Photosynthesis Research (2020) 145:111-128
https://doi.org/10.1007/s11120-020-00762-7

ORIGINAL ARTICLE q

Check for
updates

The diversity and distribution of D1 proteins in cyanobacteria
Kevin J. Sheridan' . Elizabeth J. Duncan® - Julian J. Eaton-Rye? - Tina C. Summerfield'

Received: 30 December 2019 / Accepted: 25 May 2020 / Published online: 18 June 2020
© Springer Nature B.V. 2020

Abstract

The psbA gene family in cyanobacteria encodes different forms of the D1 protein that is part of the Photosystem II reaction
centre. We have identified a phylogenetically distinct D1 group that is intermediate between previously identified G3-D1 and
G4-D1 proteins (Cardona et al. Mol Biol Evol 32:1310-1328, 2015). This new group contained two subgroups: D1™T, which
was frequently in the genomes of heterocystous cyanobacteria and D1R that was part of the far-red light photoacclimation
gene cluster of cyanobacteria. In addition, we have identified subgroups within G3, the micro-aerobically expressed D1
protein. There are amino acid changes associated with each of the subgroups that might affect the function of Photosystem
II. We show a phylogenetically broad range of cyanobacteria have these D1 types, as well as the genes encoding the G2
protein and chlorophyll f synthase. We suggest identification of additional D1 isoforms and the presence of multiple D1
isoforms in phylogenetically diverse cyanobacteria supports the role of these proteins in conferring a selective advantage

under specific conditions.
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Introduction

Photosystem II (PS II) catalyses the light-driven splitting
of water at the start of the photosynthetic electron transport
chain in the thylakoid membrane of oxygenic phototrophs
(Vinyard and Brudvig 2018). High-resolution PS 1II struc-
tures (~1.9t0 2.1 A) have been obtained from thermophilic
cyanobacteria (Umena et al. 2011; Suga et al. 2015, 2017,
Kern et al. 2018) and detailed structures confirming a high
degree of conservation in eukaryotes have been obtained
(Ago et al. 2016; Wei et al. 2016). The major polypeptides
of the PS II reaction centre are referred to as D1 and D2
and these proteins provide the majority of the ligands to the
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redox active cofactors. In particular, the D1 protein provides
the majority of the ligands to the Mn,CaO5 oxygen-evolv-
ing complex (OEC) with the remainder coming from the
chlorophyll-binding CP43 protein of the core antenna (Fer-
reira et al. 2004; Shen 2015). Although D1 and D2 form a
heterodimer, only the D1 branch is active in the reduction of
the primary and secondary plastoquinone electron acceptors
Q, and Qg (Cardona et al. 2012). In addition, the oxidative
chemistry and photochemistry associated with water split-
ting results in light-induced photodamage that preferentially
targets the D1 protein and subsequently D1 has a higher
turnover rate than the other PS II proteins (Mulo et al. 2009).

Many cyanobacteria contain multiple copies of the psbA
gene which encodes the D1 protein (Mulo et al. 2012), with
some cyanobacteria containing as many as eight copies.
A survey of 360 cyanobacterial D1 proteins supported the
previous identification of several distinct types of the D1
protein (GO—G4), with the majority of cyanobacteria hav-
ing between two and four isoforms encoded by three to six
copies of psbA (Cardona et al. 2015). The G4 type (G4-D1)
is the most prevalent form of D1 that supports oxygen evo-
lution and this is the D1 type found in plants. It has been
suggested that plastids evolved from an ancestor of extant
cyanobacterium Gloeomargarita lithophora which has only
psbA genes encoding the G4-D1 unlike the other deeply
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branching cyanobacteria (Ponce-Toledo et al. 2017). All
cyanobacteria investigated to date contain at least one gene
encoding a G4-D1 and some strains contain multiple cop-
ies of psbA encoding G4-D1. Two variants of G4-D1 have
been designated as D1:1 and D1:2 (Cardona et al. 2015).
When environmental conditions result in increased turnover
of D1, multiple copies of psbA encoding G4-D1 can benefit
cyanobacteria in one of two ways. Firstly, the up-regulation
of genes encoding identical copies of D1 (D1:1) increases
both the psbA transcript pool and the D1 protein level,
facilitating rapid replacement of photodamaged D1, thereby
reducing photoinhibition (El Bissati and Kirilovsky 2001).
In the second mechanism, the psbA gene encoding D1:2 is
up-regulated. The alternative D1:2 copy is characterised by
an amino acid substitution from glutamine to glutamate at
position 130. This amino acid change decreases photoinhi-
bition under high light by reducing the formation of triplet
state chlorophyll species and singlet oxygen by favouring
direct recombination (Vinyard et al. 2014). However, further
amino acid differences between D1:1 and D1:2 appear to the
impact PS II efficiency (Vinyard et al. 2014).

Evidence for additional roles of D1 proteins includes
the up-regulation of a psbA gene under low-oxygen con-
ditions in several cyanobacteria: Synechocystis sp. PCC
6803, Thermosynechococcus elongatus BP-1, Cyanothece
sp. ATCC 51142 and Anabaena sp. PCC 7120 (Summerfield
et al. 2008; Sicora et al. 2009). The D1” proteins encoded
by these low-oxygen-induced psbA genes share three amino
acid substitutions, Gly80Ala, Phel58Leu and Thr286Ala
(Sicora et al. 2009). Furthermore, PS II centres containing
the D17 in Synechocystis sp. PCC 6803 produced higher
rates of oxygen than centres containing D1:1 from psbA2
when expressed under the low-oxygen promoter (Crawford
et al. 2016). A conserved role for these micro-aerobic D1”
proteins is supported by the finding that they were part of a
monophyletic group of sequences (G3) from 39 cyanobacte-
rial strains (Cardona et al. 2015).

Phylogenetic analysis of D1 proteins identified three
groups lacking residues that provide ligands to the OEC
(Cardona et al. 2015). One group (G2) contained 36 pro-
teins (G2-D1), including the rogue D1 identified by Murray
(2012), also named sentinel D1 by Wegener et al. (2015).
The psbA gene encoding the G2-D1 from Cyanothece sp.
ATCC 51142 was up-regulated in the subjective dark and
it has been proposed that this copy of D1 is incorporated
into inactive PS II centres to protect oxygen-sensitive
enzymes such as nitrogenase (Toepel et al. 2008). Wegener
et al. (2015) demonstrated that expression of the psbA
gene encoding G2-D1 from Cyanothece sp. ATCC 51142
in Synechocystis sp. PCC 6803 resulted in inactive PS II
centres when G2-D1 was present. In the unicellular diazo-
troph Crocosphaera watsonii WH8501, during the dark
period, G2-D1-containing PS II centres were detected in
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low numbers consistent with a regulatory role (Masuda et al.
2018). Signalling from the small numbers of G2-D1 PS II
centres was part of a proposed two-step mechanism for the
inactivation of PS II to protect nitrogenase activity in Cyan-
othece sp. ATCC 51142 (Sicora et al. 2019).

The second phylogenetic group of D1 proteins lacking
ligands to the OEC (designated as G1 in Cardona et al.
2015) contained the super rogue class of D1 reported by
Murray (2012), and this isoform has subsequently been iden-
tified as a chlorophyll f synthase that catalyses the produc-
tion of a far-red/near-infrared absorbing chlorophyll f (Ho
et al. 2016). The chlorophyll f synthase gene is in a far-red-
inducible gene cluster (FaRLiP) that is up-regulated under
prolonged exposure to far-red/near-infrared wavelengths of
light. Genes in this cluster encode alternative Photosystem I
(PS D), PS II and phycobilisome proteins, along with regula-
tory proteins, that modify the photosynthetic electron trans-
port chain as a part of a far-red photoacclimation process
(Gan et al. 2014; Ho et al. 2016; Niirnberg et al. 2018; Shen
et al. 2019). The final phylogenetic group of D1, GO, con-
tained a single sequence from Gloeobacter kilaueensis JS1
(Cardona et al. 2015). This sequence also lacks the ligands
to bind the OEC, having a C-terminus which is more similar
to D2 than D1 and has an unknown function.

To further investigate the possible roles and extent of D1
diversity in cyanobacteria, we expanded the phylogenetic
analyses of D1 proteins using 206 cyanobacterial genomes.
We have identified two additional phylogenetically distinct
groups of D1 proteins and identified distinct subgroups
within the G3-D1 sequences. Our approach has shown the
distribution of psbA genes is highly varied among the cyano-
bacteria, likely reflecting particular pshA combinations asso-
ciated with cyanobacteria found in different microhabitats.

Methods
Phylogenetic analysis

A total of 206 cyanobacterial genomes and the GO, 16S and
23S rRNA sequences for Gloeobacter kilaueensis JS1 were
retrieved from JGI (Grigoriev et al. 2012; Nordberg et al.
2014) and NCBI (Benson et al. 2017) from the 3rd to 7th of
January, 2017 and 796 psbA gene sequences were extracted
from these genomes. The minimum length criteria for inclu-
sion in analyses was approximately two-thirds of the entire
sequence (600 bp minimum sequence length). The 16S-23S
rRNA (ribosomal RNA) gene sequences were retrieved
from the same database as the psbA genes with the excep-
tion of Leptolyngbya sp. JSC-1 for which these data were
unavailable. In this case, a partial 16S rRNA gene copy was
retrieved from the SILVA ribosomal RNA database (Quast
et al. 2013).



Photosynthesis Research (2020) 145:111-128

13

Phylogenetic analyses of D1 sequences were performed
using the same approach as Cardona et al. (2015) using the
atypical sequence from Gloeobacter kilaueensis JS1 (GO),
described by Saw et al. (2013) as the outgroup. Briefly, the
D1 phylogeny was constructed in PhyML using the LG
model of amino acid substitution, four gamma rate catego-
ries and the nearest neighbour interchange method for tree
improvement. All other parameters were left as default, with
the software allowed to estimate the equilibrium frequen-
cies, proportion of invariant sites and the gamma-shaped
parameter. Branch supports were calculated using the SH-
like approximate likelihood ratio test option (Shimodaira
and Hasegawa 1999) with branch supports above 0.85 (85%)
being used as the cutoff threshold. The creation of multiple
sequence alignments was aided by generating PDB files for
a representative D1 sequence from each D1 protein group
using the SWISS-MODEL online service from ExPasy
(Guex et al. 2009; Bertoni et al. 2017; Bienert et al. 2017;
Waterhouse et al. 2018). The PDB file creation utilised
the crystal structure from Thermosynechococcus vulcanus
(4UB6) as reference (Suga et al. 2015). The resulting PDB
files were then aligned using the CE align function (Shindy-
alov and Bourne 1998) in PyMOL (DeLano 2002, 2009) and
used in the creation of PYMOL figures. Pairwise alignments
of all G3 sequences, as well as the D1™T and D1™® found in
this analysis, were also conducted.

A species tree of the 206 cyanobacterial strains, along
with the outgroup, was created based on rRNA gene
sequences. Briefly, the 16S and 23S rRNA gene sequences
were concatenated and aligned using the default parameters
of ClustalW (Larkin et al. 2007) and manually checked. As
rRNA gene sequences cannot always definitively discrimi-
nate between two closely related species (Jaspers and Over-
mann, 2004), SNPs within multiple copies of the 16S or 23S
rRNA gene sequence were utilised to assist in discrimina-
tion (Hakovirta et al. 2016). This was achieved by taking
the consensus sequence to build the 16S-23S rRNA spe-
cies tree. In accordance with Hilton et al. (2016) only those
alignment sites which had at least 90% coverage were used
in the subsequent phylogenetic analysis (Felsenstein 1985).
The best-fit model of nucleotide substitution was determined
using the JmodelTest 2.1 to generate both the maximum
likelihood RAXML and maximum parsimony (PAUP) trees,
respectively (Swofford 2001; Stamatakis 2006; Darriba et al.
2012). The data were analysed in both cases using general-
ised time reversible (GTR) +I"+ 1. The most parsimonious
trees were found following 1000 replicate heuristic searches
with 100 trees saved per replicate to produce a maximum of
10,000 trees. The branch support was then calculated using
bootstrap of 1000 replicates. The bootstrap values from the
maximum parsimony analysis were transferred to the cor-
responding branches of the maximum likelihood tree. The
maximum likelihood tree was found using 1000 bootstrap

iterations. Bootstrap support over 0.95 was used as the
threshold cutoff.

Identification of genes under purifying selective
pressure

Pairwise comparison estimates of rates of synonymous (dS)
and non-synonymous substitutions (dN) were calculated
using codeML in the graphical interface for PAML, PAMLX
(Yang 2007; Xu and Yang 2013). Estimates of the ratio of
non-synonymous to synonymous mutations, @ (dN/dS), was
used to investigate whether each subgroup of psbA homologs
encoding mature D1 protein sequences were undergoing pat-
terns of neutral drift (w=1), purifying selection (v < 1) or
positive selection (@ > 1). The nucleotide multiple sequence
alignment of the psbA genes encoding each group of D1
proteins was built using the protein alignment for reference.
In accordance with Fletcher and Yang (2010), gaps and
uncertainties within the multiple sequence alignment were
stripped from the alignment to avoid false positives. Addi-
tionally, identical nucleotide sequences present in single
cyanobacterial strains were also removed to avoid spurious
replication of data (Hongo et al. 2015). The rbcL gene from
all strains was included as a reference in this analysis, this
gene encodes the large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco).

Results and discussion
Diversity of the D1 protein family

The analysis of the D1 protein family used in this study
employed the LG model of amino acid substitution (Le and
Gascuel 2008). This accounts for among-site rate varia-
tion and provides replacement rate estimates using rescal-
ing of amino acid changes observed in the data depending
on whether they occur in slow or fast sites. It should be
noted that this model is based on a large, diverse data set to
estimate a general replacement matrix rather than a more
specific matrix. The maximum likelihood phylogeny of D1
proteins (Figs. 1 and S1) generated using D1 sequences from
206 cyanobacterial strains and the GO sequence from Gloeo-
bacter kilaueensis JS1 showed a similar structure to the pre-
viously reported work of Cardona and colleagues with the
grouping of D1 proteins not following cyanobacterial phy-
logenies (Cardona et al. 2015; Grim and Dick 2016). The
GO-D1 sequence from Gloeobacter kilaueensis JS1 currently
has no identified function, and has been suggested to rep-
resent the most ancestral D1 sequence based on its position
in the type II reaction centre phylogeny of Cardona et al.
(2019). Both the amino acid and nucleotide sequences for
this purported ancestral D1 have been used as the outgroup
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Fig.1 Rooted maximum likelihood phylogeny of D1 proteins using
the atypical D1 from Gloeobacter kilaueensis JS1 as the outgroup.
Branch supports are expressed as SH-like aLRT probabilities. The
GO sequence from Gloeobacter kilaueensis JS1 is coloured in black,

with G1, G2, G3 and G4 D1 proteins shown in purple, red, yellow
and green, respectively. The two D1 protein groups: D1® and D1™NT
are indicated in pink and brown, respectively
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in previous phylogenetic studies (Cardona et al. 2015; Grim
and Dick 2016). The largest D1 group corresponded to the
G4 of Cardona et al. (2015) and this contained 612 of the
796 sequences; including the well-characterised proteins
from Synechocystis sp. PCC 6803 (D1:1) and Thermosyn-
echococcus elongatus BP-1 (both D1:1 and D1:2 proteins)
(Figs. 1 and S1, shown in green).

Sister to G4 was a group that contained two D1 sub-
groups, one with moderate support and one well supported
(Fig. 1). This group represents an expansion of the interme-
diate group of Cardona et al. (2015) from 9 to 47 sequences
(Figs. 1 and S1; subgroups shown in pink and brown). One
subgroup contained 27 D1 sequences, this group will be
referred to as D1™T (INT for ‘intermediate’ as no current
function has been ascribed to this group and on the phyloge-
netic tree these sequences are intermediate between G3 and
G4). The second subgroup contained 20 D1 sequences and
strains containing these sequences have been shown to con-
tain the FaRLiP gene cluster (Gan et al. 2015). This group
will be hereafter referred to as D1TR (FR for far-red).

The next group corresponding to the G3 category from
Cardona et al. (2015), which contained the micro-aerobi-
cally induced D1’, had increased from 39 to 64 sequences,
with almost a third of the analysed cyanobacteria having
a psbA gene encoding G3-D1. The G3 sequences formed
three well-supported subgroups (Figs. 1 and S1, shown in
yellow-orange). Groups corresponding to G2 and G1 of Car-
dona et al. (2015) were also resolved. The G2 category was
increased from 36 to 52 sequences (Figs. 1 and S1; shown in
red), with genes encoding G2-D1 in approximately a quarter
of cyanobacteria analysed. The G1 category was increased
from 8 to 20 D1 proteins (Figs. 1 and S1; shown in pur-
ple). An alignment of consensus sequences for each D1 type
is shown in Fig. 2 at 95% consensus and Fig. S2 for 50%
consensus.

A phylogenetically distinct group of D1 protein
sequences, D1'NT

All 27 D1'™NT sequences have two conserved amino acid
changes compared to the G4 proteins: Tyr126 to Trp and
Phe260 to Trp. In addition, there are four conserved residues
in at least 85% of the DI'™NT sequences that occur in less
than 5% of G4 sequences: Ala68 to Ser, Ser79 to Thr, Ser85
to Thr, Alal156 to Ser (Fig. 3a; and for full-length align-
ment, see Fig. S3). The residues Ser68, Thr79 and Thr85 are
located in the lumenal ab-loop. The Tyr126 to Trp substitu-
tion is in helix B (Fig. 3b, ¢) and may directly affect active
branch pheophytin (Pheop,,) through the loss of the hydro-
gen bond to the 133-ester C=0 of Pheop, (Zabelin et al.
2014). On the other side of Pheoyy,;, in helix C, the Alal56
to Ser substitution may alter hydrogen bonding to both
Alal52 and Tyr161. The alanine at position 152 is thought

to interact with the Phe435 of CP43, potentially modulating
interactions between D1 and CP43 in the vicinity of Pheopy,;
(Fig. 3d, e) which Vinyard et al. (2014) suggest may alter
the midpoint potential of this pheophytin. The alteration of
the Phe260 to Trp is predicted, using in silico modelling, to
open a hydrogen bond to the nearby phosphatidylglycerol
(PG), a constitutive lipid within the PS II structure (Fig. 3f,
g; and see Wada and Murata (2007) and Endo et al. (2019))
and studies by Narusaka et al. (1996, 1999) have suggested
that this residue may be involved in phototolerance.

The majority of D1'NT encoding genes were in diazo-
trophic cyanobacteria (25/27) and most of these cyano-
bacteria were heterocystous (24/27), this represented
approximately one-third of the heterocystous cyanobacteria
analysed in this study (24/71 heterocystous strains). To date
specific conditions inducing the up-regulation of D1'NT have
not been identified.

The D1 proteins associated with the far-red light
photoacclimation (FaRLiP) cluster

The 20 sequences belonging to the D1'® group in Fig. 1 are
encoded by psbA genes in the far-red-inducible gene cluster
described by Gan et al. (2014, 2015). This gene cluster has
been identified in multiple cyanobacterial strains includ-
ing Calothrix sp. PCC 7507, Chlorogloeopsis fritschii PCC
9212, Chroococcidiopsis thermalis PCC 7203, Fischerella
thermalis PCC 7521, Halomicronema hongdechloris C2206
and Synechococcus sp. PCC 7335 (Niirnberg et al. 2018;
Partensky et al. 2018; Ho and Bryant 2019; Ho et al. 2019;
Chen et al. 2012, 2019). The gene cluster was shown to
contain several genes encoding isoforms of PS II, PS I and
phycobilisome proteins as well as regulatory genes. The far-
red-inducible PS II genes include two annotated as pshA—
one encoding chlorophyll f synthase and the other encod-
ing D1™® (Gan et al. 2014, 2015). Our analysis supports the
conclusion that all genes encoding D1'® are in a putative
FaRLiP cluster (Fig. 4a; for gene context of the 20 psbA
genes encoding D1™® in far-red-inducible gene clusters, see
Fig. S4).

The D1FR proteins retain the essential ligands for bind-
ing the OEC. There were 16 conserved changes in the
D1R sequences compared to the 95% consensus of the G4
proteins, as well as three additional changes in which the
D1 proteins had one of two residues that differed from
the G4-D1 residues at those positions. The majority of the
altered residues are in the first three helices (for consensus,
see Fig. 2 and full alignment, see Fig. S5). Within helix A,
these proteins share deletion of a frequently observed Thr
at position 40, and an insertion of Val before a conserved
Phe and a characteristic Gly-Val-Ser motif between residues
43 and 45 (Fig. 4b). These residues occur in the vicinity of
the bound B-carotene and the accessory chlorophyll, Chl,,,
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T. vulcanus SLDEWLYNGGPYQL | | FHFLLGASCYMGROWELSYRLGMRPWICV AYSAPLASAFAVFLIYPIGQGSFSDGMPLGISGTFNFMIVFQAEH
G4-D1 SLDEWLYNGGPYQLXXFHFL JGXXXYXGRZWELSXRLGMRPWIXX AXSAPXXXAXAVFLXYPXGQGSFSDGMPLGISGTFNFMXVFQAEH
D1INT SXDEWLYNGGPYZL I XXHFL 1GIFCWXGROWELSXRLGMRPWICV AYSAPVAAATSVFLIYPIGQGSFSDGMPLGISGTFNFMXVFQAEH
D1FR XXDEWLYNGGPYQMIXXHYXPALXCYXGREWELSYRLGMRPWIXV AXSAPXAATXSVFLIYPJGQGSFXDGLPMX | SGTFNFMFVFQAEH
G3A XXDEWLYNGGPYZX I XXHFL JXXXXYXGRZWELSYRLGMRPWIXV AXSAPXXAATXVLLXYPIGQGSFSDGXMLGXSGTFNFMIVFXXEH
G3B SLDEWLYNGGPYQL I XFHFLIGIFCYMGREWELSYRLGMRPWIPV AFSAPVAAATAVLLIYPIGQGSFSDGLMLGISGTFNFMIVFQAEH
G3C XXXEWLYNGGPYQL I XFHF J JGIXXXXGRZWELSYRLGMRPWIXX AXSAPVXAATAVLXXYXXGQGSFSDXXPLGISGTFNFMXVLQAEH
G2-D1 SXXEWLYNGGXYQL I XXHFL JXXXXXLGXXWELSXRLGXRPWXXX AXSAXXXAXXXXXLXYPXGQGSFXXGXPLGIXGTFXFMXXXQXXH
G1-D1 SXXZWLXNGGPYQX IVLHFX1GIXXYQDREWELSYRLGMRPWISL AFXAPVXAXXXVXLXYPXGQGXXXXGMPLGISGTFXFMXXXQAXH
CoNsSensus XXXZWLXNGGXXZXXXXHXXXXXXXXXXXXWELSXRLGXRPWXXX AXXAXXXXXXXXXLXYXXGQGXXXXXXXXX | XGTFXFMXXXXXXH
* % * % * *k kk kk k kk*k * * * * * %k * kk* * %k *
310 Helix D } 310 de 310 Helix E
220 250 280
T. vulcanus NI LMHPFHQLGVAGVFGGALFCAMHGSLVTSSLIRET-TETESAN YGYKFGQEEETYNIVAAH-GYFGRL I FQYASFNNSRSLHFFLAAW
G4-D1 NILMHPFHXXGVAGVFGGXLFSAMHGSLVTSSLXRET-TEXESXN YGYKFGQEEETYNIVAAH-GYFGRL IFQYASFNNSRXLHFXLXXW
D1INT NILXHPFHXXGVXXVFGGXLFXAMHGSLVXSSLXRET-TEXESXN XGYXFGQEXETYX|VAAH-GYFGRL IWQYASFNNSRSLHFFLXAW
D1FR N1LMXPXHMJGVAGVXGGXXFCAMHGSLVTSS JXRET-XXXESQN XGYKFGQEXETYNIXAAH-GYFGRL I FQYASFNNSRXLHFFLAAX
G3A NXLMHPFHX JGVXGVFGGXLFXXMHGSLVTSX JXXXT-XEXZSXN XGYXFGQEXETYNJXAAH-GYXGRLXFQYASFXNSRXLHFXLXAX
G3B NILMHPFHXLGVAGVFGGALFAAMHGSLVTSSLIRET-TETESTN YGYKFGQEEETYNIVAAH-GYFGRL I FQYASFNNSRSLHFFLAAW
G3C NVLMHP XHMJGVXGXFGGALFXAMHGSLVTSSLXRET-XEXESXX XGYXFGQEXETYNIVAAH-GYFGRLIFQYASFNNSRXLHFXLXAW
G2-D1 NXLMHPXXXLXVXGXXXGAXXXXXXGSLVXXXJXXXT=XXXXXXX XGYXXGQXXXTYXXXXXHXXXXGRXXXXXXXXXNXRXXXXXXXXX
G1-D1 NXLXXPXHX JGVXGVXGGAXXXAXHGSLVTSTLXXXXXXXXXXXX XXXXXXXXXXTYXXXXXX=XXXXXXXXXXXXFXXXRXXHXXLAAX
Consensus NXLXXPXXXXXVXXXXXGXXXXXXXGSLVXXXIXXXXXXXXXXXX XXXXXXXXXXTYXXXXXXXXXXXXXXXXXXXXXXXRXXXXXXXXX
* % * * *k%k % * % *
Helix E I eC P
310 340 344
T. vulcanus PVVGVWFAALG I STMAFNLNGFNFNHSV IDAKGNV INTWAD | INR ANLGMEVMHERNAHNFPLDLA
G4-D1 PVXX IWXTXXGXSTMAFNLNGFNFNQSXXDXXGXVXXTWXDX JNR AXJGXEVMHERNAHNFPLDLA
D1INT PVXXIWXTALGISTMAFNLNGFNFNXSXLDSXGRXXXTWADXXNR ANLGXEVMHERNAHNFPLDLA
D1FR PVXCIWXXAJGIXXMAFNLNGFNFNXSXXDXZGXVXXXWADXXNX ANLGFEVMHERNAHNFPLDLA
G3A PVXGIWFAXXGXSTMXFNLNGFNFNXSXLDXZGXX | XTWADXXNR ANXG|EVXHERNAHNFPLDLA
G3B PVVGIWFAALGISTMAFNLNGFNFNHSVVDAQGNV INTWAD I INR ANIGIEVMHERNAHNFPLDLA
G3C PVXGIWXAXXXVXXFXFNLNGXNFNXSXLBXXGXVXXXWADX JNX AXJGXEXMHERNVHNFPLDLA
G2-D1 PXXGIWXAXXXXXXXXFNINGXNFNXSXXDXXGXX 1 XXXADXXNR AXJGXXXMXXXNXHXFPXXXX
G1-D1 PVXGIWSAALGXXXXAFXXXXXXXXXXXXXXXXXXXXXWXDXXXX XXLGIXXXXXXXXXXXXXXXX
CoNSensus PXXXXWXXXXXXXXXXFXXXXXXXXXXXXXXXXXXXXXXXDXXXX XX JGXXXXXXXXXXXXXXXXX

* * * *

*

Fig.2 Alignment of the 95% consensus for each group of D1 in the
phylogenetic tree in Fig. 1 with a sequence representing the consen-
sus for all eight D1 groups and the G4 sequence from Thermosyn-
echococcus vulcanus. Positions highlighted with an asterisk indicate
residues which are fully conserved across all types of D1. Ligands

that might serve as side-path electron donors in PS II under
specific conditions (Cardona et al. 2012). Between helices
A and B there is a Ser79 to Thr change also found in the
D1™T sequences.

@ Springer

to the OEC, chlorophyll, Y, and pheophytin are highlighted in blue,
green, brown and orange, respectively. Helix annotation is based on
https://www.rcsb.org/pdb/explore/remediatedSequence.do?structurel
d=4UB6, 310h indicates 310 helices

In the D1™® protein helix B, the His118 ligand of Chl,p,,
and the putative Tyr126 ligand of Pheop, are unaltered;
however, several residues are altered between Leul14 and
Val/lle/Cys123 which may modify the properties of these


https://www.rcsb.org/pdb/explore/remediatedSequence.do?structureId=4UB6
https://www.rcsb.org/pdb/explore/remediatedSequence.do?structureId=4UB6
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G4-D1 Consensus
Thermosynechococcus vulcanus

Anabaena sp. ATCC 33047
Aulosira laxa NIES-50

Calothrix sp. NIES-2098

Calothrix sp. NIES-2100
Chlorogloeopsis fritschii PCC 6912
Chlorogloeopsis fritschii PCC 9212
Cyanobacterium PCC 7702
Fischerella major NIES-592
Fischerella muscicola PCC 7414
Fischerella muscicola PCC 73103
Fischerella sp. JSC-11

Fischerella sp. NIES-3754
Fischerella sp. NIES-4106
Fischerella sp. PCC 9431
Fischerella sp. PCC 9605
Fischerella thermalis PCC 7521
Fremyella diplosiphon NIES-3275
Gloeocapsa sp. PCC 7428
Halomicronema hongdechloris C2206
Hapalosiphon sp. MRB220
Leptolyngbya sp. JSC-1

Nostocales cyanobacterium HT-58-2
Nostoc carneum NIES-2107
Nostoc punctiforme PCC 73102
Nostoc sp. NIES-4103

Nostoc sp. PCC 7524

Tolypothrix tenuis PCC 7101
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Fig.3 Alignment of DI™T sequences with conserved residues high- e and g show the same residues as modelled for the D1™T protein

lighted. a Alignment of DI™NT protein sequences compared to the
G4 sequence from Thermosynechococcus vulcanus and the con-
sensus sequence for G4-D1s, with conserved changes to the protein
sequences highlighted in red. b, d and f show the structure of Ther-
mosynechococcus vulcanus at Tyrl26, 156 and Phe260, while c,

cofactors (Fig. 4c, d). The D1™® sequences usually contain
the substitution of Gln to Glu at position 130 which is
characteristic of the G4 high-light form, D1:2. In addi-
tion, the D1'R sequences have the Alal56 to Ser change
observed in the D1'™T but Alal54 is changed to a Thr in
this group which may further modify the efficiency of
charge recombination (Fig. 4e, f) (Vinyard et al. 2014).
It has been suggested that Thr154 and Tyr119 (instead of

sequence from Nostoc punctiforme ATCC 29133. Distances within
3.6 A, indicating potential hydrogen bonds are shown in dashed,
black lines. The pheophytin present in the D1 protein is shown in tan.
Qg is shown in blue. The phosphatidylglycerol adjacent to Phe260 is
shown in salmon pink in f and g

Phe) of D1R may also have a hydrogen bond to the formyl
group of chlorophyll f (Niirnberg et al. 2018). Between
helices C and D, the D1T® Met172 to Leu and Leul74
to Met changes are found; these are located in a region
separating the Mn,CaOj cluster from Chl,; and Py, of
P680 (Kern et al. 2007). A Phe184 change is also found in
this region in D1™® sequences while in helix D there is a
Ser212 to Cys change (Fig. 4b).
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G4-D1 Consensus GWFGVIMIPX LLXAXXC-XXX XXYGNNIXSG PYQLXXFHFL JGXXXYXGRZ XXXAXAVFLX GMPLGISGTF NFMXVFQAEH FSAMHGSLVT
Thermosynechococcus vulcanus GWFGVIMIPT LLAATIC-FVI LLYGNNIITG PYQLIIFHFL LGASCYMGRQ LASAFAVFLI GMPLGISGTF NFMIVFQAEH FCAMHGSLVT
Calothrix parasitica NIES-267 GWFGVLMIP- LLGVSTCVFII LLYGNNIITG PYQMIAFHY! PALSCYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Calothrix sp. NIES-3974 GWFGVLMIP- LLGVSICVEVI IFYGNNIITA PYQMIAFHY! PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Calothrix sp. PCC 7505 GWFGVLMIP- LLGVSVCVFTI LLYGNNIITG PYQMIAFHY| PALSCYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Chlorogloeopsis fritschii sp. PCC 6912 GWFGVLMIP- LLGVSICVFTI LLYGNNIITA  PYQMIGFHYI PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Chlorogloeopsis fritschii sp. PCC 9212 GWFGVLMIP- LLGVSICVFTI LLYGNNIITA  PYQUIGFHYI PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Chroococcidiopsis thermalis PCC 7203 GWFGVLMIP- LLGVSICVFTI LLYGNNIITG PYQMIGFHYI PALCCYAGRE VAATSSVFLV GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Fischerella major NIES-592 GWFGVLMIP- LLGVSICVFTI LLYGNNIITA PYQMIGFHY| PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Fischerella muscicola PCC 7414 GWFGVLMIP- LLGVSICVETI LLYGNNIITA PYQMIGFHY| PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Fischerella sp. 1SC-11 GWFGVLMIP- LLGVSICVFTI LLYGNNIITA PYQMIGFHY| PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Fischerella sp. NIES-3754 GWFGVLMIP- LLGVSICVFTI LLYGNNIITA PYQMIGFHY| PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Fischerella sp. PCC 9605 GWFGVLMIP- LLGVSICVETI LLYGNNIITA PYQMIGFHY| PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Fischerella thermalis PCC 7521 GWFGVLMIP- LLGVSICVFTI LLYGNNIITA PYQMIGFHY| PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Halomicronema hongdechloris C2206 ~GWFGVLMIP- LLGVSTAVFVT LLYGNNIITG PYQMIAFHYI PALLCYMGRE VAATSSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Hydrococcus rivularis NIES-593 GWFGVLMIP- LLGVSTTVEVL ILYGNNIITA PYQMIALHYV PALCCYMGRE VAATTSVFLI GLPMSISGTF NFMFVFQAEH FCAMHGSLVT
Leptolyngbya sp. ISC-1 GWFGVLMIP- LLLVSACVFTI LVYGNNIITA PYQMIAAHYV PALCCYMGRE LAATVSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Mastigocoleus testarum BCO08 GWFGVLMIP- LLGVSTCVFII LLYGNNIITG PYQMIAFHY! PALACYMGRE LAATTSVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Mastigocoleus testarum BCO08 GWFGVLMIP- LLGVSTCVFIl LLYGNNIITG PYQMIAFHY| PALACYMGRE LAATTSVELI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Oscillatoriales cyanobacterium 1SC-12 GWFGVLMIP- LLGVSICVETI LLYGNNIITA  PYQWIGAHY! PALACYMGRQ LISTASVFWI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
Pleurocapsa sp. PCC 7327 GWFGVLMIP- LLGVSTTVEVL LLYGNNIITA PYQMIALHYV PALCCYLGRE LAATTSVFLI GLPMSISGTF NFMFVFQAEH FCAMHGSLVT
GWFGVLMLP- LLGVSITVEVT LLYGNNIITA PYQMIAFHY| PALLCYLGRE VAATISVFLI GLPMGISGTF NFMFVFQAEH FCAMHGSLVT
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«Fig. 4 Gene context, sequence alignment and highlighted residues
of interest for DI™® sequences. a Gene context of the chlorophyll f
synthase and DI in the far-red-inducible gene cluster. Identity of
the genes present in the Calothrix sp. NIES-3974 are given for ref-
erence. b Alignment of the 20 D1™ sequences with the reference
G4 sequence from Thermosynechococcus vulcanus and the consen-
sus sequence for all G4-Dls; conserved modified residues in DIfR
highlighted in red. ¢ and d The D1 helix B residues present in the
Thermosynechococcus vulcanus PS 11 crystal structure and the same
region present in the D1™® sequence from Chlorogloeopsis fritschii
PCC 9212, respectively. e and f D1 helix C from the PS II structure
from Thermosynechococcus vulcanus and the corresponding region
for the modelled D1 from C. fritschii PCC 9212, respectively. In ¢
and d the accessory chlorophyll in PS II is shown in cyan, while the
pheophytin in e and f is shown in tan

Ho et al. (2016) and Shen et al. (2019) showed that the
G1-D1 is required for the production of chlorophyll f. A
G1-psbA null mutant abolished chlorophyll f production in
both Chlorogloeopsis fritschii PCC 9212 and Synechococcus
sp. PCC 7335, while chlorophyll f could be produced in far-
red light in the non-FaRLiP strain, Synechococcus sp. PCC
7002, when this strain contained a G1-encoding psbA gene.
Chlorophyll fis present in the reaction centres of both PS II
and PS I (Ho et al. 2016; Niirnberg et al. 2018; Shen et al.
2019). In studies using isolated PS II centres of Chroococ-
cidiopsis thermalis PCC 7202, the isolated PS II appeared
to contain the D1™® protein when subjected to far-red light
(Niirnberg et al. 2018).

The G3 D1 group contains multiple subgroups

The D1 phylogeny divided the G3 proteins into three well-
supported subgroups (SH-like aLRT > 0.9). Each subgroup
contained proteins encoded by psbA genes that are up-reg-
ulated under micro-aerobic conditions (Summerfield et al.
2008; Sicora et al. 2009) (Figs. 1 and S1); these were Nostoc
sp. PCC 7120 and Cyanothece sp. ATCC 51142 in subgroup
I, Thermosynechococcus elongatus BP-1 in subgroup II and
Synechocystis sp. PCC 6803 in subgroup III. The separa-
tion of G3-D1 into these subgroups was also observed when
these 64 sequences were analysed using the original out-
group or a representative sequence from each of the other
D1 groups to root the tree (Figs. S6-S9). The G3 subgroups
contain 33, 2 and 29 sequences, respectively (Fig. 1). The
two main subgroups have alterations in the amino acids that
frequently contribute to the secondary ligand sphere of the
OEC (highlighted in Fig. 5; for full alignment of G3 protein
sequences see Fig. S10 and Table S1).

The three characteristic amino acid changes of low-
oxygen-induced psbhA encoded proteins identified by Sicora
et al. (2009) (Gly80 to Ala, Phel58 to Leu and Thr286 to
“Ala”) were in 61 of the 64 protein sequences in G3. How-
ever, the Gly80 to Ala substitution was not in the G3 protein
sequence from Oscillatoria sp. PCC 6506 or Kamptonema

formosum PCC 6407 in subgroup I. All G3 sequences con-
tained the Phe158 to Leu change, but the Geitlerinema sp.
PCC 7105 subgroup I sequence did not have the Thr286 to
Ala change (Figs. 5 and S10).

In subgroup I, residues that differed to the 95% G4 con-
sensus sequence in at least 90% of the sequences included
Leu41 to Ala (rarely Ile or Gly), Cys47 to Val (rarely Ala
or Thr) both in helix A, and in the a-b loop, both Ala81 to
Thr and Ser85 to Thr. The Asn87 residue is replaced with
an Ala in almost 80% of the subgroup I sequences; this Asn
has been reported to interact with a chloride-binding site
associated with a proton exit channel for the OEC (Baner-
jee et al. 2018, 2019). In addition, Asn87 may also interact
with CP43-Glu354 and CP43-Arg357 through hydrogen
bonding but these interactions would in all likelihood be
lost when the residue is Ala (Fig. 5b, ¢). Also in subgroup I
(and subgroup II) a Pro to Met change is observed at posi-
tion 173 in the c-d loop; this substitution in 7. elongatus has
been shown to affect oxidation of the redox active Tyr161
(Y,) and weaken the hydrogen bond between Y, and His190
(Sugiura et al. 2014).

In subgroup III, residues that differed to the 95% G4 pro-
tein consensus sequence are more frequently found between
helix C and the C-terminus. Residues changed with respect
to the G4 sequence that are characteristic of this G3 sub-
group include Pro162 to Ser (rarely Ala, in helix C), Phe186
to Leu in helix CD in the c-d loop, 1le192 to Val (also found
in the c-d loop of 8 out of 33 subgroup I sequences), as well
as, Thr292 to Cys or Ser and Met293 to Phe in helix E and
Ala336 to Val (Fig. 2).

Introduction of the Pro162 to Ser change found in D1” in
Synechocystis sp. PCC 6803 did not alter oxygen evolution;
however, the F186L and F186L:P162S mutants exhibited
perturbed oxygen evolution and Q, to Oy electron transfer
(Funk et al. 2001; Wiklund et al. 2001; Sicora et al. 2004).
Phe186 is hydrogen bonded to His190 and Phe182 as part of
a putative hydrogen bond network involving several bound
waters in the vicinity of Y, (Fig. 5d, e). Both Phel86 and
Phe182 along with Met293 contribute to a hydrophobic
pocket, as previously noted, separating the OEC from P680
(Kern et al. 2007). The Met-to-Phe substitution at position
293 likely disrupts hydrogen bonding involving Asn296 and
potentially GIn165. Asn296 and GIn165 of G4 are hydrogen
bonded to oxygen atoms which interact with the OEC.

The Ile at position 192 in G4 that becomes a Val in G3
subgroup III is located on the lumenal side of the D1 protein,
while no specific role for this residue could be ascertained
in silico, a [192F:N2671 double mutant in Synechocystis sp.
PCC 6803 prevented photoautotrophic growth (Yamasato
et al. 2002). The G4 Ala336 position that is a Val in sub-
group III is likely to interact with the OEC ligand, His337,
and may interact with Asp61, which binds the OEC through
a water molecule (W567 in PDB 4UB6) (Fig. 51, g).
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Fig.5 Alignment of all sequences and highlighted residues of interest
for G3-D1 sequences. a Alignment of five subgroup I D1” sequences
(Geitlerinema sp. PCC 7105-Tolypothrix tenuis PCC 7101, two
subgroup II sequences (Thermosynechococcus elongatus BP-1 and
Thermosynechococcus sp. NK55a) and five subgroup III sequences
(Arthrospira sp. PCC 8005-Tolypothrix tenuis PCC 7101) against
the G4 reference sequence from Thermosynechococcus vulcanus and
the consensus sequence for all G4-D1 sequences with subgroup-spe-
cific alterations to the D1 protein structure highlighted in red. b and
¢ comparison of the amino acids around Asn87 in the Thermosyne-
chococcus vulcanus PS 1I crystal structure and the modelled Ala87
from the G3-D1 protein of Nostoc sp. PCC 7120. d,e.f and g show the

The G1 and G2 D1 proteins

The G2 of Cardona et al. (2015) included the rogue and
sentinel D1s described by Murray (2012) and Wegener et al.
(2015), respectively, these lack a number of key amino acids
required to support normal PS II function. In our extended
analysis, 52 G2-D1 proteins were identified: the additional
sequences had the same donor and acceptor side changes
reported previously (Cardona et al. 2015) (Fig. 2) but three
residues were no longer conserved across all the G2 mem-
bers (Glu65, His252 and Gly256).
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interactions of Phe186 and Ala336 of the G4-D1 from the Thermos-
ynechococcus vulcanus PS 11 crystal structure and the modelled alter-
ations of these ligands from the G3-D1 protein of Synechocystis sp.
PCC 6803, respectively. Both G3-D1 sequences from Nostoc sp. PCC
7120 and Synechocystis sp. PCC 6803 were modelled based on the
known crystal structure of D1 from Thermosynechococcus vulcanus
as described in methods. The potential hydrogen-bonding network
surrounding these residues i§ shown in dashed, black lines and lim-
ited to distances within 3.6 A. The OEC is shown in balls and sticks
with the calcium, manganese and oxygen shown in green, purple and
red, respectively

In agreement with previous reports, none of the G2 mem-
bers have the 341-344 Leu-Asp-Leu-Ala motif that is con-
served in G4, DI™T D1™R and G3 (except one G3-D1 with
a Leu341to Met change) on the N-terminal side of the CtpA
cleavage site. The C-terminus was altered in four G2-D1
sequences from unicellular strains (Cyanobacterium aponi-
num strains and Stanieria spp.), these ended at position 343,
in addition, 23 G2 sequences had an Ala344 to Ser change.
The remainder of the strains (25) had Ala at position 344
with the number of amino acids following this residue vary-
ing from zero to 27 amino acids. This sequence variation
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in G2-D1 would be consistent with no processing of the
C-terminus suggested by Wegener et al. (2015).

The G1 group of Cardona et al. (2015) contained eight
protein sequences of the far-red-inducible chlorophyll f
synthase, which catalyses the production of chlorophyll f
(Chen et al. 2010) and was first identified by Murray (2012).
The ligands necessary to bind the OEC, which are provided
by Aspl170, Glul89, His332, Glu333, Asp342 and Ala344
were absent or not conserved in the G1 category of proteins
as previously reported by Cardona et al. (2015). The G1
sequences did retain other ligands necessary to bind PS II
cofactors, e.g. His118 which provides the axial ligand to
the accessory chlorophyll a (Chl,,), the residues binding
pheophytin (Pheoypy,;) at positions Thr126 and Glul130 and
the axial ligand at His198 for the reaction centre chlorophyll
Pp,;. as well as the key Tyr161 (Yz) and His190 pairing on
the donor side. However, the G1 sequences contain substi-
tutions around the Chl,, binding site with all sequences
having changes Ile116 to Val, Phel17 to Leu, Leul21 to Ile
and Alal23 to Ile. In the vicinity of the Pheop,; binding site,
the G1 sequences included the changes Met127 to Gln and
Gly128 to Asp (Fig. 2).

Purifying selection pressure within the psbA genes
encoding the D1 protein family

The psbA genes encoding all the different D1 protein
sequences are subject to similar, relatively strong, purify-
ing selection; this was similar to that observed for the gene
rbcL that encodes the Rubisco large subunit (Fig. 6). Of

Fig.6 Boxplot illustrating the
range of ® (dN/dS) obtained
by pairwise comparison of
genes encoding for the proteins
within each group of D1. 0.3-
Lines indicate the median and
boxes delineate first and third
quartiles, whiskers illustrate

the minimum and maximum
values and outliers are shown as
individual points

the seven groups, the G1 sequences exhibited slightly more
relaxed selection (mean w =0.07140.045). Genes encod-
ing the D1™® and D1™T proteins were found to be under-
going the highest amount of purifying selection (mean
®=0.020+0.013 and mean » =0.026 +0.003, respectively).
This may indicate that amino acid changes in the mature D1
protein of all the D1 isoforms can either impair or retard the
performance of PS II, suggesting that this protein family
is retaining amino acids critical to their function: indicat-
ing that all of these proteins are likely to be physiologically
relevant (Fig. 6).

Distribution of the psbA genes encoding the D1
protein family in cyanobacteria

The 16S-23S rRNA gene phylogeny shows the relationship
of the 206 cyanobacterial strains used in this study. This
phylogeny has been annotated with the type of D1 proteins
found in each strain along with the number of genes encod-
ing each type of D1 (Fig. 7). The cyanobacterial clades
recovered in this analysis were compared to the previous
analysis of Shih et al. (2013) (Fig. 7). While the two analy-
ses differed in that the analysis of Shih et al. (2013) used 31
concatenated protein sequences to generate the species tree,
both approaches produced similar cyanobacterial group-
ings and therefore the clade annotation used in Fig. 7 is the
same as that used in Shih et al. (2013). All cyanobacterial
genomes examined contain at least one copy of a psbA gene
encoding G4-D1 (either a D1:1 or D1:2 or both). It should be
noted that this analysis includes draft genomes and in some

0.2-
2
5 !
| '
i . : i
0.1 i L { f
WL l 1 I
‘ [ | B=——4
oo w — = | \
G1 G2 G3 D‘1FRD1 TypemlNT : 2 RbcL

@ Springer



122

Photosynthesis Research (2020) 145:111-128

Fig.7 Rooted maximum likeli-
hood phylogeny of 16S-23S (i) Unicellular
rRNA cyanobacterial sequences
using Gloeobacter kilaueensis
JS1 as the outgroup. Branch
support over 70% from the
maximum likelihood bootstrap
are indicated, with branch
support over 95% from the
maximum parsimony tree also
being highlighted (number of

(iv) Heterocystous

iterations = 1000). The D1 type O G0

and number of genes encoding

each type that are present in O «
each strain are indicated using . G2
coloured circles with G1, G2,
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tein sequences shown in purple, O Dy
red, yellow, green and blue,

respectively and the D1 proteins O DINT
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. . Q G4 (D1:1)
in pink and brown, respec-

tively. Phylogenetic subclades () e

recovered in the Shih et al.
(2013) analysis are indicated to
the right of their correspond-
ing groupings recovered in this
analysis. A ‘D’ next to the D1
types for a strains indicates the
data was obtained from a draft
genome
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cases updated genomes may vary (for example, in the contig
assembly of Fischerella sp. PCC 9605, ALVT00000000, the
D1'™T was not identified, but it was present in the scaffold
assembly of these contigs (KI1912148-KI1912154)).

The heterocystous cyanobacteria (subsection IV, Nos-
tocales and subsection V, Stigonematales) form group
B1 (Fig. 7). The majority of the Stigonematales formed a
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moderately supported subgroup within B1, these included
cyanobacteria with psbA genes encoding the largest num-
ber of D1 types. Genes encoding DI™T and G2-D1 were
very common in these strains and more than half had genes
encoding G1-D1, G2-D1, G4-D1, D1*® and D1™T, whereas
only two strains had genes encoding G3-D1. The rest of
the B1 subgroup were predominately Nostocales strains
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and these had greater variation in psbA gene diversity. Only
four of the 54 Nostocales strains in this analysis contained
genes coding for G1-D1 and D1™® but genes encoding
G2-D1, DI'"T and G3-D1 where in 9, 10 and 16 strains,
respectively. The B1 strains had between 1 and 11 psbA
copies encoding G4-D1, this included the draft genomes
of Cylindrospermopsis raciborskii strains CENA302 and
ITEP-A1 which each had 11 copies. In addition, the draft
genome of Fischerella sp. PCC 9605 had nine copies and
the draft genomes of C. raciborskii MVCC14, Leptolyngbya
Heron Island J and Nostoc NIES-403 each had eight cop-
ies of psbA encoding G4-D1. Several Nostocales strains (26
strains) had only genes coding for G4-D1, this included the
obligate symbionts Nostoc azollae 0708, Richelia intracel-
lularis HMO1 and Richelia intracellularis HHOI and also
free-living strains from marine, freshwater and terrestrial
environments. Some of these strains contained only genes
for D1:1 or D1:2, although most strains contained both.

There is a striking decrease in diversity of psbA genes in
the filamentous non-heterocystous cyanobacteria in Al and
B2a groups compared to the heterocystous cyanobacteria.
More than half of the Al and B2a strains (14/24) contain
only genes encoding G4-D1; in addition, genes encoding
G3-D1 and G2-D1 were found in ten strains and one strain,
respectively. Sister to these is a moderately supported group,
B2b that contains unicellular and filamentous cyanobacte-
ria, the majority (>70%) of these strains have genes coding
for at least two D1 types. Similar to groups Al and B2a,
the gene encoding G3-D1 is common, being present in half
these strains; in contrast, many more of the strains (~40%)
have genes encoding G2-D1 but only two strains have the
FaRLiP gene cluster.

The well-supported group C1 includes members of
the Prochlorococcus genus, these strains have contracted
genomes relative to other cyanobacteria and inhabit the
nutrient poor, oligotrophic oceans (Scanlan et al. 2009).
This genus utilises a range of light-inducible proteins for
photoprotection (Rocap et al. 2003), which may result in a
reduced reliance on D1:2 to reduce the rates of photoinhibi-
tion, consistent with these strains having one to three copies
of psbA encoding the G4-D1:1 protein (Mella-Flores et al.
2012). Sister to the Prochlorococcus subgroup is a well-
supported subgroup of marine Synechococcus strains; these
have genes encoding both G4 isoforms and sister to this is
a smaller group containing four unicellular strains that each
contain psbA genes encoding G3-D1. The C2 subgroup con-
tains three Synechococcus strains with genes for both the
G4-D1 proteins. In contrast, the well-supported subgroup C3
contains both unicellular and filamentous cyanobacteria and
these exhibit variation in their psbA diversity, all containing
genes for G4-D1 (both D1:1 and D1:2) and for up to three
other D1 types, including two strains containing the FaRLiP
cluster: Synechococcus sp. PCC 7335 and Halomicronema

hongdechloris C2206. The subgroups E, D and F contain
cyanobacteria with genes encoding G4-D1 alone or in
combination with G3-D1 (14 strains), with the exception
of two strains with the FaRLiP gene cluster (Oscillatori-
ales cyanobacterium JSC-12 and Leptolyngbya sp. JSC-1),
one of which also has the gene encoding D1'™NT (Leptolyn-
gbya sp. JSC-1). The hot-spring-inhabiting Synechococcus
spp- JA-3-3Ab and JA-2-3B'a (2-13) (subgroup G, Fig. 7)
are among the most deeply branching cyanobacteria identi-
fied (Shih et al. 2013; Li et al. 2014; Sanchez-Baracaldo
et al. 2017; Moore et al. 2019) and have genes encoding
G4-D1:2 and G2-D1.

Potential roles for the psbA gene family
in cyanobacteria

The grouping of D1 proteins did not follow the topology of
the 16S-23S rRNA gene phylogeny (Figs. 1, 7). The D1 phy-
logeny showed six groups of D1 proteins, and the 16S-23S
rRNA phylogeny annotated with the distribution of the D1
protein types indicates the presence of the different D1 types
in strains across the phylogeny. Well-supported groups of
closely related strains tend to have similar D1 protein com-
plements, suggesting different cyanobacterial lineages have
retained and lost specific D1 types. More than half the strains
(106/206) had at least one D1 type in addition to G4-D1,
with ~30% and ~ 14% of all strains having one or two addi-
tional D1 types, respectively. Furthermore, ~8% of strains
have three or more D1 types in addition to G4-D1. Out of
the 100 strains with only G4-D1 proteins, 43 strains have
genes encoding both D1:1 and D1:2 proteins, 31 have only
D1:1 proteins and 26 have only D1:2 proteins. Only ~ 10%
of the cyanobacterial strains had a single copy of psbA and
it should be noted that many of these are draft genomes. We
interpret the prevalence of different D1 types and multiple
copies of the same D1 type in most cyanobacterial strains to
be indicative of a selective advantage to maintaining these
copies, although the function of some D1 types is not clear.

Microenvironments occupied by the cyanobacteria may
have led to the retention of different D1 types: for example,
Gan and Bryant (2015) suggested that the far-red-inducible
gene cluster may confer an advantage when green light is
either scattered or absorbed by the environment or compet-
ing photoautotrophic organisms are present. In our analysis,
a phylogenetically diverse collection of cyanobacteria had
the FaRLiP cluster and these were isolated from environ-
ments that had the potential to be competitive for light. For
example, a niche for chlorophyll f-containing cyanobacteria
was identified below the surface of a hot spring microbial
mat where only wavelengths of light > 700 nm remained
(Ohkubo and Miyashita 2017) and eleven strains with the
FaRLiP cluster were isolated from hot springs. Two strains
were isolated from associations with other phototrophs: one
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as an endophyte of a red alga and one from a stromatolite. In
addition, two strains were from soil and one from a sphag-
num bog and all of these environments have potential to be
far-“red-light” enriched (Gan and Bryant 2015).

The gene encoding the D1'™T protein was found predomi-
nately in heterocystous cyanobacteria, but only in a third
of heterocystous strain’ genomes. Both Nostocales and
Stigonematales strains contained the gene encoding D1'NT
along with three additional non-heterocystous strains. The
three strains were the unicellular Gloeocapsa sp. PCC 7428,
which also has four genes encoding D1:2 copies and was iso-
lated from a hot spring, and the filamentous strains Leptolyn-
gbya JSC-1 isolated from a hot spring and Halomicronema
hongdechloris C2206 isolated from a stromatolite; both of
these filamentous strains also have the FaRLiP cluster. The
DI1™T was found in a similar number of strains as the FaR-
LiP gene cluster. There was no clear pattern of co-occur-
rence with other psbA genes; however, 24 of the 27 strains
had at least three D1 types.

The G3-D1 protein was in a phylogenetically broad range
of cyanobacteria that represented about ~30% of the strains
in this analysis. The gene encoding G3-D1 is up-regulated
under low oxygen in several cyanobacterial strains (Sum-
merfield et al. 2008; Sicora et al. 2009). Cardona et al.
(2018) estimate the G3-D1 to have evolved around the time
of the Great Oxidation Event branching slightly before
G4-D1, raising the possibility that these genes evolved
under low-oxygen conditions and were down-regulated in
the presence of oxygen. This regulation has been demon-
strated in a Synechocystis sp. PCC 6803 strain containing
only the low-oxygen-expressed psbA gene (Summerfield
et al. 2008; Crawford et al. 2016). The psbA genes encoding
G3-D1 are under relatively strong purifying selection in both
diazotrophic and non-diazotrophic strains indicating a cur-
rent physiological function. Low-oxygen conditions are also
associated with the up-regulation of genes encoding other
components of the photosynthetic electron transport chain
(Summerfield et al. 2008). In addition, under low oxygen
G3-D1 PS II centres were less susceptible to photoinhibition
than G4-D1 PS II centres in Synechocystis sp. PCC 6803
(Crawford et al. 2016).

The G2-D1 protein has been suggested to be involved in
protecting nitrogenase in unicellular diazotrophs (Wegener
et al. 2015). Of the strains analysed from the unicellular
diazotrophs Crocosphaera watsonii and Cyanothece spp.,
most have genes encoding G2-D1 except Cyanothece sp.
CCY 0110, for which only a draft genome was available
and therefore data may be missing, and Cyanothece sp. PCC
7425 for which a complete genome was available. Unlike
the other Cyanothece strains, Cyanothece sp. PCC 7425 is
not an aerobic diazotroph and has been identified as belong-
ing to the Synechococcales based on thylakoid structure and
molecular phylogenetic analysis (Mares et al. 2019). The
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presence of G2-D1 in unicellular diazotrophs is consistent
with subjective dark detection of low levels of G2-D1-con-
taining PS II centres in Crocosphaera watsonii WH8501
(Masuda et al. 2018) and the suggestion G2-D1-containing
PS II centres have a role in the temporal regulation of diazo-
trophy and photosynthesis (Wegener et al. 2015; Masuda
et al. 2018; Sicora et al. 2019).

Genes encoding G2-D1 were identified in the genomes
of heterocystous, filamentous non-heterocystous and uni-
cellular strains: most of which have been demonstrated to
be nitrogen fixing or have the nif gene cluster but a fur-
ther seven strains had the G2-D1-encoding gene but did not
have genes encoding nitrogenase. Strains containing psbA
encoding G2-D1 were members of the orders: Chroococ-
cales, Pleurocapsales, Chroococcidiopsidales, Synechococ-
cales, Oscillatoriales, Nostocales and Stigonematales. The
wide distribution of psbA encoding G2-D1 in strains that
employ different strategies for separating photosynthesis
and nitrogen fixation appears to indicate additional roles
for G2-D1-containing PS II centres. In our analysis, 22 of
the 71 heterocystous strains contained a gene coding for
G2-D1, these strains would not require G2-D1 PS II centres
to protect nitrogenase as PS II and nitrogenase would be spa-
tially separated. Several unicellular and filamentous diazo-
trophs lack the gene, including Xenococcus sp. PCC 9228,
Pseudanabaena sp. PCC 6802, Microcoleus sp. PCC 7113,
Trichodesmium erythraeum IMS101 and Lyngbya sp. PCC
8106. The distribution of the gene encoding G2-D1 included
absence from some non-heterocystous diazotrophs, and pres-
ence in some heterocystous strains and a small number of
non-diazotrophic strains indicate additional or alternative
roles of G2-D1. In total, a quarter of strains in our analysis
had the psbA that encoded G2-D1 and it has been shown to
be up-regulated in Anabaena variabilis ATCC 29413 in het-
erotrophically grown filaments (Park et al. 2013) consistent
with a physiological role for this isoform.

We propose that all six different copies of D1 may confer
selective advantages in specific microhabitats. Furthermore,
carrying a large suite of D1 proteins might impart a competi-
tive advantage in a fluctuating environment and may explain
the diversity of D1 proteins in some cyanobacterial strains.

Conclusion

Our analysis of the D1 family members and their distribution
in cyanobacteria has identified a phylogenetically distinct
D1 group; this contains two subgroups: D1™® and D1'NT,
The genes encoding these proteins were under similar selec-
tive pressure to the genes encoding other types of D1. The
D1™T protein has the ligands necessary to bind the OEC
and was found in a phylogenetically diverse range of cyano-
bacteria but predominantly in heterocystous cyanobacteria
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and this was in about one-third of the heterocystous strains.
The gene encoding the D1FR protein was part of the FaRLiP
cluster, which also contains a gene encoding the enzymatic
form of D1 — the G1, chlorophyll f synthase. The D1T®
protein has the ligands necessary to bind the OEC and sev-
eral amino acid changes that might be associated with bind-
ing of chlorophyll £, rather than chlorophyll a, consistent
with its involvement in the far-red light acclimation process.
Furthermore, the previously identified G3-D1 group was
shown to contain three subgroups. Subgroup I had changes
predominately towards the N-terminus of the D1 protein,
whereas subgroup III had most variation from the G4 con-
sensus towards the C-terminus. In this analysis, ~30% of
cyanobacteria contained a gene encoding one of these two
G3-D1 subgroups.

The gene encoding G2-D1 was found in 25% of cyano-
bacteria, many of which, but not all, are diazotrophic strains.
However, many diazotrophic strains (both unicellular and
filamentous) do not contain genes encoding G2-D1. Each
group of D1 proteins was found in a phylogenetically diverse
range of cyanobacteria consistent with ancestral cyanobacte-
ria having multiple copies of D1. The filamentous heterocys-
tous cyanobacteria tended to have more D1 types, perhaps
reflecting an enhanced capacity to adapt to changing envi-
ronmental conditions. These analyses support the idea that
distinct D1 types confer a selective advantage under specific
conditions that has led to their retention in a phylogenetically
diverse range of cyanobacteria.

Additional information

The data reported in this paper have come from genomes
deposited in both the Genbank and JGI databases (acces-
sion nos. CP000117, CP000393, CP003614, CP003620,
CP003642, CP006269, CP006270, CP006271,
CP006471, CP006882, CP007203, CP007542, CP007753,
CP007754, CP011304, CP011382, CP011456, CP011941,
CP012036, CP012375, CP013008, CP013998, CP016474,
CP016483, CP017599, CP017675, CP017708, CP018091,
CP018344, CP018345, CP018346, CP019636, CP020771,
CP021983, FO818640, Ga0010025, Ga0012361,
Ga0012362, Ga0014323, Ga0025054, Ga0025357,
Ga0025386, Ga0025408, Ga0026686, Ga0064116,
Ga0064117, Ga0078583, Ga0079976, Ga0166459,
NC_003272, NC_004113, NC_005042, NC_005070,
NC_005071, NC_005072, NC_006576, NC_007335,
NC_007513, NC_007516, NC_007577, NC_007604,
NC_007775, NC_007776, NC_008319, NC_008816,
NC_008817, NC_008819, NC_009091, NC_009481,
NC_009482, NC_009840, NC_009976, NC_010296,
NC_010475, NC_010546, NC_010628, NC_011726,
NC_011729, NC_011884, NC_013161, NC_014248,

NC_014501, NC_019427, NC_019675, NC_019676,
NC_019678, NC_019680, NC_019682, NC_019683,
NC_019684, NC_019689, NC_019693, NC_019695,
NC_019697, NC_019701, NC_019702, NC_019703,
NC_019738, NC_019745, NC_019748, NC_019751,
NC_019771, NC_019776, NC_019779, NC_019780,
NC_020286, NC_022600, NC_023033, AAVU00000000,
AAXW00000000, ABRV00000000, ABRS00000000,
ABSE00000000, ABYK00000000, ACYA00000000,
AGCR00000000, AGIZ00000000, AJLJO0000000,
AJLKO00000000, AJLLO0000000, AJLMO00000000,
AJLNO00000000, AJWF00000000, ALVI00000000,
ALVJ00000000, ALVK00000000, ALVL00000000,
ALVP00000000, ALVQO00000000, ALVR00000000,
ALVS00000000, ALVT00000000, ALVW00000000,
ALVX00000000, ALVY00000000, ALVZ00000000,
ALWB00000000, ALWDO00000000, ANFJ00000000,
ANFQO00000000, ANNXO00000000, APO014638,
AP014642, AP014815, AP014821, AP017295, AP017308,
AP017367, AP017375, AP017959, AP018172, AP018174,
AP018178, AP018180, AP018184, AP018194, AP018203,
AP018207, AP018222, AP018227, AP018233, AP018248,
AP018254, AP018255, AP018268, AP018280, AP018281,
AP018288, AP018298, AP018307, AP018316, AP017305,
AUZMO00000000, AVFS00000000, AWNHO00000000,
BDUC00000000, CACA00000000, CAIS00000000,
CAIY00000000, CM001632, CM001775, CM001776,
CZCTO00000000, CZCU00000000, CZDF00000000,
JMKF00000000, JQFA00000000, JTHE00000000,
JXCB00000000, JYONO0O0OO0O00O, LIRNO0O0O000O0O,
LMTZ00000000, LNDCO00000000, LT578417,
LUBZ00000000, LUHIO0000000, MBQX00000000,
MBQY00000000, MKZR00000000, MKZS00000000,
MQTZ00000000, MRBY 00000000, MRCA00000000,
MRCB00000000, MTPU00000000, NXIB00000000,
PEBC00000000).
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