages (Sohm et al., 2016). Overlaid on the patterns of

nutrients and temperature in the ocean is the ambient light

regime. Spectral quality is a driver of Synechococcus pig-

ment diversity (Ahlgren and Rocap, 2006), but less is

known about light intensity. Light, nutrients and tempera-

ture co-vary to different extents in different parts of the

ocean, and therefore teasing out the effect of light on Syn-

echococcus ecophysiology is complex. Additionally,

despite their abundance in surface ocean waters, anecdot-

al evidence suggests that many cultured Synechococcus

isolates grow more consistently and are less prone to

‘crashing‘ whilst grown under relatively low irradiance of

10–20 lE m22 s21 compared to higher irradiances (J.

Fig. 1. A. Schematic showing typical depth distributions of
Synechococcus and high light-adapted (HL) and low light-adapted
(LL) Prochlorococcus in a stratified water column where light
intensity declines and nitrogen availability increases with depth. B.
Map showing locations of strain isolation in the North Atlantic Ocean.
Exact latitude and longitude coordinates are given in Table 1. Strains
labelled in pink contain phycoerythrin. Note that PCC7002 is not
oceanic having been isolated from a coastal fish pen. [Color figure
can be viewed at wileyonlinelibrary.com]
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Waterbury, pers. comm.), and certain strains appear to be

more robust under higher irradiances. To shed light on

photoacclimation responses and light adaptations in Syne-

chococcus, we examined the photosynthetic and growth

responses of seven strains from different clades to irradi-

ances ranging from 5 to 80 lE m22 s21. The strains were

isolated from different latitudes in the Atlantic Ocean in

both open water and coastal environments (Fig. 1B) and

encompass different pigment-types. Gene and protein con-

tent were compared among the strains, with the goal of

improving our understanding of how light intensity shapes

the ecophysiology of Synechococcus in nature.

Results and discussion

Proteome responses to irradiance

To understand the protein-based mechanisms that give

rise to growth and photophysiology traits in Synechococ-

cus, we examined the proteomes of the seven strains, with

particular focus on five protein categories: light harvesting,

photosynthetic electron transport, carbon fixation and nitro-

gen and iron metabolism. Global proteomes (defined here

as the untargeted measurement of many proteins simulta-

neously within an organism) were measured for each

Synechococcus strain and light intensity, generating 33

global proteomic datasets (Tables S2–S8). For all seven

strains light intensity caused a strong reshaping of the

global proteomes, with > 50% of the proteins in each pro-

teome changing more than twofold between the lowest

and highest irradiance levels (Table 1; Fig. 2; Fig. S1).

Under higher light, phycobilisome proteins involved in

light harvesting became less abundant in all strains

(Fig. 3), consistent with prior observations that phycoery-

thrin concentrations in strain WH7803 are 20-fold lower in

cells grown at 700 lEm22s21 compared to 30lEm22s21

(Kana and Glibert, 1987). Similarly, photosynthetic electron

transport proteins and carbon fixation proteins became

less abundant in five and four of the strains respectively

(Table 1). This response is consistent with cells requiring

less photosynthetic machinery under higher light when

photosynthesis saturates more quickly.

Proteins involved in iron and nitrogen metabolism were

more abundant in higher light for four and five of the seven

strains respectively (Table 1, Figs. 4–6). Both are consis-

tent with a greater need for protein repair and greater

metabolic throughput at higher growth rates. The canonical

example is the PSII D1 protein (PsbA) that binds the P680

reaction centre and other cofactors involved in photosyn-

thetic charge separation, and which is highly susceptible to

photodamage (Marshall et al., 2000). Degradation and

synthesis of D1 are both photoregulated, and D1 turnover

rates are among the highest protein turnover rates in

nature (Mattoo et al., 1984). The need for repair and syn-

thesis of D1, and other proteins, would increase as

photosynthetically-generated reactive oxygen species

accumulate, hence the ability to internally recycle nitrogen

quickly would be advantageous under higher light (Six

et al., 2007a). Iron proteins like ferredoxins are electron

carriers, and their increased abundance (without a con-

comitant increase in C fixation proteins) may imply a

greater capacity for shuttling photosynthetically generated

electrons to cellular processes other than carbon fixation

(e.g. nitrate reduction). Ferredoxins also facilitate cyclic

electron flow around PSI, by which cells generate addition-

al ATP that can be used for protein repair (Munekage

et al., 2004). Hence, a higher demand for cellular mainte-

nance processes under higher light is consistent with the

increased levels of iron and nitrogen metabolism proteins

observed here.

Photoacclimation and photoprotection traits

Photosynthetic organisms acclimate to light in many ways.

There is a distinction between long-term steady-state pho-

toacclimation, which involves tailoring photosynthesis and

metabolism to a particular growth irradiance over hours to

days, and short-term acclimation that involves activation of

temporary processes to cope with fluctuating light (as dur-

ing rapid mixing or changing cloud cover) (MacIntyre et al.,

2000). While proteins can be involved in these short-term

processes, they are more likely to involve activation or relo-

cation of the protein within the cell rather than de novo

synthesis, which takes place over longer time scales. All

cells in this study were cultured under consistent, continu-

ous light and the acclimation responses discussed here

reflect those of steady-state conditions. Below we

discuss additional photoacclimation phenotypes and pho-

toprotective responses, while noting that photoprotective

responses under fluctuating light regimes could differ from

these steady state responses.

Long-term (e.g. multi-generation) acclimation character-

istics reflect the balance of an organism’s investment in

certain protein categories (e.g. light harvesting, carbon fix-

ation, N metabolism, etc.). In addition to the categories

analysed in Table 1 and Figs 4–6, Hlips play a direct role in

photosystem assembly and repair (Funk and Vermaas,

1999; Komenda and Sobotka, 2016), dissipating excitation

energy within the antenna complexes (Montan�e and Klopp-

stech, 2000), or regulating chlorophyll synthesis (Xu et al.,

2002). Due to their small size and few resulting tryptic pep-

tides available for detection, Hlip spectra were not

abundant in the proteomes presented here, although they

are present in the genomes (Tables S1–S8). To compare

the genetic potential of each strain for Hlip production, we

searched for hli sequences in each strain’s genome

(Table 1). This analysis shows that hli content varied from

4 to 15 copies per genome across strains and did not

show a consistent relationship with strain photophysiology
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or growth responses to irradiance. The highest hli gene

content was in strain WH5701, with 15 hli genes, followed

by strain WH8020 with 12 hli genes. All other strains had

� 9 hli genes (Table 1).

A similar genome analysis was conducted to enumerate

photolyase genes. Photolyases are DNA repair enzymes

that fix damage caused by ultraviolet light exposure (Ng

et al., 2000). In nature Synechococcus photolyase genes

are upregulated in midday when light intensity is at its peak

(Mella-Flores et al., 2012); however, ultraviolet light was

not included as a treatment in this study, and accordingly

photolyase proteins were not abundant in the proteomes

as measured here (Tables S2–S8). However, all strains

had three to five photolyase genes in their genomes (Table

1). Therefore, while hli and photolyase transcripts generally

increase with irradiance in certain Synechococcus strains

(Berg et al., 2011; Mella-Flores et al., 2012), the numbers

of hli and photolyase genes in each strain do not appear to

be correlated with growth response to irradiance level.

Oxidative stress is a challenge introduced by high light.

Reactive oxygen species produced during photosynthesis

increase under high light and cause damage to proteins,

reducing photosynthetic efficiency. To understand how dif-

ferent strains of Synechococcus cope with reactive oxygen

species generated during photosynthesis at high light, we

compared the abundances of two classes of proteins that

protect cells from oxidative stress. The first is the protein

Psb28, which assists in PSII assembly, stabilization and

repair following photoinhibition or heat stress (Hagman

et al., 1997; Shi et al., 2000; Sakata et al., 2013). The sec-

ond class is a group of antioxidant proteins called

superoxide dismutases (SODs), which scavenge

superoxide radicals generated during photosynthesis

(Gupta et al., 1993). SODs are a diverse group of metal-

loenyzmes utilizing Fe/Mn, Cu/Zn or Ni cofactors. While

Prochlorococcus uses Ni SOD exclusively (Dupont et al.,

2008; Saito et al., 2014), Synechococcus strains can have

all three types of SODs with any given strain having one or

more type of SOD (e.g. see Fig. 7; Table S1). Cu/Zn and

Fe/Mn SODs can contain either metal cofactor in the pair

(e.g. Cu or Zn and Fe or Mn), though which metal an

organism uses is not obvious from sequence alone

(Aguirre et al., 2013). Across nearly all strains, these oxida-

tive stress response proteins were generally even or more

abundant in higher light (Fig. 7), in keeping with greater

oxygen production and oxidative stress during high light

exposure. An exception is strain WH5701, where the abun-

dance of both types of SODs declined with increasing

irradiance. The reason for this unexpected response is not

clear, but could involve alternative antioxidant pathways.

Notably, SODs in strains that grew better in high light

tended to have either manganese or iron cofactors, while

strains that grew better in lower light tended to have cop-

per/zinc or nickel cofactors (Fig. 7).

Acclimation under fluctuating light requires dynamic pho-

toprotective responses, where cells must efficiently use or

discard light energy in real time to avoid photodamage.

Photophysiological metrics like fluorescence are useful in

understanding these short-term responses. In this study,

resilience was assessed by examining the photosynthetic

electron transport rate (ETR) of cells under actinic light lev-

els ranging up to 1000 lEm22s21 (Fig. 8). While

photosynthesis in all strains that grew well in higher light

was resilient under this transient high light exposure

regardless of growth irradiance, some of the strains that

grew best under lower light were also surprisingly resilient.

In particular, strain WH8102 coped well with high actinic

light when grown under 40 or 80 lEm22s21 (Fig. 8). This

is consistent with prior observations of high photosynthetic

efficiency in this strain, and could indicate alternative elec-

tron flow pathways are utilized to prevent photoinhibition

(Bailey et al., 2008; Mackey et al., 2008; Grossman et al.,

2010).

Cyanobacteria utilize several reversible acclimation

strategies to cope with rapid changes in irradiance. The

OCP binds reversibly to the phycobilisome antenna in a

blue-green light dependent manner, and dissipates light

energy absorbed by the phycobilisome through fluores-

cence quenching (Kirilovsky and Kerfeld, 2012). The

amount of quenching, and hence photoprotection, scales

with abundance of the OCP (Wilson et al., 2008). All Syne-

chococcus strains in this study have the OCP except for

strain WH8109 (Tables 1 and S1). Growth in light-limited

environments would obviate the need for fluorescence

quenching because all of the harvested light would be

needed for photosynthesis, perhaps allowing this strain to

Fig. 2. The fraction of each strain’s proteome upregulated under
low (blue bars) and high light (yellow bars). [Color figure can be
viewed at wileyonlinelibrary.com]
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lose the gene without cost. Overall OCPs were rarely

detected in the global proteomes (Table S1); however, they

were detected in the proteomes of strain WH7805 and

strain PCC7002 (Fig. S2). In both cases OCP abundance

increased with increasing growth irradiance, consistent

with its photoprotective role. The abundance of the OCP

could be one factor that determines the ability of cells to

maintain high growth rates and avoid photoinhibition during

short-term, non-steady state exposure to very high light,

such as during mixing, or immediately following stratifica-

tion before cells are fully acclimated to the new light

regime.

Another photoprotective mechanism that reduces the

effective cross section (rblue) of photosystem II (PSII) is

the state transition, in which the PBS directs excitation

energy between PSII and PSI depending on the redox

poise of the plastoquinone pool (Bailey and Grossman,

2008). The process is thought to occur either via spillover

of energy from PSII to PSI (Biggins and Bruce, 1989), or

via movement of the PBS between the two photosystems

(Mullineaux et al., 1997). During a state transition the cell

can decrease excitation energy funneled into PSII and

channel it toward PSI. Because PSI pulls electrons out of

the electron transport chain, this process allows the mem-

brane to remain oxidized and prevents photodamage to

PSII. State transitions were apparent in some of the strains

tested here, as evidenced by increases in the rblue of PSII

under dim actinic light relative to dark acclimated cells

(Mullineaux, 1992; McConnell et al., 2002) (Fig. 3). The

increased cross section in dim light indicates closer PBS

affiliation with PSII compared to dark acclimated cells. In

the cyanobacteria, photosynthetic and respiratory electron

transport occur within the same membrane in Synechoc-

cocus. Therefore, cells are expected to be in state II

(excitation energy preferentially directed to PSI) in the dark

due to the respiratory reduction of the plastoquinone pool.

When cells transition from darkness to light, a state I tran-

sition occurs (excitation energy preferentially directed to

PSII) as photosynthesis causes the membrane to re-

oxidize, and affiliation of the PBS with PSII leads to an

increase in the effective cross section of PSII (rblue). This

state transition response was less pronounced in strains

that lack phycoerythrin (e.g. WH5701 and PCC7002), pos-

sibly because the phycobilisome is considerably smaller

and absorbs less blue light if only phycocyanin is present

in the PBS. While state transitions are a major mechanism

by which Synechococcus acclimates to growth at different

temperatures (Mackey et al., 2013), they do not appear to

become more or less frequent under different growth irradi-

ances (Fig. 3). Rather, the major phycobilisome-based

acclimation response to irradiance level appears to be reg-

ulation of the amount of pigment protein present in the cell.

Indeed, all strains tested here acclimated to higher light by

synthesizing less of the proteins that comprise the phyco-

bilisome (Table 1, Fig. 3).

A light response continuum

Based on the above analysis of proteome response, pho-

toprotective genes and short-term acclimation traits, our

findings suggest the light adaptations of Synechococcus

fall along a continuum, where ecotypes range from low

light optimized (LLO) to high light optimized (HLO). Here,

we discuss the growth, photophysiology and associated

proteomic responses (light harvesting, photosynthetic elec-

tron transport, carbon fixation and iron and nitrogen

metabolism, Table 1) of each strain in terms of whether

they align more closely toward the HLO or LLO ends of a

continuum, while demonstrating that considerable diversity

exists and many strains share traits from both ends of this

continuum.

The strain with the most HLO characteristics examined

here was strain WH7803, in keeping with prior observa-

tions that it can be cultured under very high irradiances

(Kana and Glibert, 1987). Its growth rate did not saturate

in the range of irradiances tested in this study, and contin-

ued to increase up to the highest irradiance of 80

lEm22s21 (Fig. 3). This strain maintained high photosyn-

thetic ETRs even when acclimated to low light (Fig. 8).

Additionally, the majority of proteins involved in major cellu-

lar processes like photosynthetic electron transport,

carbon fixation and iron and nitrogen metabolism were

generally more abundant in cells acclimated to the highest

light level (Fig. 4A, Table 1).

Strain WH5701 also appears suited to a consistently

high light environment, showing high photosynthetic ETRs

and high electron transport protein abundances when

acclimated to the highest light treatment (Figs 8 and 4B).

The protein response of this strain was similar to WH7803

except that only slightly more than half (54%) of the Fe-

related proteins were more abundant in low light (Fig. 4B,

Table 1), suggesting a more moderate response.

The growth rate of strain PCC7002 was the highest of all

the strains and did not reach saturation within the range of

light intensities we tested (Fig. 3). The photosynthetic ETR

for PCC7002 were also the highest observed for all of the

strains. But surprisingly, this strain shares many proteome

features in common with strains on the LLO end of the light

response continuum. For example, PCC7002 proteins in

the light harvesting, photosynthetic electron transport, car-

bon fixation and nitrogen metabolism categories were

more abundant under low light (Fig. 5A, Table 1). This

strain was isolated from a benthic habitat (Table 1) and the

LLO characteristics may reflect certain low light adapta-

tions that would be beneficial in a benthic environment.

Strain WH7805 falls squarely in the middle of the light

response continuum. Its maximum growth rate occurred at

Light adaptations in marine Synechococcus 2353
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Fig. 3. First column: Protein extracts of Synechococcus strains show changes in light harvesting pigments under different irradiances and the
range of pigment types across strains. Second column: Spectral counts of phycobilisome proteins under different irradiances. These proteins are
among the most abundant in Synechococcus proteome samples. Proteins are identified in the heatmaps in Figs 4–6 (‘light harvesting‘ category
shown in pink), and each different colour in the graph indicates a different protein designated in the corresponding heatmap of each strain in order
of most to least abundant. Changes in abundance are not absolute and are moderately compressed by dynamic exclusion algorithms for recurring
(abundant) peptides. Third column: Photosynthetic cross section of PSII (rblue) under dark and dim (5 lE m22 s21) actinic light conditions for
cultures grown under different irradiances. Error bars show standard error. Fourth column Growth rates of Synechococcus strains over different
irradiances. The asterisk indicates no sample. For WH8020 this was because the yield was too low to accurately measure rblue at 80 lE m22 s21.
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20 lE m22 s21 (Fig. 3), and it would not grow consistently

at 80 lEm22s21. Attempts were made to grow the culture

at 80 lEm22s21, including very slow acclimation to higher

light over many generations. However, the culture would

unexpectedly crash, even when it appeared healthy (high

Fv/FM, log phase growth rate) the day before. Neverthe-

less, our analysis indicates that WH7805 shares attributes

of both HLO and LLO traits. The photosynthetic electron

transport characteristics are more similar to HLO strains,

where transport rates continue to increase under very high

actinic light (Fig. 8). Only in cells acclimated to the lowest

light treatment (5 lEm22s21) was a decline in ETR noted

at the highest actinic irradiance. Further, while photosyn-

thetic electron transport proteins were more abundant

under low light (consistent with LLO strains), proteins

involved with carbon concentration and fixation, Fe metab-

olism and N metabolism were all more abundant under

higher light (consistent with HLO strains; Fig. 5B, Table 1).

The combination of traits for coping in both dim and bright

light may allow WH7805 to conserve resources by limiting

Fig. 4. Relative abundance of selected proteins from the (A) Synechococcus WH7803 and (B) Synechococcus WH5701 proteomes, showing
protein categories of light harvesting (pink), photosynthetic electron transport (green), carbon fixation (blue), Fe metabolism (orange) and N
metabolism (black). Data are log transformed, centred on mean and normalized across treatments. Yellow and blue indicate higher and lower
relative protein abundance respectively, relative to each protein’s mean abundance across treatments. Proteins are clustered based on
abundance across conditions and are ordered from top to bottom based on clustering.
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unnecessary carbon and nutrient metabolism proteins

when growth is slower in low light, while maintaining the

flexibility to have high photosynthetic ETRs without incur-

ring photoinhibition when transiently exposed to high light.

These features could indicate that WH7805 is a strain that

is particularly well adapted to transient conditions or rapid

changes in its environment, such as during mixing.

Strains WH8102 and WH8020 fell toward the LLO end of

the light response continuum and shared many similar traits.

Both strains had highest growth rates at 40 lE m22 s21.

Additionally, proteins involved in light harvesting, electron

transport and carbon fixation were all more abundant under

low light, whereas N metabolism proteins were upregulated

under higher light in these strains. The only category that dif-

fered was Fe proteins, which were upregulated in higher

light for WH8020, but not WH8102 (Fig. 6B and C; Table 1).

Despite these similarities, the strains showed differences in

their relative ETRs when exposed to different actinic irradian-

ces (Fig. 8). When grown under low light at 5 lE m22 s21,

strain WH8102 was unable to cope with the highest actinic

Fig. 5. Relative abundance of selected proteins from the (A) Synechococcus PCC7002 and (B) Synechococcus WH7805 proteomes, showing
protein categories of light harvesting (pink), photosynthetic electron transport (green), carbon fixation (blue), Fe metabolism (orange) and N
metabolism (black). Data are log transformed, centred on mean and normalized across treatments. Yellow and blue indicate higher and lower
relative protein abundance respectively, relative to each protein’s mean abundance across treatments. Proteins are clustered based on
abundance across conditions and are ordered from top to bottom based on clustering.
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light levels; however, when grown under the highest irradi-

ance of 80 lE m22 s21, this strain showed a remarkably

robust response to high actinic light consistent with prior

studies (Bailey et al., 2008; Grossman et al., 2010; Mackey

et al., 2013). In contrast, electron transport in strain WH8020

was relatively similar regardless of growth irradiance,

decreasing with increasing actinic irradiance in excess of

250 lE m22 s21 in all but the highest light treatment.

Fig. 6. Relative abundance of
selected proteins from the (A)
Synechococcus WH8109, (B)
Synechococcus WH8020 and
(C) Synechococcus WH8102
proteomes, showing protein
categories of light harvesting
(pink), photosynthetic electron
transport (green), carbon
fixation (blue), Fe metabolism
(orange) and N metabolism
(black). Data are log
transformed, centred on
mean and normalized across
treatments. Yellow and blue
indicate higher and lower
relative protein abundance
respectively, relative to each
protein’s mean abundance
across treatments. Proteins
are clustered based on
abundance across conditions
and are ordered from top to
bottom based on clustering.
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Fig. 7. Abundance of oxidative
stress protection proteins, Psb28
and SODs. The asterisk indicates
no sample. Units are in spectral
counts. [Color figure can be viewed
at wileyonlinelibrary.com]
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Among the strains we tested, WH8109 falls furthest

toward the LLO end of the light response continuum. Its

growth rate saturated at �20 lE m22 s21 (Fig. 3), and pho-

tosynthetic electron transport declined with increasing actinic

irradiance even when cells were acclimated to higher light

levels (Fig. 8). Additionally, proteins in all five categories

were more abundant under lower light (Fig. 6A, Table 1).

The light response continuum reflects optimal light

responses that are integrated over longer time periods

(multiple generations), but does not necessarily imply that

strains cannot exist outside of this optimal range. For

example, the strains toward the HLO end of the continuum

(e.g. PCC7002, WH7803, WH5701) still had competitive

growth rates in low light (5 lEm22s21; Fig. 3), and some of

the LLO strains could withstand short pulses of very high

light when acclimated to high growth irradiance (Fig. 8).

The ability of HLO strains to scale protein abundance with

irradiance and growth rate (Fig. 2) could enable them to

balance photosynthetic electron flow with downstream

metabolic demands and allow them to bloom quickly when

light increases, such as during stratification. Strains toward

the LLO end of the continuum appear to employ the oppo-

site strategy; investing maximum protein resources for

growth under lower light conditions (Fig. 2), and in some

cases ‘burning up‘ when light levels increase, an occur-

rence that is observed in natural communities from low

light environments (Gerla et al., 2011). This could occur if

the high light harvesting efficiency of LLO strains causes

too many electrons to enter the photosynthetic electron

transport chain, resulting in over-reduction of the photosyn-

thetic membrane and the generation of free radicals. This

increase in ‘excitation pressure‘ could in turn lead to photo-

inhibition if membrane proteins become damaged by free

radicals (Adir et al., 2003).

Light responses, phylogeny and biogeography

The results presented here raise the question of whether

light responses bear any relation to the phylogenetic affilia-

tion of strains, particularly given that spectral preferences

do appear linked to phylogeny (Ahlgren and Rocap, 2006).

In this study, we tested seven strains from different sub-

clusters or clades as classified previously (Scanlan et al.,

2009) (Table 1). All LLO strains identified in this study were

members of marine sub-cluster 5.1A, including WH8109

Fig. 8. Relative photosynthetic electron transport rate (ETR) of
Synechococcus strains under exposure to 30 s of irradiances up to
1000 lE m22 s21. Relative ETR is the product of irradiance and
UPSII, and gives a qualitative metric of photosynthetic efficiency under
short-term high and low light conditions (short-term acclimation). The
rate is considered ‘relative’ because no corrections are made to
account for absorbed light partitioning between PSI and PSII. Standard
error bars based on three to six replicate light curve measurements are
smaller than the marker labels. Legend shows growth irradiance. [Color
figure can be viewed at wileyonlinelibrary.com]
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(clade I), WH8020 (clade II) and WH8102 (clade III).

Clades I and II are commonly found in regions that may

undergo deep mixing to 200–600 m (Post et al., 2011).

The apparent optimization of WH8109 and WH8020 for

low light could indicate that they have specialized adapta-

tions for the extremely low irradiances that would be

encountered during very deep mixing, and could give them

a competitive advantage over other cells that require

higher irradiances to grow.

In contrast to the LLO strains, no representatives from

sub-cluster 5.1A were classified toward the intermediate or

HLO end of the light preference continuum. Notably, Syne-

chococcus strains WH5701 and PCC7002 are the only

two strains tested in this study classified outside of sub-

cluster 5.1, which contains the majority of known marine

Synechococcus strains (Scanlan et al., 2009). To put this

diversity into perspective, Synechococcus subcluster 5.1 is

more closely related to marine Prochlorococcus than to

either of these two Synechococcus strains. Specifically,

strain WH5701 is in sub-cluster 5.2 and PCC7002 is an

outgroup that does not fit into sub-clusters 5.1 or 5.2

(Scanlan et al., 2009). Moreover, strain PCC7002 was

originally identified as Synechococcus in 1961 based on

morphology (e.g. it is a halotolerant, unicellular cyanobac-

terium with a phycobilisome) rather than based on gene

sequence data, and may ultimately be reclassified into a

different genus. The other HLO strain WH7803 is a mem-

ber of sub-cluster 5.1B (clade V), and the intermediate

strain WH7805 is a member of sub-cluster 5.1B (clade VI).

Although this study’s analysis is limited to only one strain

per clade, these results suggest that there may be a

phylogenetic relationship to light preference among

Synechococcus, with marine strains in subcluster 5.1a

(i.e. clades I-IV) being optimized for lower light, and strains

in sub-clusters 5.1B, 5.2 and estuarine strains being

optimized for higher light.

It is intriguing that both WH5701 and PCC7002 fell

toward the HLO end of the light response continuum given

that these strains are both classified as pigment type 1 (i.e.

having phycobilisomes consisting of phycocyanin without

phycoerythrin, Table 1). Tolerance to higher light in

these strains could be related to morphology of their

phycobilisomes. Phycobilisome rods can contain either

phycocyanin (PC) alone (pigment type 1), or PC plus phy-

coerythrin (PE, pigment types 2 and 3) (Six et al., 2007b).

Pigment type 2 always binds the chromophores phycoery-

throbilin (PEB; max absorption wavelength 5 550 nm) and

phycouribilin (PUB; max absorption wavelength 5 495 nm)

jointly. Pigment type 3 can either bind PEB exclusively, or

PEB and PUB together (see Six et al., 2007b for a thor-

ough discussion of pigment types). Based on the ratio of

PEB:PUB, strains can be further classified into sub-types

3a, 3b, 3c and 3d (Six et al., 2007b). Strains belonging to

pigment type 2 and 3 have larger antennae with a broader

range of wavelength absorption spectra compared to type

1. The tolerance of WH5701 and PCC7002 for high light is

consistent with a strategy to avoid absorbing unnecessary

light by having smaller antennas. In contrast, PE contain-

ing strains (types 2 and 3) necessarily have larger

antennas capable of absorbing more wavelengths of light

(Fig. 3). This is particularly true of pigment types with

higher proportions of blue light-absorbing PUB (3c and

3d), such as WH8109, WH8102 and WH8020, all of which

fell toward the LLO end of the light preference continuum

in this study (Table 1). While these strains can acclimate to

higher growth irradiance by synthesizing less phycobili-

some proteins on a cellular basis (Figs 4–6, Table 1) they

have inherently larger photosynthetic cross sections for

blue light due to their higher PUB content (Fig. 3), thus

with all other factors being equal, photosynthesis saturates

at lower irradiances for these strains. In contrast, PC-rich

type 1 strains have smaller photosynthetic cross sections

for blue light harvesting, and so could experience compar-

atively less excitation pressure under higher light. This

may allow them to avoid photoinhibition in brighter environ-

ments because they harvest less light. However, we note

that Synechococcus with PE-containing antennae (types 2

and 3) are commonly found in high light environments like

the Costa Rica Dome (Ahlgren et al., 2014), and certain

strains have been shown to tolerate extremely high light in

culture (Kana and Glibert, 1987), hence the size and com-

position of the PBS is not the only factor that determines

light responses. The ability to quench excitation energy,

balance electron flow to avoid photoinhibition, and repair

proteins after photodamage occurs likely together give rise

to light response phenotypes.

Although closely genetically related to marine Synecho-

coccus, the light responses of Prochlorococcus differ

markedly. Prochlorococcus relies on membrane integral

chlorophyll binding proteins to form an antenna around

PSI, similar to the IsiA proteins in other cyanobacteria

(Bibby et al., 2001; 2003; Boekema et al., 2001). To date

only four marine Synechococcus strains have been found

to retain isiA (Scanlan et al., 2009), and none of the strains

in this study have the gene. Moreover, niche partitioning in

Prochlorococcus is strongly influenced by irradiance, and

high light-adapted and low light-adapted ecotypes show

distinct physiological and genetic traits that clearly distin-

guish the two groups (Rocap et al., 2003). Compared to

Synechococcus, the more restricted geographical range of

Prochlorococcus, which is commonly found in permanently

stratified waters (Zwirglmaier et al., 2007; 2008) where

light levels and nutrient availability are constant over time,

may prompt Prochlorococcus to evolve to fill high and low

light niches [although we note that Prochlorococcus is also

found in seasonally mixed locations (DuRand et al., 2001;

Malmstrom et al., 2010; Mackey et al., 2011; Bryant et al.,

2016)]. Despite its global distribution, this study found no
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strong link between latitude and light response for Syne-

chococcus (Fig. 1, Table 1); rather, the patterns seem

more closely related to phylogeny and pigment composi-

tion (Table 1). Nevertheless, with its broader distributions

in both permanently stratified waters and areas of dynamic

seasonal mixing, Synechococcus as a genus experiences

variable light regimes and may benefit from retaining traits

that allow each ecotype to survive over a broader range of

irradiances, rather than diversifying into more specialized

high and low light ecotypes.

Synechococcus seems to fall along a continuum of light

responses ranging from LLO to HLO phenotypes. These

responses appear to be linked to phylogeny and pigment

composition, where members of marine sub-cluster 5.1a

that have higher relative amounts of PUB tend to fall

toward the LLO end of the spectrum. The global pro-

teomes of all seven strains tested were highly responsive

to light intensity, but the only strongly conserved feature

was downregulation of phycobilisome proteins in higher

light. The lack of a clear trend in light response with latitude

suggests that other environmental factors, like nutrient

demand and temperature preferences, exert equal or

greater selective pressure on Synechococcus biogeogra-

phy (Ahlgren and Rocap, 2006; Zwirglmaier et al., 2007;

2008; Mackey et al., 2013; Pittera et al., 2014). However,

the conserved set of photoacclimation mechanisms found

in the genus (state transitions, Hlips, OCPs, etc.), of which

each strain uses a different subset, indicates that common

light response mechanisms are maintained within the

genus overall, and are therefore evolutionarily valuable to

the lineage.

Experimental procedures

Culture conditions

Synechococcus strains WH5701, WH7803, WH7805,

WH8020, WH8102, WH8109 and PCC7002 were provided by

the Waterbury and Mincer laboratories at the Woods Hole

Oceanographic Institution. Strains were selected to include

representatives from clades that were isolated from different

latitudes along a roughly longitudinal transect in the Atlantic

Ocean (Fig. 1B), and based on availability of sequenced

genomes to facilitate proteomic analyses. Non-axenic cultures

were maintained in dilute, semi-continuous batch culture in a

temperature controlled growth chamber (238C) under continu-

ous white light provided by a combination of cool-white and

grow light (Sylvania Ecologic) fluorescent bulbs. Media con-

sisted of 75% coastal seawater from Martha’s Vineyard Sound

and 25% MilliQ water with SN nutrient amendments (Water-

bury et al., 1986) supplemented with vitamin 0.4 nM

cyanocobalamin (vitamin B12).

Cultures were grown at 5, 10, 20, 40 and 80 lE m22 s21 for

at least 10 generations in semi-continuous batch culture

before mid-log phase sampling. These irradiance levels were

measured using a quantum/radiameter/photometer (LI-COR

Inc., model LI-185B). This range of irradiance levels was

selected to encompass conditions under which all of the

strains could consistently grow, although we note that several

of the strains included here are capable of growth in irradian-

ces > 80 lE m22 s21 (as discussed above). Doubling times

were determined from raw fluorescence measurements using

the equation Ff 5 Fi * 2(t/T), where Ff is the final fluorescence

value, Fi is the initial fluorescence value, t is the time between

initial and final measurements and T is the doubling time.

Growth rate was calculated by multiplying this value by 0.7.

For each strain and treatment, the growth rate was calculated

using two time points from within the exponential phase of the

curve prior to collection of the proteome sample, i.e. after the

final subbing for these semi-continuous cultures. Growth rates

were similar when calculated based on exponential phase cal-

culations from prior continuous culturing of the cells (typically

three to four serial transfers in time).

Photosystem II fluorescence

Photosynthetic efficiency was measured on a FIRe Fluorome-

ter (Satlantic) with the blue single turnover flash duration

extended to 200 ls as described previously (Mackey et al.,

2015). The dark-adapted photosynthetic efficiency (Fv/FM),

the photosynthetic efficiency at a given light level (UPSII) and

the photosynthetic cross sectional area, rblue, were deter-

mined using a single turnover flash of blue excitation. See

(Mackey et al., 2008) for a mathematical description of these

parameters. Curve fitting was done with the multiple turnover

flash algorithm disabled. Three to six measurements were tak-

en on each strain/treatment on different (typically sequential)

days while cells remained in exponential growth phase, and

the values were averaged. The value of rblue in units of Ång-

stroms squared was calculated by multiplying the value in

relative units by a calibration factor of 2.3. We report values of

rblue to two significant digits to reflect calibration factor

uncertainty.

Photosynthesis irradiance curves were collected at actinic

background light levels of 0, 5, 10, 20, 40, 83, 167, 250, 500

and 1000 lE m22 s21 following a 30 s acclimation period.

Thirty seconds was determined to be sufficient for fluores-

cence to stabilize before the measurement was taken. Each

curve was measured either on the same day or the day imme-

diately preceding collection of the proteome sample. Relative

PSII ETR, which is the product of irradiance and UPSII, was

plotted against irradiance to provide a qualitative diagnostic

metric of photosynthetic efficiency under transient high and

low light conditions (Fig. 8). The calculated ETR is considered

‘relative’ because no corrections have been made to account

for the partitioning of absorbed light between PSI and PSII in

these calculations. Standard error of the computed relative

ETR data points were then calculated by multiplying each

ETR point with its corresponding standard error values from

UPSI; however, in all cases the error bars were smaller than

the series markers in Fig. 8.

Global proteomics

Proteome samples were collected on 0.2 lm Supor polyester-

sulfone filters and stored frozen at 2808C until analysis. For

each strain, one filter sample was collected at each light level.
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Proteins were processed as described previously (Mackey

et al., 2015). Briefly, cell samples were thawed and rinsed

from the filters in 100 mM ammonium bicarbonate, split into

two technical replicates, sonicated on ice 10 min and centri-

fuged. Proteins were precipitated overnight in 100% acetone

at 2208C, then protein material was resuspended in 6 M urea

with 0.1 mM ammonium bicarbonate, reduced with 10 mM

dithiothreitol (568C, 450 rpm on a thermomixer for 1 h) and

alkylated with 30 mM iodoacetamide (208C on bench for 1 h).

Proteins were quantified using the Bradford Protein Assay Kit

(BioRad) and digested with trypsin (Promega Trypsin Gold;

378C, 400 rpm on a thermomixer overnight) at an enzyme:

protein ratio of 1:50. The tryptic peptides were concentrated

by evaporation and resuspended in 2% (vol/vol) acetonitrile

with 0.2% (vol/vol) formic acid. While deeper proteomes are

possible with the use of detergent-based extractions and alter-

nate chromatographic methods, we find this method to be

reproducible and efficient.

Tryptic peptides were analysed on technical duplicate sam-

ples via chromatography and tandem mass spectrometry (LC-

MS/MS) on a Q Exactive (QE) Hybrid Quadrupole-Orbitrap

Mass Spectrometer (Thermo Scientific). A gradient of 0.1%

(vol/vol) formic acid in water and 1.1% (vol/vol) formic acid in

acetonitrile was used for the chromatography. Tandem mass

spectrometry was performed on the top 15 ions, and ions with

a mass to charge ratio from 400 to 2000 were monitored.

Peptides were identified using the reference genome for

each strain with the SEQUESTalgorithm within Proteome Dis-

coverer (Thermo). Identification criteria included a protein

identification probability of 99%, a peptide identification proba-

bility of 95% and identification of two or more peptides from

the protein’s sequence (Keller et al., 2002). Normalized spec-

tral counts for each protein were computed with Scaffold

software (Version 4.3.2 Proteome Software), and measure-

ments from the technical duplicates were averaged. Spectral

counts refer to the total number of spectra identified with the

mass spectrometer for a given protein within a proteome sam-

ple (Lundgren et al., 2010). In Scaffold, the normalization

method sums the unweighted spectral counts for all proteins

within each sample, and then applies a small normalization

correction to each sample’s spectral count proteome so that

the sum of spectral counts is equal across the sample set.

The method is appropriate when similar amounts of protein

are analysed between samples, as is the case in this study. To

be included in our further detailed analysis and discussion, we

applied a threshold of four normalized spectral counts

summed across treatments in order to exclude rarer proteins

detected less frequently.

The complete global proteome dataset meeting the criteria

of four spectral counts across treatments for each strain is giv-

en in the Tables S2–S8. Proteins involved in light harvesting,

photosynthetic electron transport, carbon fixation, iron metab-

olism and nitrogen metabolism were identified and sub-

selected for comparison in Figs 4–6, Fig. 3 (column 2) and

Table 1 by searching the proteomes for the following terms:

photo, chloro, phyco, ribulose, carbon, carboxysome, iron, ferr,

nitr, ammo, urea, cyanate and amino. Iron-containing electron

transport chain proteins like PSI, PSII and cytochrome b6f are

listed in the ‘electron transport chain‘ category rather than the

‘iron metabolism‘ category, although there is clearly overlap

between these groups. The normalized spectral data for

proteins in these categories was imported into Cluster 3.0 (de
Hoon et al., 2004), log transformed, centred on mean and nor-

malized across treatments. Proteins were clustered using the
correlation (uncentred) similarity metric and centroid linkage
options to generate heatmaps. To determine if proteins in

these groups were up or downregulated in response to
increasing irradiance, the spectral counts under the highest
and lowest irradiance treatments were compared.

The global proteomes were analysed to determine the per-

cent of all proteins that increased or decreased by a factor of 2
or more between the lowest and highest light treatment for
each strain. First, the sum of all spectral counts was summed

across treatments for each protein, and only proteins with
counts above four were used in the analysis. The ratio of spec-

tral counts in the low versus high light treatment was then
calculated, and these ratios were sorted into bins of < 0.5, 0.5–
2.0 and > 2.0. While specific statistical tests capable of detect-

ing significant changes with greater sensitivity (e.g. Fisher’s
test) can be applied within each experiment, the use of twofold
differences allowed a uniform approach to compare large scale

differences across strains for the purposes of this study. The
percentage of proteins in each bin was used to determine the
fraction of the proteome that is most responsive to irradiance.

To facilitate analysis in this paper, we have compared cell

responses under the highest and lowest growth irradiances
tested here, but it is important to recognize that the success of

each strain at these irradiances reflects their different optimal
growth irradiances. Specifically, the highest irradiance tested
(80 lE m22 s21) is sub-saturating for growth in the HLO strains,

but above the optimal growth irradiance for the LLO strains.
The comparison therefore provides insight into how each strain
would respond under similar light conditions in the water col-

umn, rather than about optimal physiological conditions.

Gene identification

Hlips, photolyases and OCPs were identified in the seven
genomes using BLASTp. Known sequences were blasted
against each genome to identify homologous proteins, and

these sequences were further blasted against the genomes
until no additional sequences were identified. Homology was
checked by blasting the new sequences and checking that the

best matches confirmed the homology.
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Fig. S1. Percent of the global proteome that changes in

response to irradiance. Data are based on the ratio of spec-
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mE m22 s21 for all strains except WH7805, for which 40 mE
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in strains WH7805 and PCC7002. * indicates no sample.
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