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The plastid is a defining structure of photosynthetic eu-
karyotes and houses many plant-specific processes, including
the light reactions, carbon fixation, pigment synthesis, and
other primary metabolic processes. Identifying proteins associ-
ated with catalytic, structural, and regulatory functions that are
unique to plastid-containing organisms is necessary to fully
define the scope of plant biochemistry. Here, we performed phy-
logenomics on 20 genomes to compile a new inventory of 597
nucleus-encoded proteins conserved in plants and green algae
but not in non-photosynthetic organisms. 286 of these proteins
are of known function, whereas 311 are not characterized.
This inventory was validated as applicable and relevant to
diverse photosynthetic eukaryotes using an additional eight
genomes from distantly related plants (including Micromonas,
Selaginella, and soybean). Manual curation of the known pro-
teins in the inventory established its importance to plastid bio-
chemistry. To predict functions for the 52% of proteins of
unknown function, we used sequence motifs, subcellular local-
ization, co-expression analysis, and RNA abundance data. We
demonstrate that 18% of the proteins in the inventory have func-
tions outside the plastid and/or beyond green tissues. Although
32% of proteins in the inventory have homologs in all cyanobac-
teria, unexpectedly, 30% are eukaryote-specific. Finally, 8% of
the proteins of unknown function share no similarity to any
characterized protein and are plant lineage-specific. We present
this annotated inventory of 597 proteins as a resource for func-
tional analyses of plant-specific biochemistry.

The plastid is an organelle in plants and algae that evolved
from a photosynthetic cyanobacterium after it was engulfed by
an ancestral eukaryotic cell over 1.5 billion years ago (1, 2). How
the endosymbiont became integral to host cell functions and
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evolved into a plastid is still under debate (3), but functions
localized to the present day plastid depend on both plastid- and
nucleus-encoded proteins. The latter are synthesized in the
cytoplasm and imported into the organelle by a specific multi-
protein complex composed of the translocon of the outer and
inner chloroplast envelope membrane (TOC* and TIC, respec-
tively) proteins (4, 5). Over 2000 proteins are estimated to be
located in the plastid with the vast majority (>90%) encoded by
genes in the nucleus (6 -9). Many of the nucleus-encoded pro-
teins that function within plastids are conserved among photo-
synthetic organisms. These conserved proteins function in pro-
cesses such as the capture and utilization of excitation energy,
carbohydrate metabolism, and the synthesis of key cellular
metabolites (such as lipids, isoprenoids, pigments, and amino
acids). Interestingly, however, many plastid-localized proteins
have not yet been assigned a specific biochemical function.

The increasing availability of sequence information from
diverse organisms has allowed the application of comparative
genomics, or phylogenomics, to discover proteins specific to
bacteria (10-12), cyanobacteria (13-15), fungi (16, 17), meta-
zoa (18), archaea (19), and plastids (20). Additionally, compu-
tational attempts have been made to recognize protein families
that are conserved in select plant genomes (21). However, the
inventory of proteins exclusive to plants was only first explored
in 2007 because the number of plant genomes available before
then had been limited.

A previous phylogenomics analysis of green plants attempted
to identify plant proteins associated with the plastid (22). In that
study, orthologs (and recent paralogs) of proteins encoded by
the Chlamydomonas reinhardtii genome were identified in the
predicted proteomes of the angiosperm Arabidopsis thaliana
(23), the moss Physcomitrella patens (24), and the marine, pico-
planktonic algae Ostreococcus tauri (25) and Ostreococcus luci-
marinus (26) but not in non-photosynthetic organisms. An
inventory of 349 conserved proteins was generated and desig-
nated the “GreenCut” because it represented all of the protein
families contained in a slice through the green lineage of the
phylogenetic tree. However, the GreenCut was restricted in
scope because of the limited number of genomes queried. In

“The abbreviations used are: TOC, translocon of the outer chloroplast enve-
lope membrane; TIC, translocon of the inner chloroplast envelope mem-
brane; str., strain; K, known; Kl, known with inferred function; U, unknown;
UP, unknown with predicted function; Rubisco, ribulose-bisphosphate car-
boxylase/oxygenase; RNA-seq, RNA sequencing; RPKM, reads per kilobase
of mappable sequence per million reads; LHC, light-harvesting chloro-
phyll-binding protein.
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addition, the inclusion of two Ostreococcus species, which have
reduced/specialized genomes and proteomes, constrained the
output from the analysis.

Several additional plant genomes have been sequenced in the
last 3 years, including those of the poplar tree Populus tricho-
carpa (27), the legume Glycine max (28), the spike moss
Selaginella moellendorffii, and the green algae Ostreococcus sp.
RCC890, Volvox carteri (29), and Chlorella variabilis NC64A
(30). In addition, the annotation of other plant genomes, such as
Oryza sativa (31, 32), has been updated. This new sequence
information allows for the recognition of a plant lineage-spe-
cific inventory that represents a greater diversity of all green
plants.

With the availability of this new genomic information, our
goal was to generate an inventory of proteins unique to plastid-
containing organisms. This inventory would contain fruitful
targets for experimental studies of plant processes. Therefore,
we performed a phylogenomics study to derive a set of proteins
that is restricted to diverse organisms of the green lineage. We
compared proteins encoded by eight plant genomes, but not by
nine non-photosynthetic organisms, with proteins of five other
photosynthetic eukaryotes (plants and diatoms) to establish a
comprehensive set of green lineage proteins, which we desig-
nated the “GreenCut2.” We verified the completeness and rep-
resentative character of the protein inventory by comparing it
with proteins encoded by the genomes of six additional photo-
synthetic eukaryotes. We annotated the GreenCut2 inventory
by performing a meta-analysis of gene, mRNA, and protein data
to generate new hypotheses concerning the activity of proteins
of unknown function in the GreenCut2 and the roles of these
proteins in plastid biology. This analysis suggested potential
functions/activities for some of these proteins based on the
presence of specific protein domains or motifs, subcellular
location, and pattern of expression of the genes that encode
them, thus identifying promising targets for future experimen-
tal work. Furthermore, the analysis suggests that there is a sub-
set of proteins that is not directly associated with photosyn-
thetic function or plastid biochemistry but that is still specific to
the green lineage. Given their conservation, these proteins are
likely to be critical for plant-specific processes and activities
beyond photosynthesis.

EXPERIMENTAL PROCEDURES

GreenCut2 Algorithm—Predicted protein sequences from
sequenced genomes were subjected to phylogenomics anal-
ysis using methods described previously (22). Briefly,
WU-BLASTP searches were conducted between the C. rein-
hardtii (JGI v3.1) predicted proteome and the predicted pro-
teomes from a phylogenetically diverse set of organisms (listed
below). A mutual best BLASTP hit (E-value <le—10) was used
to establish orthology to a Chlamydomonas protein. Additional
eukaryotic proteins that were not a mutual best hit but had
>50% amino acid identity to a Chlamydomonas protein within
an ortholog cluster were selected as in-paralogs (co-orthologs
throughout). In-paralogs are genes that duplicated within a
species after it diverged from another species under consider-
ation (34). In-paralogs are by definition less diverged from each
other than are the orthologs in the two species that diverged at
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the speciation event in question. The sequence identity thresh-
old was chosen empirically to recover closely related co-or-
thologs without generating overly large ortholog clusters.

Two major criteria were used to generate the inventory of
GreenCut2 proteins (supplemental File 1, Fig. S1). First, the
Chlamydomonas proteins of the GreenCut2 must have an
ortholog encoded by the nuclear genomes of the green lineage
organisms A. thaliana (TAIR v8), P. patens (JGLv1.1), O. sativa
(japonica) (TIGR v5.0), P. trichocarpa (JGI v1.1), and one of the
three Ostreococcus species with fully sequenced genomes (O.
lucimarinus (JGI v2.0), O. tauri (JGI v2.0), or Ostreococcus sp.
RCC809 (JGI v2.0)). Second, proteins with orthologs in the
green lineage organisms listed above were only included in the
GreenCut?2 if they had no ortholog in Pseudomonas aeruginosa
str. PAO1, Staphylococcus aureus subsp. aureus str. N315, Dic-
tyostelium discoideum AX4, Phytophthora sojae, Neurospora
crassa OR74A, Methanosarcina acetivorans str. C2A, Sulfolo-
bus solfataricus str. P2, Caenorhabditis elegans, and Homo sapi-
ens. Searches for orthologs in Cyanidioschyzon merolae str.
10D, Thalassiosira pseudonana (JGI v2.0), and Phaeodactylum
tricornutum (JGIv3.0) also were conducted, but for inclusion in
the GreenCut2, we did not require that a Chlamydomonas pro-
tein have an ortholog in these organisms. The inventory of
orthologs produced in this analysis is presented in supplemen-
tal File 2 (Table S2).

Orthologs in Other Genomes—Arabidopsis GreenCut2 pro-
teins were used to query the genomes of Micromonas pusilla
CCMP1545 (JGI v2.0), Coccomyxa sp. C-169 (JGI v2.0), G. max
(JGI v1.0), Sorghum bicolor (JGI v1.0), S. moellendorffii (JGI
v1.0), and Fragilariopsis cylindrus (JGI v1.0) to identify poten-
tial orthologs. When a BLASTP search (E-value <le—10) indi-
cated that a potential ortholog was not encoded by one of these
genomes, a TBLASTN search (E-value <le—5) against the
genomic sequence was conducted using the Arabidopsis
GreenCut2 protein as the query sequence. The GreenCut2 pro-
teins that are not present in M. pusilla, Coccomyxa sp. C-169, G.
mazx, S. bicolor, S. moellendorffii, and F. cylindrus are given in
supplemental File 3 (Table S3).

All proteins encoded by the nuclear genome of Chlamy-
domonas were used in a BLASTP search (E-value <le—10)
against the chloroplast genomes of other GreenCut2 plants to
detect potential orthologs. Similarly, proteins encoded by the
chloroplast genome of Chlamydomonas were used as queries
for BLASTP searches to detect potential orthologs in the
nuclear genomes of the other GreenCut2 organisms. Proteins
with mutual best hits were screened for conservation in
non-photosynthetic organisms by BLASTP searches (E-value
<le—10) against the NCBI non-redundant database.

Protein Data—Subcellular localization data for Arabidopsis
proteins determined from proteomics studies were obtained
from the Plant Proteome Database (35), the Plastid Protein
Database (36), the Sub-cellular Localization Database for Ara-
bidopsis proteins (SUBA) (37), and AT-CHLORO (38). The
Arabidopsis Information Resource (TAIR) (23) and SUBA
assigned subcellular localizations based on GFP-hybrid protein
experiments. Chlamydomonas proteins were assigned a mito-
chondrial localization based on their identification in purified
mitochondria (39). Localizations also were assigned based on
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reported experimental studies. Finally, Arabidopsis GreenCut2
proteins were used for TargetP (7) and Wolf-Psort (40) predic-
tions. In those cases in which the two algorithms yielded differ-
ent results, the localization predicted by TargetP was chosen
except when TargetP yielded no prediction.

Protein Function—Proteins were assigned to one of the fol-
lowing function classes: known (K), known with inferred func-
tion (KI), unknown (U), or unknown with predicted function
(UP). A protein was classified as K if a publication defined its
function or activity. KI proteins have orthologs (with unknown
function) within the green plants, but we were able to infer
the function of KI proteins because they have sequence similar-
ity (BLASTP E-value <le—10) to other proteins with known
functions. Proteins classified as U did not contain homology to
any known protein or have domains that would suggest a bio-
chemical function. A UP assignment for an undefined protein
was based on the presence of a functional domain or on relevant
literature that suggested a function based on a mutant pheno-
type. Literature searches used protein identifier numbers to
identify recent research relating to the GreenCut2 proteins.
Pfam (41) domain predictions (v24.0) for both Arabidopsis and
Chlamydomonas GreenCut2 proteins were obtained from the
Pfam web site. Additional domain predictions (FIGfams) were
accessed at The SEED database (42).

MapMan (43) categories were retrieved using the Arabidop-
sis locus identifier numbers. MapMan bin classifiers and anno-
tated functions were used to sort the proteins into general func-
tional categories. Unknown proteins with an informative
domain(s) were assigned to functional groups based on the
potential activity associated with that domain(s) and on the
characteristics of potential interacting proteins (44, 45). Every
GreenCut2 protein was assigned to a single functional category
for simplicity of classification, although in some cases, the
assignment was arbitrary because the protein could have been
assigned to more than one functional category.

False Positive/Negative—The false negative rate was deter-
mined using 21 previously characterized nucleus-encoded pro-
teins involved in photosynthesis that are known to be con-
served in all photosynthetic organisms in the green lineage.
These proteins are PsbO, -P, -Q, -R, -S, -W, -X, -Y, PsaD, -E, -F,
-G, -H, -K, -L, -O, plastocyanin, ferredoxin, ferredoxin-NADP
reductase, Rubisco small subunit, and phosphoribulokinase. Of
these 21 proteins, 19 (90%) are recovered in the GreenCut2.
The two proteins not recovered, PsbR and PsbX, have mutual
best BLASTP hit E-values larger than our threshold of 1e—10
(>2e—6 for PsbR and >1e—3 for PsbX). This is a typical prob-
lem for identifying orthologous sequences of moderately diver-
gent, small proteins. PsbR and PsbX of Chlamydomonas are 121
and 101 amino acids long, respectively, and exhibit only 42 and
35% sequence coverage relative to the Arabidopsis orthologs.

The false positive rate was determined by manual curation/
analysis of the GreenCut2 proteins. Specifically, the presence of
orthologous proteins in the complete non-redundant database
was investigated to determine whether the protein under con-
sideration was plant lineage-specific. GreenCut2 proteins with
orthologs in non-photosynthetic organisms (a non-photosyn-
thetic organism is among the top five BLASTP hits of the non-
redundant database) were flagged as false positives. Proteins of

JUNE 17,2011 +VOLUME 286-NUMBER 24

Conserved Proteins in Plants and Algae

known function that localized to subcellular compartments
other than the plastid were also investigated. The 17 potential
false positives identified in the complete inventory of 597 pro-
teins and the reasons for placing them in this category are given
in supplemental File 4 (Table S4).

RNA Abundance Determined from Microarrays and RNA-seq—
Arabidopsis organ development microarray expression data
normalized by gcRMA (46) were used to evaluate organ-spe-
cific abundances of Arabidopsis transcripts encoding Green-
Cut2 proteins. MATLAB software (MathWorks) was used to
cluster and display microarray values as a dendrogram using
default hierarchical clustering parameters. Genes whose link-
age value in the hierarchical tree, based on similarity of expres-
sion patterns, was 0.7 or greater were assigned as one node in
the dendrogram. Separate nodes containing data derived from
the same organ or from tissues with similar phenotypic charac-
teristics were considered members of a single expression cate-
gory. For example, two nodes containing intensity values from
green leaf tissues were combined into the green organ expres-
sion category. Seven expression categories were identified. To
evaluate the specificity of each GreenCut2 transcript, the fol-
lowing procedure was implemented. Within an expression cat-
egory, microarray intensities for an individual transcript were
averaged. The expression category average was compared with
the sum of the averaged values for that specific transcript from
all of the categories. If the average intensity in one category was
greater than 25% of the total summed average intensities
(summed from all seven categories), then that transcript was
defined as organ/tissue-specific. This threshold was deter-
mined based on intensity values of transcripts designated as
organ-specific by Schmid et al. (46).

In addition, RNA-seq data for Chlamydomonas (47) and
Arabidopsis (48) provided quantitative mRNA abundances for
transcripts encoding GreenCut2 proteins in different Arabi-
dopsis organ types and under different growth conditions for
Chlamydomonas. The transcript abundance values are repre-
sented in reads per kilobase of mappable sequence per million
reads (RPKM) (47). Briefly, an RPKM value for a particular
transcript is derived from the number of nucleotides compris-
ing a sequenced mRNA fragment that uniquely map to an
underlying gene model, and the sum of the mapped nucleotides
is normalized to transcript length and sequencing depth. For
each data set, GreenCut2 transcripts were grouped into bins
using RPKM values based on a log,, scale. For example, tran-
scripts with 0.2—1 RPKM were placed in one bin, whereas those
with 2—10 RPKM were placed into another bin and so on. Each
bin was treated as a single data point to plot the distribution of
transcript abundances.

Searches for Cyanobacterial Homologs—Cyanobacterial
homologs of GreenCut2 proteins were determined by the best
BLASTP hit (E-value <le—4) of an Arabidopsis GreenCut2
protein to a cyanobacterial protein. The Arabidopsis Green-
Cut2 proteins were used for this analysis because the gene mod-
els underlying the predicted protein sequences are generally of
the highest quality. Arabidopsis co-orthologs of GreenCut2
proteins generated the same relationships during searches for
cyanobacterial homologs (they matched the same cyanobacte-
rial proteins with an E-value threshold of 1e—4 or less); thus,
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each Arabidopsis ortholog and its co-ortholog(s) were treated
as a single protein in this analysis.

Arabidopsis protein sequences were downloaded from TAIR
(TAIR v8), whereas protein sequences deduced from 37 fin-
ished cyanobacterial genomes (supplemental File 1, Table S1)
were downloaded from the Integrated Microbial Genomes
database (September 13, 2009). Synteny between the cyanobac-
terial genomes was visualized on The SEED database. Yeast
two-hybrid interaction partners (45) were accessed on Cyano-
base (49). One-way analysis of variance tests using Origin 7.5
software (OriginLab) were used to evaluate enrichment of func-
tional categories within the bins of cyanobacterial genomes that
contain homologs to GreenCut2 proteins.

RESULTS AND DISCUSSION
Generation of Inventory

C. reinhardtii proteins (FM 3.1 set of gene models) were used
to identify orthologs in A. thaliana, P. patens, O. sativa, P.
trichocarpa, and O. tauri, O. lucimarinus, and Ostreococcus sp.
RCC809. Those proteins with orthologs in all land plants and at
least one of the Ostreococcus species were retained (see below).
This set of proteins was compared with proteins in a group of
non-photosynthetic organisms (see “Experimental Procedures”
for the list of these organisms), and those proteins that had
orthologs in any of the non-photosynthetic organisms were
removed from consideration (supplemental File 1, Fig. S1).

The Ostreococcus species were considered useful in the phy-
logenomics analysis because they provide data from divergent
species within the chlorophyte lineage (Fig. 1). They are cosmo-
politan, marine algae found throughout the world’s oceans.
However, their genomes are small, and each species is adapted
to their environmental niche (50). Therefore, they may have
lost some biochemical functions that are present in other
plants. To minimize the impact of specialization, we sampled
three Ostreococcus genomes, which provide a broad base of pra-
sinophyte gene representation. We required that an ortholog be
encoded by a gene model in one or more of the Ostreococcus
genomes. In effect, we attempted to sample an Ostreococcus
“pan-genome” that represents protein-encoding genes that are
present anywhere in the genus. As a result, 597 proteins were
captured in the inventory. Had we required that a protein be
encoded by all three Ostreococcus genomes, we would have lost
126 proteins, each of which is presumably dispensable in a par-
ticular marine niche occupied by a specialized Ostreococcus
species.

This set of 597 proteins is designated the GreenCut2 (supple-
mental File 2, Table S2). As a consequence of whole genome
duplications in Arabidopsis, the 597 Chlamydomonas Green-
Cut2 proteins capture 710 Arabidopsis co-orthologs. Green-
Cut2 proteins were assigned to the general categories K, KI, U,
and UP (see “Experimental Procedures”).

Subgroups of GreenCut2

To investigate whether GreenCut2 proteins are conserved in
photosynthetic organisms that are not affiliated with the green
lineage, we identified GreenCut2 orthologs encoded by the
genomes of the red alga C. merolae (51) and the diatoms T.
pseudonana and P. tricornutum (52, 53). C. merolae is a mem-
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FIGURE 1. Taxonomic tree of organisms used to build and test GreenCut2.
Eight photosynthetic organisms (green) were used in the construction of the
GreenCut2. All eight organisms must encode orthologs of a protein for the
protein to be included in the GreenCut2 except for the Ostreococcus species
where an ortholog is only required to be in one of the three species. Con-
served proteins encoded by any of the nine non-photosynthetic organisms
(red) were excluded from the GreenCut2. A subset of GreenCut2 orthologs
was identified in the three non-green, photosynthetic eukaryotes (purple).
The genomes of other eukaryotes (black) were searched for orthologs of
GreenCut2 proteins as validation of the inventory. Cyanobacteria (blue) were
searched for homologs of GreenCut2 proteins. Organisms that contribute
proteins to a subset of the GreenCut2 are bounded by a gray line to the right
of the tree. The general taxonomic group to which an organism belongs is
shown on the tree. The unrooted taxonomic tree represents evolutionary
relationships between organisms but not evolutionary distance. Asterisks
indicate those organisms whose genomes were used to determine GreenCut
version 1.

ber of the plant kingdom whose ancestor diverged from the
green plant lineage (Fig. 1). Diatoms, in contrast, are hetero-
konts. They acquired their plastid through a secondary endo-
symbiosis (54, 55), a process in which an endosymbiont-con-
taining eukaryote is engulfed by another free-living eukaryote.

Among the 597 GreenCut2 proteins, 124 are found in the
genomes of green plants, C. merolae, and at least one diatom
(supplemental File 1, Fig. S2). This set of 124 proteins has been
designated the “PlastidCut2.” The genes for PlastidCut2 pro-
teins are conserved in the nuclear genomes of the diverse plas-
tid-containing, photosynthetic eukaryotes investigated (within
and outside the plantlineage). Therefore, the name PlastidCut2
is independent of the eukaryotes’ evolutionary history. These
proteins are likely to be critically important for plastid metab-
olism, including photosynthesis, which is suggested by an
enrichment of functions associated with photosynthesis among
the K category proteins and the greater fraction of PlastidCut2
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TABLE 1
Proteins of known and unknown function

Conserved Proteins in Plants and Algae

Numbers for version 1 of the GreenCut (22) were determined in October 2006, and numbers for version 2 (this study) were determined in August 2010.

Proteins PlastidCut DiatomCut-PlastidCut PlantCut-PlastidCut ViridiCut Total Percent
GreenCut2 124 96 65 312 597

K 60 45 32 149 286 48

6) 64 51 33 163 311 52
GreenCut vl 90 60 27 172 349

K 29 18 9 79 135 39

8] 61 42 18 93 214 61

proteins found in cyanobacteria (see below). Surprisingly,
despite their high degree of conservation, the functions of 52%
(64 of 124) of PlastidCut2 proteins are not known (Table 1).

The subset of GreenCut2 proteins found in the genome of at
least one diatom is labeled “DiatomCut2” (supplemental File 1,
Fig. S2). The proteins of this subgroup include the 124 proteins
of the PlastidCut2 plus a set of 96 proteins that are not appar-
ently conserved/encoded by the C. merolae genome. Similarly,
the set of proteins found in green plants and C. merolae is
labeled “PlantCut2,” which includes PlastidCut2 proteins plus
65 additional proteins not apparently conserved/encoded by
either of the diatom genomes analyzed in this study (supple-
mental File 1, Fig. S2). Green plants contain 312 proteins des-
ignated the “ViridiCut2.” These proteins are not encoded by the
genome of C. merolae, P. tricornutum, or T. pseudonana (sup-
plemental File 1, Fig. S2). The ViridCut?2 is likely enriched in
green lineage-specific functions, such as mechanisms of chlo-
rophyll a/b protein regulation.

Validation of GreenCut2

For practical reasons, we used only a subset of genomes rep-
resenting a divergent collection of reference organisms to gen-
erate the GreenCut2. To validate our choice of organisms, we
tested the predicted proteomes of recently sequenced plants,
algae, and diatoms.

Land Plants—To assess the conservation of GreenCut2 pro-
teins in land plants, the genomes of G. max (soybean), S. bicolor
(cereal grass), and S. moellendorffii (spike moss), which occupy
phylogenetically distinct positions in the green plant tree of life
relative to the plants used for generation of the GreenCut2 (Fig.
1), were searched for orthologs of GreenCut2 proteins. The
analysis demonstrated that the genomes of G. max, S. bicolor,
and S. moellendorffii may not encode one, one, and three
GreenCut2 proteins, respectively (supplemental File 3, Table
S3). The genes encoding these proteins may lie in genomic
regions missing from the current genome assemblies, or the
genes may have been selectively lost. Overall, the presence of
genes encoding almost all (99%, or 592 0f 597) of the GreenCut2
proteins in three additional plant genomes (a legume, a grass,
and a fern), which are divergent from other green plants used in
the construction of the GreenCut2, provides further evidence
that the inventory of proteins in the GreenCut2 is especially
relevant to and representative of all land plants of the green
lineage and that the number of false positives is likely to be very
low.

Algae—We queried the predicted proteomes of the chloro-
phyte lineage algae V. carteri, C. variabilis NC64A, Coccomyxa
sp. C-169, and M. pusilla (56) (Fig. 1) for orthologs to the Chla-
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mydomonas protein set. The V. carteri genome encodes 100%
of the GreenCut2 proteins, the trebouxiophyte algae C. varia-
bilis and Coccomyxa encode 96 and 89%, respectively, and M.
pusilla encodes 89%. The GreenCut2 proteins that were not
identified in these algae (supplemental File 3, Table S3) may be
encoded by genes located in regions missing from the genome
assembly, may be present on unsequenced chloroplast
genomes, or may have been lost during genome reduction.

We note that of the 597 GreenCut2 proteins in Chlamy-
domonas 105 are missing in at least one of the other green algae
(V. carteri, C. variabilis, Coccomyxa, Ostreococcus spp., and M.
pusilla). With a few exceptions in the trebouxiophyte lineage
(supplemental File 3, Table S3), there does not appear to be a
consistent pattern of GreenCut2 protein loss among members
of the Chlorophyta. However, we did observe a bias toward the
loss of ViridiCut2 proteins (p = 2e—4). The above results sug-
gest that the adaptation of algae to specific environmental
niches could lead to genome specialization and/or reduction
that is reflected in the loss of GreenCut2 proteins. Together
with the results for land plants, we therefore suggest that the
extent of conservation of the GreenCut2 inventory in a plant
could serve as an indicator of a particular genome’s
specialization.

Diatoms—Interestingly, the diatoms 7. pseudonana and P.
tricornutum together appear to encode only a relatively small
number (220 of 597) of GreenCut2 proteins. It was not clear
whether this is attributable to reduced genome content due to
specialization to their habitats or incomplete genome sequence
assembly and gene prediction. To help address this question,
the draft genome of the psychrophilic diatom F. cylindrus was
queried for orthologs of GreenCut2 proteins. We identified 192
GreenCut2 proteins encoded in the F. cylindrus data set with
181 of these proteins representing 82% (181 of 220) of Diatom-
Cut2 proteins. Because the inventory of GreenCut2 proteins is
similar in the three diverse diatoms, the reduced number of
GreenCut2 proteins in diatoms suggests that several core plas-
tid functions in the green lineage are either not critical in dia-
toms or are performed by different pathways/processes, which
makes a compelling case for studies of plastid biology in
diatoms.

Interestingly, the F. cylindrus genome encodes 11 GreenCut2
proteins not found in 7. pseudonana and P. tricornutum (sup-
plemental File 3, Table S3). One of these is the copper-con-
taining protein plastocyanin, which was previously shown
also to be present in the oceanic diatom Thalassiosira oce-
anica (57). The demand by F. cylindrus for copper cofactor
during plastocyanin production is presumably met by the
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copper concentration in the Antarctic Ocean, which is sim-
ilar to other oceanic waters (58). This is an excellent example
of selective retention of a protein in an environment where it
can be useful versusloss in organisms that occupy a different,
perhaps copper-deficient niche.

Determination of False Positives/Negatives—We chose a
moderate stringency criterion for determining orthologous
relationships between GreenCut2 proteins (E-value <le—10)
to balance the capture of false positives versus the appearance of
false negatives. Based on manual curation of all of the Green-
Cut2 proteins, the false positive frequency was estimated at
2.8% (see “Experimental Procedures” and supplemental File 4,
Table S4). In an attempt to measure the exclusion of ortholo-
gous proteins from the GreenCut2, we examined the behavior
of an inventory of previously characterized, nucleus-encoded
proteins that are involved in photosynthesis and are known to
be conserved in all green photosynthetic organisms. From this
analysis, a false negative frequency (failure to detect legitimate
orthologous pairs) of ~10% was estimated (see “Experimental
Procedures”). There are a number of reasons why orthologs
may be excluded from the GreenCut2. Some proteins with
conserved functions among organisms may have diverged such
that the identity criterion used for ortholog predictions is no
longer adequate. This is particularly true for small proteins,
such as PsbX and PsbR. Orthologous relationships can also be
obscured by the expansion of protein families within a genome,
such as with the light-harvesting chlorophyll-binding protein
(LHC) family (discussed below), because mutual best hits can-
not be identified. Furthermore, incomplete gene model predic-
tions for any of the organisms used in our analysis might pre-
vent identification of mutual best BLASTP hits. In S.
moellendorffii, for example, 10% of the GreenCut2 proteins had
to be identified by TBLASTN rather than BLASTP. Finally, we
note that the reduced genomes of the Ostreococcus species are
missing some proteins present in other algae and green plants,
such as SQUAMOSA promoter-binding protein domain-con-
taining transcription factors.

Several notable protein families associated with plants were
not recovered in the GreenCut2 for various reasons. Chlamy-
domonas gene models for subunits of TIC are incomplete and,
in some cases, highly diverged. For example, CrTic55 is not
identified as an ortholog of AtTic55 in this work. A second
family of proteins not fully captured in the GreenCut?2 is that of
the LHCs. Because the LHCs of Chlamydomonas are very sim-
ilar to each other, co-orthologous relationships among these
proteins interfere with identification of genuine one-to-one
orthologous relationships between plants.

Plastid-encoded proteins were not considered in this analy-
sis. Therefore, proteins encoded by the nuclear genome of one
plant but by the plastid genome of another plant would not be
recovered in the GreenCut2. However, manual curation sug-
gests that this does not impact our results. For example, TufA is
encoded by the Chlamydomonas chloroplast genome but by the
nuclear genomes of other plants. Nonetheless, it does not
belong in the GreenCut2 because TufA orthologs are also
found in non-photosynthetic organisms. We did not focus on
proteins encoded exclusively on plastid genomes because pre-
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TABLE 2
Subcellular localization

Experimental localizations were determined from the literature based on subpro-
teomes of purified organelles or visualization of GFP fusion proteins. Predicted
localizations were made using TargetP and Wolf-Psort.

GreenCut2 Sum Echn.n nental Plastid Mitochondria Nucleus Other
Predicted

. 100 92 5 0 3
PlastidCut2 124 2% 2 7 1 4
DiatomCut2 96 66 49 2 0 15
—PlastidCut2 30 15 2 6 7
PlantCut2 65 38 33 1 0 4
—PlastidCut2 27 8 5 7 7
S 175 142 10 6 17
ViridiCut2 312 137 63 17 30 27
597 379 316 18 6 39
Total 218 98 31 44 45
597 414 49 50 84

vious studies have elaborated on this subject (20, 59), and they
have clear relevance to plastid biology.

Functional Meta-analysis of Localization

Plastid—Of the proteins in the PlastidCut2, 84% (104 of 124)
were experimentally localized to or are predicted to be in the
plastid (Table 2); of these, 50 are in the U/UP groups. In com-
parison, 52% (316 of 597) of all GreenCut2 proteins were exper-
imentally localized to the chloroplast (supplemental File 2,
Table S2). Because many GreenCut2 proteins are localized to
plastids, they likely are involved in plastid-specific functions.
However, it is very intriguing that 6 and 11% of the PlastidCut2
and GreenCut2 proteins, respectively, are experimentally
located elsewhere than the plastid.

Nucleus or Mitochondria—Not all GreenCut2 proteins need
to be localized to the plastid to be involved in plastid function.
Proteins located elsewhere in the cell may be involved in regu-
lating nuclear genes encoding chloroplast proteins (such as
HYS5; see below), participate in the biogenesis of the plastid and
its components (such as CrANK22, a cytosolic chaperone for
plastid membrane proteins), or have evolved independently in
the plant lineage to function in plant-specific processes (such as
PEX13; see below). Although numerous plastid proteins have
been experimentally localized, the placement of proteins in the
mitochondrion or nucleus is based mostly on prediction algo-
rithms. A combination of experimental and informatic evi-
dence suggests that 49 (8.2%) of the GreenCut2 proteins are
localized to the mitochondrion with experimental evidence for
18 of the 49 proteins. Similarly, 50 (8.3%) GreenCut2 proteins
are thought to be located in the nucleus, although experimental
evidence supports the localization of only six of these. This
result suggests that there has been much less experimental
work to demonstrate the subcellular localization of green line-
age proteins present in organelles other than the plastid and/or
that TargetP and Wolf-Psort may overpredict the number of
GreenCut? proteins located in the mitochondrion and nucleus.

Five nuclear transcription factors of known function
are present in the GreenCut2, including CrHY5 (AtHYS5;
At5g11260), which functions in chloroplast maturation in
response to light signals (60, 61). Exposure of an Arabidopsis
hy5 mutant to UV-B irradiation causes reduced accumulation
of the AtFAO3 (At2g22650) transcript, which encodes an FAD-
dependent oxidoreductase of the GreenCut2 (62). This protein
is predicted to localize to mitochondria. This result suggests
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that some GreenCut2 proteins, like HY5, may integrate activi-
ties associated with multiple cellular compartments.

Other Locations—There are 84 proteins in the GreenCut2,
representing 14% of the total, that are not predicted to be local-
ized to the chloroplast, mitochondrion, or nucleus. 34 of these
proteins are predicted to be cytosolic, but only seven have been
experimentally localized to the cytosol. Furthermore, 31
GreenCut2 proteins have been experimentally shown to be
present in Golgi, endoplasmic reticulum, endosomes, peroxi-
somes, or plasma membranes. An additional 10 proteins are
predicted to be in endosomes, peroxisomes, or plasma mem-
branes, whereas two transmembrane proteins have not been
localized to a specific cellular compartment.

Peroxisomes display significant diversity among organisms
(63), and the peroxisomes of plants, although less studied than
their animal and yeast counterparts, have divergent features in
their matrix protein import machinery (64). An example is the
GreenCut2 peroxisomal protein AtPEX13 (At3g07560) (65).
AtPEX13 interacts with the peroxisomal targeting sequence
receptor AtPEX7 and functions in docking proteins to the per-
oxisomal import complex, thus facilitating their transit into the
organelle. Another GreenCut2 protein localized to the peroxi-
some is AtLACS7 (At5g27600) (66), along-chain acyl-CoA syn-
thetase. Because AtLACS7 contains both a type I and type II
peroxisomal targeting sequence, it, like AtPEX13, may bind the
type II peroxisomal targeting sequence receptor AtPEX7 and
potentially interact with GreenCut2 protein AtPEX13, al-
though this is highly speculative. In sum, there are various
aspects of peroxisome metabolism, such as glycolate metabo-
lism, which is associated with photorespiration, and the glyoxy-
late cycle, which is associated with fatty acid utilization (67),
that have been tailored to meet the biological needs of plants,
likely explaining the inclusion of peroxisomal proteins in the
GreenCut2.

Functional Meta-analysis of Domains and Activities

To elucidate the diversity of functions performed by proteins
of the GreenCut2, when possible, the proteins were assigned
potential biochemical functions/activities based on both exper-
imental and informatic data. U/UP proteins were sorted into
broad functional groups based on gene ontology terms and the
molecular functions of predicted domains (Fig. 24 and supple-
mental File 1, Fig. S3). We placed 63% of U/UP proteins into
specific functional groups.

Photosynthesis, Redox, and Pigments—Among the proteins
belonging to specific functional groups, those associated with
photosynthetic processes have been most thoroughly charac-
terized. Thus, most proteins in the “photosynthesis” category
have known functions (59 of 62). Chloroplast localization is
known or predicted for all proteins in this category. Proteins of
unknown function in the photosynthesis category include
CrCGL30 (At1g77090), which has sequence similarity to PsbP,
and CrCGL160 (At2g31040), which has orthologs encoded in
ATP synthase operons in cyanobacterial genomes and is related
to ATP synthase subunit I. Recently, a peripheral membrane
protein was visualized in a photosystem I crystal structure that
was in physical proximity to PsaK and Lhca3 (68). Although the
identity of this protein is not known, a candidate for this protein
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is the photosynthesis protein of unknown function CrCGL40
(At1gd9975), a small polypeptide related to PsaN.

Redox proteins are critical for the acclimation of photosyn-
thetic cells to changing intracellular redox conditions. The
“redox” category consists of 16 K/KI and 16 UP proteins. Six
proteins in this category are thioredoxins, three are ferredoxins,
one is a rubredoxin, and one is a glutaredoxin. Ferredoxins are
4Fe-4S cluster proteins that accept electrons from photosystem
I and deliver them to enzymes that require reductant to per-
form their catalytic functions. The ferredoxins CrFDX4
(At4g14890) and CrFDX6 (At1g32550) have been described in
Chlamydomonas (69), but their substrate specificity remains
unknown. The most well studied ferredoxin, CrPETF
(At2g27510), corresponding to the photosystem I-affiliated leaf
ferredoxin, is also recovered in the GreenCut2 but was placed in
the photosynthesis category. In contrast, rubredoxins have an
Fe-(SCys), domain and appear to play a role in the protection
of cells from oxidative damage. A mutant of AtENHI
(At5g17170), which encodes a rubredoxin-like protein, exhibits
elevated levels of reactive oxygen species in plastids and
decreased tolerance to high salt conditions (70).

Chlorophyll and carotenoid metabolism are necessary for
photosynthetic function and consequently are well studied pro-
cesses. The “pigment” group comprises 24 K and four UP pro-
teins. A high proportion of pigment category proteins (16 of 28)
is conserved in the PlastidCut2 relative to the ViridiCut2 (Fig. 2,
B and C; p = le—5), which suggests that the genes encoding
pigment biosynthesis enzymes are highly conserved in all pho-
tosynthetic eukaryotes as has been shown for photosynthetic
prokaryotes (11). One of the proteins of unknown function that
is associated with pigment biosynthesis is CrVDRI1
(At2g21860), which is related to violaxanthin de-epoxidase,
although its biochemical activity has not been determined. The
characterized Arabidopsis violaxanthin de-epoxidase gene
AtVDEI (At1g08550) does not have a homolog encoded by the
extant Chlamydomonas genome. We expect that CrVDR1 may
participate in the regulation of pigment synthesis or have a
novel catalytic activity in carotenoid/xanthophyll biosynthesis,
and given that it is conserved in all plants whereas VDEL is not,
it must act in a more critical pathway than the xanthophyll
cycle.

Macromolecular Metabolism and Signaling—The category
designated “protein metabolism” includes 93 proteins with
activities associated with the maturation and degradation of
polypeptides. 26 proteins in this group are proteases and pep-
tidases, and six of the 14 proteases that have a known function
are components of the plastidic Clp protease (71). Although
many of the predicted proteases may be involved in degradation
of plastid proteins, some may be specific to the maturation of
proteins incorporated into functional protein complexes or the
processing of polypeptides as they are imported into plastids,
similar to the plastidic type I signal peptidase (72, 73). Alterna-
tively, some of these proteases may function to activate chloro-
plast signal transduction pathways. Chaperones and chaper-
onins also contribute heavily to this category with 23 members
present. Although the functions for many chaperones are
implicated by homology (74), the exact roles that some of these
proteins play in protein assembly and repair are still a mystery.
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FIGURE 2. Functional distribution of GreenCut2 proteins. A stacked bar chart
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The “nucleic acid” category contains 71 proteins that engage
in nucleic acid transactions. Notably, there are 21 transcription
factors, nine helicases, and 13 RNA modification enzymes
(such as RNA methyltransferases). The roles for many of these
plant-specific transcription factors and enzymes involved in
post-transcriptional RNA maturation and modifications are
largely unknown (75).

The “signal” category includes proteins involved in signal
transduction in the chloroplast and cytosol. Within this cate-
gory are nine protein kinases, five phosphatases, and two
GTPases. Two potential conserved signaling pathways in plants
in which these elements may participate involve communica-
tion between the nucleus and the plastid and the modulation of
plastid physiology in response to stress conditions. Recently,
the GreenCut2 signaling protein At2g48070 (CrCPLD33) was
shown to mediate the chloroplast oxidative burst, which is part
of the plant’s immune response (76). Other types of chloro-
plast-nucleus signaling pathways mediated by GreenCut2 pro-
teins might include coordination of plastid division during the
cell cycle, modulation of the synthesis of thylakoid membranes
(77, 78), and control of the stoichiometry of photosynthetic
complexes within those membranes.

The “lipid” group includes 22 proteins. One member of this
group, CrLPB1 (At3g56040), was originally identified as a pro-
tein important for the acclimation of Chlamydomonas to sulfur
and phosphorus deprivation (79). The Arabidopsis ortholog of
CrLPB1 was shown to be a UDP-glucose pyrophosphorylase, a
chloroplast enzyme that is a component of the sulfolipid bio-
synthesis pathway (80). Sulfolipids are synthesized by photo-
synthetic organisms and are present in thylakoid membranes of
plants, although they are not essential for cell growth. They can
substitute for phosphatidylglycerol during phosphate defi-
ciency (81) and serve as a sulfur reserve during sulfur deficiency
(82). The enzyme(s) involved in recycling sulfate from sulfolip-
ids is not known, but we suggest that two candidates are the
GreenCut2 proteins CrCPL19 (Atlgl0040) and CrCPLD56
(At4g11570), which contain a putative esterase domain and a
hydrolase domain, respectively. The levels of their mRNAs
increase 2-3-fold in sulfur-deprived Chlamydomonas cells
(83).

Uncategorized—Proteins in the category designated “other”
include those with known functions that could not readily be
placed in any of the above categories and also those with an
unknown function but that contain a feature suggestive of a
specific catalytic activity. An example of the former is AtAMI1
(At1g08980), a plant isoform of indole-3-acetamide amidohy-
drolase, which is a component of the tryptophan biosynthesis
pathway (84). An example of the latter is CrCGL39
(At5g27710), a protein of unknown function with a possible
hydrolase domain. The substrate hydrolyzed by CrCGL39, if
any, is not known, hence its placement into the category other.

Proteins that have some conserved features but whose fea-
tures do not suggest functionality were placed in the “uninfor-
mative” category. Of the 55 proteins in this category, 15 are
described by a structural motif, and 29 are described by a
“domain of unknown function.” The remaining 11 proteins
have protein interaction domains or poorly conserved catalytic
sites. In contrast, proteins with no identifiable domain or indi-
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FIGURE 3. Expression pattern of GreenCut2 genes in Arabidopsis organs.
Signal intensities from AtGenExpress developmental microarrays (46) were used
to cluster Arabidopsis genes encoding GreenCut2 orthologs and co-orthologs
into tissue expression categories based on high transcript abundance in one
organ relative to other organs. The values do not add up to 100% because 50 of
the 710 transcripts (7%) encoding the Arabidopsis GreenCut2 (co)-orthologs do
not have associated probes on the Affymetrix ATH1 microarray chip.

8.9% senescent

cation of potential function based on information available in
the literature were assigned to the “no prediction” category.

Functional Meta-analysis of RNA Abundance

Proteins in multicellular organisms are often specifically
expressed in particular organ types. For example, transcripts
encoding proteins involved in photosynthesis are abundant in
green organs of land plants, whereas flowers often accumulate
higher levels of transcripts encoding carotenoid biosynthesis
enzymes. We thus inferred function of GreenCut2 proteins in
the U and UP categories from their tissue/organ expression
patterns and from co-expression with proteins of known func-
tion (in the K and KI categories). We used data from the
AtGenExpress microarray project (46) to query the abundance
of transcripts encoding the 710 Arabidopsis GreenCut2
orthologs and co-orthologs. The expression of a gene in a
microarray experiment was defined as organ-specific if the
intensity of the gene’s microarray signal from a particular organ
was greater than 25% of the intensity summed from all organs
for that gene (see “Experimental Procedures”). Because RNA
abundance is often correlated with protein abundance (85, 86),
we assessed the relative abundance of RNAs encoding Green-
Cut2 proteins using two RNA-seq data sets. One data set was
from photoautotrophically or photoheterotrophically grown
Chlamydomonas cells (47), and the other was from a study of
Arabidopsis shoots and roots (48). We reasoned that structural
components of enzymes in photosynthesis and primary metab-
olism would be encoded by more abundant RNAs than proteins
involved in regulation or assembly/biogenesis processes, and
this is borne out by the analysis (see below).

Transcripts for 246 (35%) GreenCut2 orthologs and co-or-
thologs preferentially accumulate in green organs of Arabidop-
sis (Fig. 3) with ~95% of the corresponding proteins localized to
plastids. As expected, transcripts for proteins in the photosyn-
thesis category are enriched in green tissue (p = 9e—11) and are
very abundant. We also observed a depletion of nucleic acid
category transcripts in green tissues (p = 4e—5), suggesting
that some of these transcription factors may be important for
regulatory events in non-photosynthetic tissues.

Transcripts encoding 63 GreenCut2 proteins were most
abundant in senescing tissue with 65% of the encoded proteins
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either demonstrated or predicted to be in the plastid. A number
of these proteins may be involved in the turnover of plastid con-
stituents, a process that is poorly understood but presumed to be
enhanced in senescing tissues. Consistent with this possibility, a
number of transcripts abundant in senescing tissue encode pro-
teins that facilitate polypeptide degradation, alter the redox state of
proteins, and modulate lipid metabolism. However, in non-se-
nescing tissue, these proteins might participate in “housekeeping”
regulation of the biosynthesis and turnover of protein complexes,
pigment molecules, and lipid constituents.

Interestingly, 48 genes encoding GreenCut2 orthologs are
most highly expressed in the shoot apex, and 31 are most highly
expressed in the root. Both the shoot and root apical meristems
contain rapidly dividing cells, which may account for the find-
ing that 15 (19%) of the proteins encoded by these highly
expressed transcripts are associated with cell proliferation,
transcription, and DNA repair. It is possible that the root pro-
teins are associated with the non-photosynthetic plastid and/or
engage in processes that are independent of photosynthesis.

Distribution patterns for transcripts encoding K/KI and
U/UP category GreenCut2 proteins in Chlamydomonas cells
and Arabidopsis shoots are similar (Fig. 4, A-C). In photosyn-
thetic cells, transcripts for GreenCut2 orthologs and co-or-
thologs of known function generally have higher abundances
than those encoding proteins of unknown function. Many
proteins engaged in high flux reactions accumulate to high lev-
els in the cell, and because protein abundance often correlates
with the amount of the corresponding transcript, transcripts
encoding these proteins will be abundant relative to the “aver-
age” transcript. For example, transcripts encoding proteins of
the photosynthetic apparatus, such as CrPSAD (At1g03130/
At4g02770) and CrLHCA1 (At3g54890), are among the most
abundant in Chlamydomonas (3200 and 4000 RPKM, respec-
tively, in cells grown photoheterotrophically) (47). In contrast,
regulatory proteins or assembly factors, such as AtMBB1
(At3g17040), an mRNA maturation factor for psbB (87), and
CrCCS1 (At1g49380), which catalyzes the covalent attachment
of heme to c-type cytochromes (88), are generally present in
lower amounts, which is reflected by low mRNA abundances
(~16 and ~15 RPKM, respectively, for Chlamydomonas). The
fact that many mRNAs and proteins have been identified
through molecular screens that more readily recover abundant
targets explains why many characterized proteins in the K and
KI categories are encoded by high abundance transcripts.

Interestingly, transcripts encoding Chlamydomonas Green-
Cut2 proteins and the Arabidopsis orthologs expressed in
shoots have mean abundances (>100 and 860 RPKM, respec-
tively) that are larger than the respective mean transcript abun-
dances calculated for all nucleus-encoded transcripts from
these organisms (~50 and 99 RPKM, respectively; p = le—5). A
similar result was obtained for median abundances. These
results may reflect a higher rate of transcription and/or in-
creased half-lives of transcripts encoding GreenCut2 proteins
compared with the average gene and transcript.

Of the 246 Arabidopsis transcripts encoding GreenCut2
orthologs and co-orthologs that accumulated in green organs
to higher levels than in other tissues (Fig. 3), RNA-seq data
demonstrated that 186 were more abundant in shoots than in
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FIGURE 4. GreenCut2 transcript abundance distribution in Chlamydomonas cells and Arabidopsis organs. A and B, distribution of mRNA abundances from
Chlamydomonas strain CC-1021 grown in Tris phosphate medium with CO, as a carbon source (A) or Tris acetate phosphate medium with acetate as a carbon source
(B) (47). Transcripts from 597 genes encoding GreenCut2 proteins were binned by abundance, which is presented in RPKM values. Closed red circles represent encoded
proteins of known function. Open black circles represent encoded proteins of unknown function. The medians of the known (solid vertical red line) and unknown
(dashed vertical black line) transcripts are displayed with the corresponding median value. A polynomial best fit line to the distribution of transcript abundances is
presented for known transcripts (solid red) and unknown transcripts (dashed black). C and D, distribution of mRNA abundances from Arabidopsis shoots (C) or roots (D)
(48). Transcripts from 710 genes encoding GreenCut2 orthologs and co-orthologs were grouped into bins based on abundance.

roots by at least 3-fold with 48 of these 186 transcripts over
100-fold more abundant in shoot than in roots. Additionally, 60
mRNAs that were not green tissue-specific based on microar-
ray information displayed at least 3-fold higher abundance in
shoots than in roots when analyzed by RNA-seq. Finally, the
abundance of transcripts for both K/KI and U/UP proteins is
generally reduced in roots compared with shoots (p = 4e—7;
Fig. 4D) likely because transcripts encoding proteins that func-
tion in photosynthesis are less abundant in roots. Only 12 tran-
scripts are greater than 3-fold more abundant in roots than in
shoots. One transcript (CGLD27; At5g67370) that is weakly
expressed in roots, based on RNA-seq data, was demonstrated
to be responsive to iron deficiency in Arabidopsis and O. sativa
root tissue (89, 90), which suggests that some GreenCut2 pro-
teins may perform functions important only under particular
conditions. These results suggest that mutants of some Green-
Cut2 proteins may demonstrate an organ- or condition-depen-
dent phenotype, which should be considered when investigat-
ing GreenCut2 proteins experimentally.

Functional Meta-analysis of Prokaryote Versus Eukaryote

Many GreenCut2 proteins are localized to plastids and may
have originated in the cyanobacterial endosymbiont that evolved
into a plastid. Therefore, free-living cyanobacteria are likely to
have homologs to many GreenCut2 proteins. To identify Green-
Cut2 proteins related to cyanobacterial proteins, the predicted
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FIGURE 5. Conservation of GreenCut2 proteins in cyanobacteria. The
amino acid sequences of the Arabidopsis GreenCut2 orthologs were used as que-
ries in BLASTP searches against 37 cyanobacterial genomes. Best hit results with
E-values <1e—4 were considered to be homologs. Proteins with known function
are shown as gray columns, whereas proteins of unknown function are shown as
stacked white columns. The number of proteins in each bin is shown.

proteomes of 37 fully sequenced cyanobacterial genomes were
queried with Arabidopsis GreenCut2 proteins by BLASTP. The
results of these comparisons reveal several interesting features that
may relate to the evolution of GreenCut2 proteins. There is a
bimodal distribution pattern with respect to the occurrence of
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GreenCut2 homologs among the cyanobacteria (Fig. 5). Most pro-
teins were either conserved in all genomes (189 of 597), suggesting
a fundamental metabolic function, or in no genomes (181 of 597),
suggesting a function related to eukaryotic-specific processes. For
instance, significantly more GreenCut2 proteins assigned to the
pigment and protein metabolism functional categories have
homologs encoded by all or nearly all cyanobacterial genomes (p <
7e—3; supplemental File 1, Fig. S4). Although 64% of GreenCut2
proteins conserved in all or nearly all cyanobacteria have a known
function, only 34% of GreenCut2 proteins without a cyanobacte-
rial homolog are characterized. Furthermore, relative to other
GreenCut2 subgroups, the ViridiCut2 is depleted for proteins with
homologs in all cyanobacteria (82 of 312; p = 4e—6) and instead is
enriched for proteins that do not have any cyanobacterial
homologs (126 of 312; p = 2e—12). Finally, those GreenCut2 pro-
teins placed in the no prediction category were either not present
in any or associated with just a small subset of the cyanobacteria
(p = 2e—7).

Proteins in the photosynthesis category were not enriched in
any of the cyanobacterial genome bins. Only 34% (21 of 62) of
GreenCut? proteins involved in photosynthetic processes have
homologs encoded by 36 or 37 of the cyanobacterial genomes,
whereas 27% (17 of 62) do not have homologs in any of the
cyanobacteria (supplemental File 1, Fig. S4). One protein in the
latter category, Rubisco methyltransferase, modifies an N-ter-
minal lysine residue of the Rubisco large subunit (33). The func-
tional significance of this methylation event is not understood,
although the similarity of the Rubisco methyltransferase SET
domain to that of histone methyltransferases suggests that the
protein has a eukaryotic origin.

Together, our results have a number of functional and evo-
lutionary implications. Proteins that are well conserved in pho-
tosynthetic eukaryotes and in cyanobacteria are more likely to
have been studied already in a photosynthetic reference orga-
nism (cyanobacteria, plants, and algae) and to have been attrib-
uted a function as exemplified by the chlorophyll biosynthetic
pathway or proteins involved in redox metabolism. These pro-
teins are well represented in the PlastidCut2. We suggest that
these functions are defining characteristics of the majority of pho-
tosynthetic organisms. Conversely, proteins that are present in
only some cyanobacteria are less well studied and may be associ-
ated with eukaryote-specific features of the plastid, such as protein
import and nuclear signaling. Furthermore, the set of proteins
without cyanobacterial homologs is depleted for expression in
green Arabidopsis tissues (p = 4e—7), which suggests that these
eukaryote-specific proteins are involved in processes that are not
exclusively associated with photosynthetic function. From the
above results, we suggest that analysis of plant-specific ViridiCut2
proteins is likely to illuminate nucleus-directed regulatory pro-
cesses associated with plastid biochemistry and metabolism as well
as with other green plant lineage-specific processes that are not
associated with photosynthetic function.
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