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Plastids are morphologically and biochemically diverse organelles which not only 

perform photosynthesis but are also responsible for a wide range of metabolic, storage, 

regulatory, and aesthetic functions. The majority of plastid proteins are encoded by the nucleus 

and imported post-translationally, which allows for much greater spatiotemporal control of 

plastid function. Most of what is known about plastids has been studied in a relatively small 

group of model organisms, yet the myriad functions of plastids and significant microscopy 

evidence suggest that plastid function may be relatively unique in each plant species. Research in 

this dissertation aims to expand the field of plastid biology to non-model systems by (1) 

Reviewing the current state of literature to explore how the plastid proteome is shaped and how 

this process is regulated. How nuclear-encoded plastid-targeted proteins are imported has been 

enigmatic since the discovery of the main import channel, but recent evidence has helped to 

resolve the molecular mechanism and regulatory aspects of this process; (2) Establishing 
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bioinformatics methods to characterize the plastid proteome quickly and efficiently in a range of 

plant species. A novel application of existing subcellular prediction techniques revealed that only 

628-828 proteins are shared between the plastids of all assessed Angiosperms, but between 6- to 

25-fold more proteins were specific to single species or taxonomic groups; (3) Analyzing 

mutational patterns leading to the evolution of novel chloroplast transit peptides. Insertions and 

deletions, particularly those that caused a shift of the transcriptional or translational start site, 

were responsible for the majority of novel transit peptides, implicating either exon shuffling as 

the dominant means of subcellular relocalization to the plastid; and, (4) Characterization of the 

N-terminal soluble domain of the conserved protein ALB3 when expressed from the chloroplast 

genome. Perturbations to chlorophyll fluorescence and ion homeostasis suggest that constitutive 

activation of the ALB3/SecY heterodimeric channel by substrate proteins induces permeability 

of the thylakoid membrane to leakage of protons and disruption of ion gradients. An 

overabundance of ALB3 in certain tissues may cause ion dysregulation, particularly for calcium, 

magnesium, and potassium.  
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FOREWARD 

Life on earth is made possible by photoautotrophic organisms directly or indirectly 

through capture and conversion of solar energy. The first photosynthetic prokaryotes appeared 

on earth sometime around between 2.72 to 3.5 billion years ago (reviewed in Blankenship, 

2010), but today, photosynthetic eukaryotes are dominant in both terrestrial and marine 

environments. Eukaryotic photoautotrophs accomplish photosynthesis using a dedicated 

organelle called the chloroplast which was acquired in a single endosymbiotic event in which a 

mitochondriate host developed symbiosis with a free-living cyanobacterium (Cavalier-Smith, 

1987; McFadden and Van Dooren, 2004). The plastid became incorporated as an intracellular 

symbiont between 1.56-1.21 billion years ago (Falcón et al., 2010; Javaux et al., 2004, 2001; 

Yoon et al., 2004), but are not solely used as photosynthetic organelles. Plastids are the most 

dynamic organelle of the plant cell both in terms of the vast number of forms they can take as 

well as the incredible diversity of functions they perform. In addition to photosynthetic reactions 

performed by the archetypical chloroplast, modern plastids participate wholly or partially in 

biochemical pathways including those of fatty acids (Ohlrogge and Browse, 1995), branched-

chain and aromatic amino acids (Herrmann and Weaver, 1999; Singh and Shaner, 1995), 

terpenoids (Lichtenthaler et al., 1997), hemes and chlorophylls (Vavilin and Vermaas, 2002), 

nitrate reduction and nitrogen assimilation (Lam et al., 1996), and sulfate reduction and 

assimilation (Leustek and Saito, 1999). Additionally, chloroplasts play crucial roles in the 

regulation of metal ion homeostasis, especially iron regulation via phytoferritin (reviewed in 

Nouet et al., 2011). Apart from the archetypical chloroplast, plastids commonly differentiate into 

biochemically-active leucoplasts which participate in terpene synthesis and are important in 

roots, secretory ducts, and trichomes (Carde, 1984; Charon et al., 1987; Cheniclet and Carde, 
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1985; Markus Lange and Turner, 2013), as well as into nonvacuolar storage compartments 

including pigment-storing chromoplasts, starch-storing amyloplasts, protein-storing 

proteinoplasts, and oil-rich oleoplasts (reviewed in Solymosi and Keresztes, 2013a). Minor 

morphotypes of plastids include gerantoplasts, which recycle nutrients during senescence 

(Biswal et al., 2003), xeroplasts, which prepare plastids for long-term quiescence to survive 

severe drought (Tuba et al., 1994), tannoplasts, which polymerize epicatechins into tannin and 

export them to the vacuole (Brillouet et al., 2013), and specialized undifferentiated proplastids 

which participate in nitrogen assimilation reactions in nitrogen-fixing nodules (Solymosi and 

Keresztes, 2013). This remarkable diversity is reflected in the word “plastid” itself, whose 

etymology stems from the Greek word πλαστος (plastos), meaning “formed” or “molded,” and 

with the word “chloroplast” deriving from χλορος (chloros), meaning “green.”   

 Despite the prominent role that plastids play in both primary and secondary metabolite 

biochemistry, very little of the ancestral cyanobacterial genome remains in modern chloroplast 

genomes. Only roughly 90 protein-coding genes remain in the 120-160 kb genome of land plant 

chloroplasts, and nearly all of them are related to gene expression or are directly involved in 

photosynthesis (Sugiura, 1992). Of the genes left in the chloroplast genome, all plastids have 

their own complement of rRNA and tRNA genes, and in Arabidopsis and other higher plants, the 

plastid genome encodes for many subunits of photosystems I and II, ATP synthase, the large 

subunit of RuBisCO, RNA polymerase, and portions of the electron transport chain among 

others (Sato et al., 1999). Other photosynthetic organisms vary somewhat in terms of plastome 

size and gene content. On one end, parasites have much higher rates of plastome reduction; 

Epifagus, a genus of parasitic plants that parasitizes beech trees, has a plastome size of 70 kb 

with 21 protein-coding genes, while the Apicomplexan Plasmodium falciparum, the causal 
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organism of malaria, has just 23 genes and a plastome size of 29.4 kb (Martin and Herrmann, 

1998). At the other extreme, algal plastomes can be significantly larger and more complex than 

higher plant plastomes, commonly coding for 120-130 proteins (Martin and Herrmann, 1998), 

though larger examples exist. The plastome of the red alga Porphyra purpurea is 191 kb and 

contains around 250 protein-coding genes, including some involved in amino acid and small 

molecule biosynthesis (Reith and Munholland, 1995), and the green alga Chlamydomonas 

mouwsii has a plastome size of 292 kb (Sugiura, 1992). Yet all plastomes are dwarfed by the 

genome sizes of modern cyanobacteria which represent the closest living relatives to the 

ancestral chloroplast. The Synechocystis sp. strain PCC6803 genome is 3.57 Mb and contains 

3,168 predicted proteins (Kaneko et al., 1996), while Nostoc punctiforme, which bears a stronger 

phylogenetic similarity to chloroplasts (Falcón et al., 2010; Martin et al., 2002), has a genome 

size of 8.9 Mb with 7,432 potential genes (Meeks et al., 2001). The massive gene loss of the 

ancestral cyanobacteria can be partly explained by the phenomenon of Muller’s ratchet, in which 

irreversible deleterious mutations gradually occur in asexually reproducing, nonrecombining 

genomes (Lynch and Blanchard, 1998; Martin and Herrmann, 1998; Muller, 1964). Horizontal 

transfer of these genes to the nucleus and development of a robust and dynamic import 

mechanism would have been necessary to complement the gene losses in the plastome to 

maintain plastid and whole plant viability. The chloroplast proteome of Arabidopsis alone is 

estimated to consist of between 2,000-3,500 unique proteins (Ajjawi et al., 2010; Lu et al., 2011; 

The Arabidopsis Genome Initiative, 2000), with some estimates being even higher. In species 

with more divergent plastid morphology and biochemistry than Arabidopsis, the number of 

predicted nuclear-encoded plastid-targeted proteins is likely much larger (Schaeffer et al., 2014). 

Unfortunately, knowledge of plastid biology is still extremely limited outside of model 
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organisms. Model systems research has elucidated much about the basal functions of plastids and 

how they integrate with the entire cell, but how plastids function differ at the molecular level in 

other species is still vastly underexplored. The increasing availability of whole-genome and 

transcriptome sequences for a variety of non-model plants offers new tools to examine variation 

in plastid proteomics using bioinformatics methods. This dissertation builds upon the model 

systems research by using experimental data validated in those organisms to develop new tools 

to identify and compare plastid-targeted chloroplast transit peptides in a broad range of higher 

plant species. Additionally, potential mechanisms of how novel chloroplast-targeted proteins 

evolve, and how transit peptide evolution has diverged in Monocot and Eudicot species are 

examined. Finally, a lumen-targeted preprotein is overexpressed from the chloroplast genome 

and found to indirectly impact plant physiology and development.  

Chapter 1: Current Status of Plastid Protein Import and Intraorganellar Trafficking 

The plastid is a dynamic organelle of the plant cell capable not only of photosynthesis, 

but also of complex biochemistry, storage functions, and tolerance to both environmental and 

biotic stresses. The morphology and function of plastids is governed at the protein level by 

between 2,000-3,500 unique proteins in the model plant Arabidopsis (Ajjawi et al., 2010; Lu et 

al., 2011), yet the plastid genome itself contains under 100 genes (Sato et al., 1999). The vast 

majority of these proteins are encoded by the cell nucleus, translated by cytoplasmic ribosomes, 

and imported post-translationally through several receptor complexes and independent import 

routes. The most important of these routes is the translocon at the outer chloroplast envelope 

(TOC) and translocon at the inner chloroplast envelope (TIC), which recognize substrates based 

on N-terminal presequences known as chloroplast transit peptides (Shi and Theg, 2013). 

However, several minor import routes also contribute to the chloroplast proteome, most notably 
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for outer envelope proteins. Once inside the chloroplast, many proteins must be further sorted to 

sub-organellar locations such as the thylakoid lumen, thylakoid membrane, and inner chloroplast 

envelope, which requires further modification to the primary transit peptide. Transit peptides 

have low sequence conservation but have broadly biochemical similarity in three major motifs 

(Bruce, 2000; Claros et al., 1997; von Heijne et al., 1989). However, much is still unclear about 

the structure of transit peptides and what role each motif has during import. Furthermore, the 

mechanism of the TOC and TIC translocons is not fully understood, and even the composition of 

the core TIC complex is currently under debate. This chapter will review the accumulated 

scientific knowledge of plastid transit peptides and each of the independent import routes to 

resolve some of the ambiguity in the recent literature and to arrive at a universal model for 

canonical import of plastid proteins. The current state of knowledge regarding regulation of 

protein import at the TOC and TIC translocons, and both experimental and bioinformatics 

methods of studying plastid proteomics will also be reviewed.  

Chapter 2: Genome-Scale Characterization of Predicted Plastid-Targeted Proteins in 

Higher Plants 

 The last decade has seen an exponential increase in both the whole genome and 

transcriptome data as a result of advances in next-generation sequencing techniques. The greatest 

challenge of modern genomics is quickly, cheaply, and efficiently annotating this sequence data 

to assign biological significance. In plants, the plastid is a good target for improvement of 

annotations, as it is responsible not only for photosynthesis, but also a wide range of biosynthetic 

pathways including fatty acids (Ohlrogge and Browse, 1995), shikimate pathway derivatives 

(Herrmann and Weaver, 1999), and terpenoids (Lichtenthaler et al., 1997), and contributes 

strongly to plant tolerance to biotic and abiotic stresses. Almost all of the more than 3,000 
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estimated plastid proteins are encoded by the nuclear genome and imported post-translationally 

using N-terminal motifs called chloroplast transit peptides. Holistic characterization of the 

chloroplast proteome by wet lab methods remains a significant challenge due to low abundance, 

specific expression patterns, and high error rates (Jeong et al., 2012; Nesvizhskii, 2010; van Wijk 

and Baginsky, 2011), but in silico prediction techniques including the popular TargetP program 

(Emanuelsson et al., 2007, 2000) can more efficiently estimate plastid-targeted proteins at scale. 

Ways of optimizing in silico prediction of chloroplast transit peptides were explored, and a 

combination of TargetP with the recently-developed tool Localizer (Sperschneider et al., 2017) 

was determined to yield excellent biological accuracy and perform quickly on large datasets. To 

demonstrate this technique, plastid-targeted proteins were predicted for the proteomes of a 

diverse range of higher plants to explore the question of what proteins are required for basal 

chloroplast function in photosynthetic plants, and what proteins are not conserved or species-

unique. This analysis found between 628-828 proteins which have conserved chloroplast 

targeting and likely serve critical functions, while individual species have dozens to hundreds of 

proteins unique to their plastid proteome. Species-unique plastid-targeted proteins may exhibit 

novel traits even if non-plastid targeted functions are known. For high-value crops such as apple 

or emerging bioenergy crops such as switchgrass, understanding how these crops differ 

genetically from other species presents opportunities to improve crop management for maximum 

yield and minimal postharvest loss. Conversely, identifying non-conserved plastidial proteins in 

model plants can help to more accurately apply model systems research to plants as a whole.  
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Chapter 3: Plastid Transit Peptides - Where Do They Come From and Where Do They All 

Belong? Assessment of Chloroplast Transit Peptide Evolution in Multi-Species and Pan-

Genomic Comparisons  

The plastid is a dynamic organelle which has high morphological variability in different plant 

tissues, environmental conditions, developmental time points, and even in different species or 

cultivars (Schaeffer et al., 2017; Solymosi and Keresztes, 2013). Experimental characterization 

of the plastid proteome is currently limited mostly to chloroplasts of a small number of plant 

species, but available reports suggest that many proteins are not conserved across evolutionary 

space (Suzuki et al., 2015; Wang et al., 2013). However, bioinformatics predictions suggest that 

a minority of the total plastid proteome is conserved across all higher plants whereas many 

proteins are unique to individual taxa (Richly and Leister, 2004; Schaeffer et al., 2014). Similarly 

high levels of non-conserved plastid proteins are reported in Chapter 3. What role these non-

conserved proteins play and how they evolve is poorly understood, but the few known examples 

include mechanisms such as exon shuffling (Arimura et al., 1999; Gantt et al., 1991), alternative 

start sites (Mackenzie, 2005; Peeters and Small, 2001; Small et al., 1998), and indels (Patzoldt et 

al., 2006) which introduce changes at the N-terminal end of nuclear-encoded proteins to create 

novel chloroplast transit peptides. Subcellular relocalization is potentially a common and rapid 

means of evolutionary change because by changing the environment of a protein, novel functions 

can be achieved without altering the sequence of the mature sequence itself. In this chapter, non-

conserved plastid-targeted proteins identified in Chapter 3 are examined in a multi-genomic 

comparison to examine mechanisms of chloroplast transit peptide evolution, while pan-genomic 

resources from the Arabidopsis1001 Proteomes (Cao et al., 2011; Joshi et al., 2012) and 

BrachyPan (Gordon et al., 2017) projects are analyzed to answer whether similar trends are 
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found at the subspecies level. Significant differences in the plastid transit peptides of Monocot 

and Eudicot species were found that may influence patterns of transit peptide evolution in these 

two clades. At the locus level, the evolution of differentially-targeted alleles was found to be 

relatively uncommon, but the use of alternative start sites in the different transcript or protein 

isoforms was more prominent. Insertions or deletions within the N-terminus were the most 

common means of transit peptide evolution, while residue substitutions were the dominant 

mechanism in only a third of cases. Enrichment for the functional significance of novel plastid-

targeted proteins found that secondary metabolism, transcriptional regulation, and protein-

protein interactions are overrepresented. Overall, the plastid proteome was found to be much 

more dynamic than previously realized even at the subspecies-level, and unique proteins likely 

have a large impact on the biochemistry, morphology, and regulation of plastids.  

Chapter 4: Transplastomic Expression of the N-terminal Soluble Domain of Albino 3 Causes 

Perturbation of Calcium Homeostasis and Photosynthetic Performance in Nicotiana tabacum 

A subset of plastid-targeted proteins undergoes secondary trafficking to the inner envelope, 

thylakoid membrane, or thylakoid lumen after translocation into the stroma. The thylakoid 

membrane contains three translocases, Alb3, SecY, and TAT, which govern the import of 

substrate proteins with different biochemical properties (Frain et al., 2016; Hennon et al., 2015). 

Membrane translocases create transient pores in the membrane which are accessible to ions, so 

translocase activity must be carefully controlled to avoid unrestricted loss of membrane potential 

and energy-generating capacity (Sachelaru et al., 2017). The Alb3 translocase is unique among 

these in that it does not have a physical translocation pore, but does form heterodimers with the 

pore-forming cpSecY (Klostermann et al., 2002; Pasch et al., 2005). Alb3 has also been linked to 

calcium homeostasis activity, but the mechanism of this association is unknown (Wang and 
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Wang, 2009; Wang et al., 2003). In this chapter, the role of Alb3 in calcium regulation and 

chloroplast homeostasis was investigated by overexpressing a full-length copy of Alb3 from the 

chloroplast genome, but a serendipitous transposon insertion truncated the exogenous protein to 

only the soluble N-terminal domain. However, these transgenic lines experienced significant 

defects in photosynthetic processing and chloroplast ultrastructure despite lacking any of the 

known functional domains. Therefore, portions of the Alb3 N-terminus were expressed from the 

chloroplast genome and showed that the causal element is likely a thylakoid transfer domain. 

This research provides clues to the link between Alb3 and calcium and also sheds light on 

previously unrecognized effects of protein trafficking within the chloroplast. 
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Abstract 

Plastids are the most morphologically diverse and biochemically versatile intracellular 

organelles of the plant cell, but they are almost wholly dependent on import of nuclear-encoded, 

cytosolically-translated proteins. Protein import demands to the plastid are dynamic and change 

with varying environmental conditions, in different tissues, and in different plant species or 

cultivars. Most plastid proteins are imported post-translationally by means of a chloroplast transit 

peptide, or cTP, through receptor and import complexes at the chloroplast outer and inner 

envelopes known as TOC and TIC, respectively. The mechanisms of how these import pathways 

work and how chloroplast transit peptides are constructed are beginning to emerge, but much is 

still unknown about plastid proteome variability at the morphotype- or species-levels. 

Furthermore, the current knowledge is limited mainly to model organisms and only to the 

chloroplast morphotype of plastids, with information on crop plants and more diverse 

morphotypes being extremely limited. In this review, the current state of research on the import 
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and processing of nuclear-encoded proteins in the plastid is assessed, including both the 

canonical TOC/TIC complex as well as alternative targeting pathways. Additionally, techniques 

for experimental and bioinformatics prediction of the plastid proteome in diverse morphotypes 

are presented.  

 

Introduction 

The chloroplasts of nearly all photosynthetic eukaryotes descend from an ancient 

cyanobacterial symbiont acquired by mitochondria harboring eukaryotic host between 1.5-1.2 

billion years ago (Cavalier-Smith, 1987; Falcón et al., 2010; McFadden and Van Dooren, 2004; 

Yoon et al., 2004). The chloroplast retains a small genome derived from its cyanobacterial 

ancestor that ranges in size from 120-160 kb and 90 protein-coding genes in land plant 

chloroplasts, nearly all of which are related to transcription, translation, or photosynthesis 

(Green, 2011; Sugiura, 1992). In contrast, modern cyanobacteria have between  3,000-7,500 

potential genes (Kaneko et al., 1996; Meeks et al., 2001). In higher plants, chloroplasts are 

estimated to contain between 2,000 to 5,000 unique proteins in the model species Arabidopsis 

thaliana (Ajjawi et al., 2010; Lu et al., 2011; The Arabidopsis Genome Initiative, 2000). Many 

of these genes represent horizontal gene transfers from the ancient cyanobacterium to the cell 

nucleus: up to 18% of the nuclear genome of Arabidopsis thaliana, representing roughly 4,500 

genes or 1,392 gene families, can be traced to a cyanobacterial origin (Martin et al., 2002). Part 

of this loss is explained by the phenomenon of Muller’s ratchet, in which nonrecombining, 

asexually-reproducing genomes gradually accumulate irreversible mutations, thus favoring 

horizontal transfer to the sexually-reproducing nuclear genome (Lynch and Blanchard, 1998; 

Martin and Herrmann, 1998; Muller, 1964). The similarly reduced plastome sizes of both plant 
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and algal lineages suggest this process must have occurred very quickly. Experiments assessing 

DNA transfer from plastids to nuclei estimate rate of transfer to be as high as 1 in 16,000 (Huang 

et al., 2003) to 1 in 63,291 in pollen grains (Ruf et al., 2007), or as low as 1 in 5 million in 

vegetative cells (Stegemann et al., 2003). Large insertions of organellar DNA into the nuclear 

genome have been detected in a wide range of plants, some of which have occurred relatively 

recently (Ayliffe et al., 1998; Richly and Leister, 2004a, 2004b). However, to maintain 

biochemical functionality of the organelle post massive transfer of genes from symbiont to host, 

a robust protein transit and import system for nuclear-encoded plastid-targeted proteins would 

have been necessary (Garg and Gould, 2016; Zimorski et al., 2014). About 900 genes of 

cyanobacterial origin are predicted to relocalize to chloroplasts in vivo (Richly and Leister, 

2004c), with the remainder comprising both non-homologous functional replacements or 

completely novel eukaryotic proteins.  

Presence of an import apparatus is arguably the defining feature of an organelle that 

separates it from an endosymbiont (Bhattacharya et al., 2007). Examples of well-characterized 

import apparatuses include the nuclear pores in the nuclear envelope (e.g., Dickmanns et al., 

2015; Knockenhauer and Schwartz, 2016; Strambio-De-Castillia et al., 2010), the Sec 

translocase of the endoplasmic reticulum (e.g., Johnson et al., 2013; Park and Rapoport, 2012), 

and the TOM/TIM translocons of the mitochondrion (e.g., Wiedemann and Pfanner, 2017). 

Effective bioinformatics tools are available to predict the respective substrates of these import 

channels. In contrast, the composition and mechanisms of the chloroplast translocons TOC and 

TIC needs further characterization; however, the research so far has revealed a highly dynamic 

and multifaceted import system that is vastly more complex than cognate translocons of other 

organelles. Plastids have additional internal membrane-bound structures that subdivide protein 
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import and necessitate modification of the transit peptide. This review summarizes the current 

state of research on chloroplast transit peptides, the composition, and mechanism of major and 

minor import pathways, and progress in assessing protein diversity of the chloroplast proteome 

derived from the nuclear-encoded genes.  

 

1. Chloroplast Transit Peptides 

The term “transit peptide” was coined by Chua and Schmidt to distinguish chloroplast 

and mitochondrial targeting sequences from the simpler signal peptides used for trafficking to 

the endoplasmic reticulum and secretion pathways (Chua and Schmidt, 1979). The origin of 

chloroplast transit peptides, or “cTPs,” is debated, but the conservative sorting hypothesis argues 

that evolution from pre-existing prokaryotic mechanisms is the most parsimonious explanation 

for import into endosymbiotic organelles (Hartl et al., 1986). The main import channel protein of 

the chloroplast outer envelope, TOC75, has a homolog called SynTOC75 in the modern 

cyanobacterium Synechocystis which is hypothesized to secrete virulence factor peptides 

(Reumann et al., 1999; Reumann and Keegstra, 1999). Based on this homology, evolutionarily 

cTPs may have originally served a secretory function and were later repurposed to facilitate 

import into the chloroplast using the same channel protein (Bruce, 2000). Secreted virulence 

factors such as actin-binding proteins and activators of Rho and Rha GTPases coordinate to 

destabilize the cytoskeleton (reviewed in Barbieri et al., 2002). Similarly, cTPs have GTPase-

modulating properties and membrane-destabilizing properties (e.g., Nicolay et al., 1994; 

Pinnaduwage and Bruce, 1996; Van ’t Hof and de Kruijff, 1995a; Wieprecht et al., 2000), 

leading to a hypothesis that transit peptides evolved out of these ancient virulence factors (Bruce, 

2000; Reumann et al., 1999). While speculative, these same sequences may have aided in 
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evading host immune responses, enabling endosymbiosis to occur in the first place (Reddick et 

al., 2007). 

Modern chloroplast transit peptides lack sequence homology and are highly variable in 

length, spanning between 13 and 146 residues (Mackenzie, 2005).  While no strict sequence 

conservation is apparent, certain residues are more abundant. Hydrophobic and hydroxylated 

residues are generally enriched, especially the amino acids alanine and serine (Patron and 

Waller, 2007; Pujol et al., 2007; von Heijne et al., 1989). In Arabidopsis, serine is the most 

abundant residue in transit peptides at 19.3%, followed by leucine (10.4%), proline (7.3%), 

alanine (7.1%), and threonine (6.9%) (Li and Chiu, 2010; Zhang and Glaser, 2002; Zybailov et 

al., 2008). Acidic residues are rare, but positively charged amino acids including arginine and 

lysine are common especially toward the C-terminal end of the transit peptide (Claros et al., 

1997; Zhang and Glaser, 2002). The lack of sequence conservation implies that cTPs do not use 

a catalytic mechanism for targeting, and instead rely on loosely conserved and spatially 

promiscuous motifs with generally similar biochemical properties to achieve targeting.  

Transit Peptide Structure:  

Developing a universal model for transit peptides has proven difficult due to their 

sequence and length variability. The “homology block hypothesis” was the first major proposed 

model that described most transit peptides as containing three separate degenerate domains, 

sometimes encoded by separate exons (Bruce, 2001; Karlin-Neumann and Tobin, 1986; von 

Heijne et al., 1989). More recent analysis has shown that chloroplast transit peptides are more 

accurately subdivided into seven subgroups, although only half of the known transit peptides can 

be confidently organized into these groups (Lee et al., 2008). A unifying hypothesis, the “multi-

selection, multi-order” or “M&M” model, attempts to reconcile these observations by using a 
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more relaxed model of transit peptide construction in which domain organization is spatially 

unconstrained and allows for duplicate or optional sequence motifs  (Li and Teng, 2013). In this 

way, the organization of transit peptides is not at all dissimilar from assembly of promoter 

elements: a few core motifs predominate, while many potential cis-acting factors alter 

translocation efficiency or specificity. Constantly accumulating empirical evidence supports such 

a model. Earlier observations with the transit peptide of Rubisco small subunit protein, tpRBCS, 

suggested that insertions had little effect on import efficiency, while deletions cause 

translocation defects, suggesting flexibility to motif redundancy but not outright loss (Reiss et 

al., 1989). tpRBCS also contains partially redundant motifs with additive or synergistic effects 

(Lee et al., 2008, 2006). In contrast, tpCAB (chlorophyll a/b binding protein) has more 

independent motifs that are individually more critical than those of tpRBCS (Lee et al., 2015). 

Furthermore, hybrid transit peptides of RBCS and CAB reveal that what is a critical motif for 

one protein may not be for the other (Lee et al., 2015). Recently, experiments in the single-cell 

C4 plant B. sinuspersici demonstrated that the transit peptide sequence of specific proteins is 

sufficient to discriminate between the dimorphic chloroplasts, suggesting cis-acting transit 

peptide motifs with specificity for either TOC isoforms or cytosolic chaperone routes (Wimmer 

et al., 2017). Overall, this evidence points to the M&M model being the closest description of 

cTPs to date. Much work remains to characterize these cis-acting motifs completely, and they are 

beyond the scope of this review, however, in this section, the core motifs which correspond 

roughly to the tripartite homology block model will be addressed (Figure 1).  

The first 20 residues at the proximal N-terminus of cTPs are typically uncharged, often 

beginning with a methionine-alanine residue pair and ending in either glycine or proline (Claros 

et al., 1997). In vivo import capacity is highly influenced by this region, and binding capacity to 
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Hsp70 has been suggested as the primary factor (Chotewutmontri and Bruce, 2015). As many as 

95% of transit peptides in Arabidopsis have predicted Hsp70 binding sites, with 70% of these 

concentrated in the proximal region (Chotewutmontri et al., 2012; Chotewutmontri and Bruce, 

2015; Ivey III et al., 2000). Furthermore, hydroxylated residues are highly abundant in this 

region, which may serve to provide phosphorylation sites to increase binding affinity the 

Hsp70/14-3-3 cytosolic chaperone complex (Lamberti et al., 2011a). Interaction of these residues 

with polar lipid head groups in the outer chloroplast envelope has also been proposed as an 

energy-independent mechanism for chloroplast-specific trafficking (Pilon et al., 1995; Van’t Hof 

et al., 1993; Van ’t Hof and de Kruijff, 1995b). Deletions affecting the proximal domain strongly 

impact import and binding but not processing (Pilon et al., 1995; Rensink et al., 1998).  

The central third of the transit peptide is thought to be primarily a spacer region enriched 

in small amino acids including alanine, glycine, and proline (Claros et al., 1997; Holbrook et al., 

2016). Deletions of this region do not impact binding, but strongly affect import and also block 

the import of a competing protein (Pilon et al., 1995; Rensink et al., 2000), suggesting that 

translocation of a mutated version of the transit peptide-protein is stalled and causes blockage of 

the channel. Notably, prolines appear to be enriched after 10th position, suggesting the need for 

flexibility of this region (von Heijne and Nishikawa, 1991). Up to 60% of translocation 

efficiency is attributed to this region (Lee et al., 2006), presumably because a sufficiently long 

spacer is needed to span both membranes simultaneously and to position the proximal and distal 

domains to interact with TIC and TOC, respectively (Chen and Li, 2017). At a minimum, transit 

peptides must contain 32 amino acids in addition to the TIC and TOC binding domains to span 

the 90 A° distance between the outer and inner membranes (Bionda et al., 2010; Chotewutmontri 

et al., 2012). 
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In the C-terminal distal end of cTPs, the most characteristic feature is an enrichment of 

arginine and lysine (Claros et al., 1997). Deletions of this region affect import efficiency, binding 

to Toc159, processing by signal peptide peptidase (SPP), and lipid insertion (Pilon et al., 1995; 

Rensink et al., 2000). Strong interactions with outer envelope lipids have also been noted for this 

domain (Pinnaduwage and Bruce, 1996). Two major functional motifs have been described for 

this region. A degenerate motif of “(F/W)(G/P)LK” is extremely sensitive to mutation or deletion 

as has been reported for preFDX (ferredoxin) (Pilon et al., 1995), and mutation of prolines and 

glycines around this motif in preRBCS causes loss of interaction with Toc34 and up to 90% 

reduction of import efficiency (Holbrook et al., 2016). The FGLK motif has been implicated in 

binding to Toc34 and is common enough to be a good general predictor of chloroplast transit 

peptides (Li and Teng, 2013). However, this motif is functional only if placed at the C-terminal 

end (Chotewutmontri et al., 2012). A second “R-X-R” or “di-positive charge” motif is less-well 

characterized but affects import efficiency  (Pilon et al., 1995), and consecutive dipositive motifs 

may influence specificity for older, actively photosynthesizing chloroplasts (Li and Teng, 2013; 

Ling et al., 2012). 

Some evidence suggests that transit peptide efficiency – and perhaps design – can be 

abrogated by the biochemical properties of the mature protein. In mitochondrial preproteins, up 

to 70% of the variance in import efficiency is attributed to the sequence charge and 

hydrophobicity of the mature protein (Doyle et al., 2013). While chloroplast transit peptides are 

complex, the mature protein may exhibit electrostatic repulsion or hydrophobic aggregations 

requiring further modification of the transit peptide. For example, the mature domains of 

membrane-bound proteins have significant inhibitory effects on transit peptide efficiency, and 

such proteins need a long spacer region in the transit peptide (Inaba and Schnell, 2008; Rolland 



27 

 

et al., 2016). Proteins that contain transmembrane domains also tend to have more conserved 

prolines in their transit peptides, suggesting that more hydrophobic mature proteins need both 

increased length and flexibility of the transit peptide (Lee et al., 2017b). In other cases, portions 

of the mature protein may be necessary to produce a fully functional transit peptide. In RBCS, 

FDX, CAB, DNA-J, and protochlorophyllide oxidoreductase-A (PORA), efficient targeting of C-

terminal GFP fusions requires parts of the mature protein downstream of the signal peptide 

peptidase (SPP) cleavage site (Comai et al., 1988; Lee et al., 2008; Pilon et al., 1995; Rensink et 

al., 1998; Van’t Hof et al., 1991). While the majority of transit peptides are between 50-55 amino 

acids (Bienvenut et al., 2012; Kleffmann et al., 2007), predicted cleavage sites often fall short of 

this length. In those shorter transit peptides, parts of the fully functional transit peptide likely fall 

downstream of the cleavage site. Addition of simple spacer motifs following the cleavage site 

enables high-efficiency translocation of a wide variety of both soluble and membrane-bound 

proteins (Shen et al., 2017). Overall, these reports suggest that the functional transit peptide 

includes the N terminal residues of the peptide to be translocated and that properties of the 

mature protein can influence translocation activities of an otherwise functional transit peptide. 

 

2. TOC and TIC Translocons 

There are several described routes for import of chloroplast-targeted proteins. However, 

the major protein complex for chloroplasts which imports almost all stromal and thylakoid 

proteins is known as TOC/TIC, for "Translocon at the Outer envelope of Chloroplasts" and 

"Translocon at the Inner envelope of Chloroplasts," respectively. TOC and TIC form a pore of at 

least 25.6 A° (Ganesan et al., 2018), and over 95% of preprotein transport to the chloroplast 

occurs through this complex, consuming a significant amount of chemical energy (L. X. Shi and 
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Theg, 2013). Treating the plastid as a perfect sphere, the number of TOC complexes per 

chloroplast was initially estimated to have as low as 7.5 receptors per square micrometer 

(Friedman and Keegstra, 1989; Pilon et al., 1992), but more recent estimates suggest the true 

number to be closer to 140/µ2 due to low binding efficiency in the in vitro experiments (Morin 

and Soll, 1997). Translocation rates have been estimated at 14,000-22,000 precursors per minute 

per chloroplast (Pilon et al., 1992; Van ’t Hof and de Kruijff, 1995b), which translocate about 

2x107 preproteins every 24 hours (Pfisterer et al., 1982). This process requires an average of 650 

ATP per preprotein, consuming 0.6% of total light-saturated energy production (L.-X. Shi and 

Theg, 2013). This section will discuss the current state of understanding of the essential 

components of each translocon, explain potential points of regulation, and propose a revised 

mechanistic model of translocation. 

TOC Composition  

The isolation of TOC was described for the first time by Waegemann and Soll, who 

identified an Hsp70 homolog and an 86-kDa protein along with several other lower molecular 

weight products (Waegemann and Soll, 1991). These proteins, as well as 75 and 34 kDa 

subunits, were later confirmed by Schnell and coworkers (Kessler et al., 1994; Perry and 

Keegstra, 1994; Schnell et al., 1994). The 34 and 86 kDa proteins, later identified as TOC34 and 

TOC86 (159) respectively, were found to be GTP-binding proteins that use GTP hydrolysis to 

stabilize early transport intermediates and function as receptors (Kessler et al., 1994; Seedorf et 

al., 1995; Young et al., 1999), while the 75 kDa protein was found to serve as the TOC channel 

protein TOC75 (Hinnah et al., 2002, 1997; Tranel et al., 1995). The core TOC complex exists in 

a stoichiometric ratio of between 1:3:3 (Kikuchi et al., 2006) and 1:4:4 (Schleiff et al., 2003c) 

between TOC159, TOC33, and TOC75, respectively. The difference in these ratios has been 
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suggested to be due to differences in the polymerization of whole TOC complexes caused by 

proteolysis of the large cytosolic acidic domain (A-domain) of TOC159 (Kikuchi et al., 2006; L. 

X. Shi and Theg, 2013). While the supercomplex has not been successfully imaged to date, the 

singlet complex that has been observed has a central finger-like domain (TOC159) surrounded 

by four curved translocation channels (Schleiff et al., 2003c). While these three proteins 

comprise the core TOC complex, an array of cytosolic and membrane-bound proteins assist in 

translocation, each of which is discussed in greater detail below. 

The channel of the TOC complex, TOC75, is a beta-barrel protein that forms a pore of 14 

Å in diameter (Hinnah et al., 2002; Schleiff et al., 2003a). TOC75 has low-level binding activity 

to plastid transit peptides and is also capable of discriminating against mitochondrial preproteins. 

Polypeptide-transport-associated (POTRA) domains of TOC75 mediate preprotein selectivity in 

the intermembrane space (Chen et al., 2016; Ertel et al., 2005; Hinnah et al., 2002; O’Neil et al., 

2017; Paila et al., 2016). POTRA domains simultaneously bind to molecular chaperones in the 

intermembrane space (Paila et al., 2015) and with preproteins (O’Neil et al., 2017), and thus 

TOC75 serves dual roles as a channel protein and as a scaffold for intermembrane space 

interactions (O’Neil et al., 2017; Paila et al., 2016; Richardson et al., 2014). Arabidopsis contains 

two highly similar orthologs, Toc75-III and Toc75-IV (Baldwin et al., 2005; Jackson-Constan 

and Keegstra, 2001). Additionally, a distantly-paralogous 80-kDa outer envelope protein 

(OEP80) was previously described as Toc75-V (Eckart et al., 2002); it is not a true TOC subunit, 

but may be required for insertion of Toc75 into the outer membrane (Gentle et al., 2004; Huang 

et al., 2011; Inoue and Potter, 2004).  

The smaller of the two GTPase receptors includes two major paralogs, TOC33, and 

TOC34. A single isoform is found in some species including pea and rice while two isoforms are 
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found in others including Arabidopsis and maize (Hirohashi and Nakai, 2000; Jelic et al., 2003). 

Much of the early work was done in pea, which contains a single paralog. psTOC34 is 34 kDa, 

but in Arabidopsis, the orthologous protein is 33 kDa (atTOC33), while a functionally distinct 

paralog is 34 kDa (atTOC34) (Aronsson et al., 2006; Jelic et al., 2003). Due to this nomenclature 

confusion, the Arabidopsis homologs will be referred to unless specified otherwise. TOC33 

consists of a GTPase “G-domain” and a short C-terminal segment facing the intermembrane 

space (Seedorf et al., 1995). The C-terminal segment is essential for biogenesis of TOC33 (Li 

and Chen, 1997; Richardson et al., 2014), while the G-domain exhibits GTP hydrolysis activity 

and can form homodimers in its GDP-bound state (Sun et al., 2002; Yeh et al., 2007). TOC33 

forms homodimers (Jelic et al., 2003; Sun et al., 2002; Weibel et al., 2003; Yeh et al., 2007) and 

heterodimers with TOC159 (Weibel et al., 2003; Yeh et al., 2007). Dimerization is dependent on 

conserved arginines in the G-domain; alanine substitution at R128 in psToc34 and R130 in  

atToc33 causes loss of homodimerization, heterodimerization, and also reduces GTPase activity 

(Reddick et al., 2007; Sun et al., 2002; Weibel et al., 2003; Yeh et al., 2007). This conserved 

arginine deeply embeds in the binding pocket of a dimerized partner, likely acting as a GTPase-

activating protein (GAP) for the bound protein (Koenig et al., 2008; Sun et al., 2002).  

TOC159, the larger GTPase receptor of the TOC complex, has multiple isoforms of 

differing molecular weights, including TOC90, TOC120, TOC132, and TOC159 in Arabidopsis, 

all of which have three major domains: a GTPase (G-) domain, a C-terminal membrane (M-) 

domain, and a hypervariable N-terminal acidic (A-) domain (Hiltbrunner et al., 2001a; Jackson-

Constan and Keegstra, 2001). While the first two are relatively static in sequence, the A-domain 

is hypervariable and potentially responsible for some specificity of different TOC isoforms 

(Demarsy et al., 2014; Inoue et al., 2010). TOC159 was long thought to be a GTPase motor 
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(Schleiff et al., 2003b) but more recent evidence has confirmed that it functions instead as a 

GTPase-activated switch (Li and Chiu, 2010; Richardson et al., 2018), and that the force required 

for translocation comes instead as a pulling mechanism from stromal Hsp70 (Liu et al., 2014; Shi 

and Theg, 2010; Su and Li, 2010). Like TOC33, TOC159 can also form dimers using similarly 

conserved arginines (Yeh et al., 2007). Mutants that have defects in both binding and hydrolysis 

have impaired rates of translocation (Agne et al., 2009), but mutants which bind but not 

hydrolyze GTP increase translocation rates (Wang et al., 2008), suggesting that GTP-bound 

TOC159 is the translocation-active form.  

The membrane-bound TOC64 is a transiently-interacting factor that associates with 

TOC33/34 (Qbadou et al., 2006; Schleiff et al., 2003c) and has soluble domains on both sides of 

the outer membrane (Sohrt and Soll, 2000). On the cytosolic face, TOC64 has clamp-type 

tetratricopeptide repeats which are involved in binding to cytosolic chaperones (Aronsson et al., 

2007; Qbadou et al., 2006). Interestingly, absence of TOC64 does not seem to significantly affect 

either in vitro or in vivo translocation in Arabidopsis (Aronsson et al., 2007; Schleiff et al., 

2003b), and causes only slight defects in Physcomitrella patens (Hofmann and Theg, 2003). 

However, another study has shown that mutant toc64 plants have decreased import rates of 

preOE33 and preRBCS, changes in growth rate in high light, reductions in maximum quantum 

yield of photosynthesis in low light, and altered salinity tolerance (Sommer et al., 2013). 

Additionally, toc33/toc64 double mutants have lower levels of TOC75 protein despite increased 

expression of TOC75 transcript, suggesting a potential role in stabilizing the TOC complex 

(Sommer et al., 2013). Thus, TOC64 may not be required under normal conditions, but more 

likely enhances the efficiency of import and assists in regulation during periods of high import 

demand or environmental stress.  
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An additional membrane-bound protein called TOC12 was also thought to nucleate 

transient intermembrane complexes with TOC64, TIC22, and Hsp70 (Becker et al., 2004; 

Qbadou et al., 2007). However, TOC12 has been found to be instead a fragment of a larger 

DnaJ-J8 protein localized to the stroma, and mutants of the gene are not impacted in 

translocation (Chiu et al., 2010). Additionally, no Hsp70 isoforms localize to the intermembrane 

space (Ratnayake et al., 2008). While TOC12 could be the true alternatively-spliced form of 

DnaJ-J8 (Chiu et al., 2010), it is more likely an artifact of DnaJ-J8 and TOC64 both binding 

Hsp70 homologs, resulting in false positives during purification. In the absence of further 

information, TOC12 should not be considered a bona fide TOC component.  

In addition to the core membrane-bound TOC subunits, an array of transiently-interacting 

soluble proteins support preprotein trafficking to TOC. Two distinct cytosolic trafficking routes 

use protein chaperones, but preproteins can also travel unaided to the TOC complex, albeit with 

reduced import efficiency. The first chaperone-mediated route involves binding of preproteins 

with Hsp90 in the cytosol (Qbadou et al., 2006). TOC64 efficiently binds Hsp70.1 and Hsp90 

(Schweiger et al., 2013) and is thought to serve as an intermediate receptor before passing 

preproteins to TOC by the interaction of its membrane domains with TOC33 (Qbadou et al., 

2006; Schleiff et al., 2003c). This route appears to play a key role in delivering preproteins to the 

TOC complex, as Hsp90 inhibitors cause significant defects in translocation efficiency (Inoue et 

al., 2013). The alternative chaperone-mediated route involves a 14-3-3/Hsp70 complex, which 

binds cTPs that have been phosphorylated by the cytosolic kinases STY8, STY17, and STY46 at 

serine and threonine residues (Lamberti et al., 2011a; May and Soll, 2000). While binding to this 

complex increases efficiency of import up to 5-fold (May and Soll, 2000), disruption of the 

phosphorylation sites and 14-3-3 interaction does not cause mistargeting (Nakrieko et al., 2004). 
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STY kinases play an essential role in the transition from etioplasts to chloroplasts, suggesting 

that chaperone-assisted routes are important during periods of high protein import demand 

(Lamberti et al., 2011b). Interestingly, actin is also immunoprecipitated by TOC and TIC 

subunits, especially TOC159 (Jouhet and Gray, 2009). Though actin is not considered to be a 

part of the TOC complex, it is possible that preproteins could be delivered with the aid of actin 

filaments for some or all of the cytosolic import pathways. 

Regulation of TOC  

Regulation of protein import at TOC appears to be primarily based on the use of 

alternative GTPase isoforms to regulate selectivity of preproteins. Mutant phenotypes for the 

TOC33/34 (Gutensohn et al., 2004, 2000; Jarvis et al., 1998) and TOC90/120/132/159 (Bauer et 

al., 2000; Kubis et al., 2004) receptor gene families are nonredundant, suggesting multiple 

specialized TOC isoforms (Bauer et al., 2000; Ivanova et al., 2004; Jarvis et al., 1998; Kessler 

and Schnell, 2009). The distinct TOC complex isoforms are hypothesized to reduce competition 

between protein classes so that photosynthetic proteins can maintain constant import rates 

(Kessler and Schnell, 2006). Some preproteins import preferentially into chloroplasts while 

others import more efficiently into leucoplasts or equally into both morphotypes (Wan et al., 

1996). Examples of leucoplast-specific proteins are rare but include at least one porin and a 

pyruvate kinase protein (Fischer et al., 1994; Wan et al., 1995). Preprotein selectivity is likely 

mediated by the hypervariable A-domain of the TOC159 GTPase family. The A-domain does not 

bind transit peptides directly, but exchange of the A-domains between Toc159 homologs is 

sufficient to transfer the respective preprotein selectively (Dutta et al., 2014; Inoue et al., 2010; 

Smith et al., 2004). These results suggest that the A-domain relies on an exclusion mechanism, 

perhaps based on stearic hindrance or electrostatic repulsion (Inoue et al., 2010; Smith et al., 
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2004). TOC159 is associated with photosynthetic proteins and has higher expression in leaves, 

while TOC132 and TOC120 are functionally redundant paralogs which import housekeeping 

proteins and are expressed constitutively at low levels (Bauer et al., 2000; Ivanova et al., 2004; 

Kubis et al., 2004; Smith et al., 2004).   

Posttranslational modification helps achieve inducible control of TOC specificity. 

Cleavage of the A-domain of Toc159 family members is widely observed in in vitro experiments 

(Bölter et al., 1998; Chen et al., 2000), and removal of this domain removes preprotein 

specificity, converting the translocon into a more general importer (Dutta et al., 2014; Inoue et 

al., 2010). Controlled cleavage suggests to a protease activity rather than mechanical disruption 

or other experimental artifacts, but has this remains to demonstrated conclusively in vivo (Agne 

and Kessler, 2010; Demarsy et al., 2014). For more permanent changes in protein translocation 

needs, turnover of the TOC159 GTPases is mediated by Suppressor of PPI1 Locus 1 (SP1), an 

E3 ligase in the outer envelope (Ling et al., 2012). SP1 is activated by stress and plays a pivotal 

role in stress tolerance by depleting TOC under stress conditions (Ling and Jarvis, 2015). 

Turnover of TOC receptors may also enable a rapid transition to chromoplasts, leucoplasts, or 

other plastid morphotypes (Barsan et al., 2012; Reiland et al., 2011). 

Both phosphorylation and formation of disulfide bridges under oxidizing conditions 

mediate modification of import rate through TOC. At least 12 sites on the A-domain of TOC159 

can be phosphorylated (Agne et al., 2010; Demarsy et al., 2014). Sucrose nonfermenting 1-

related protein kinase 2 (SnRK2) proteins phosphorylate TOC159 in an ABA-dependent manner 

(P. Wang et al., 2013). Interestingly, ABA mutants are impaired in chloroplast translocation 

(Zhong et al., 2010) and three independent ABA-deficient tomato mutants (hp3-1, flacca, and 

sitens) accumulate larger, more abundant, and more highly-pigmented chromoplasts (Egea et al., 
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2010; Galpaz et al., 2008), most likely because TOC159 selectively imports photosynthetic 

proteins. A second integral outer membrane kinase, Kinase of the Outer Chloroplast membrane 1 

(KOC1), was found to regulate phosphorylation of the A-domain in Arabidopsis (Zufferey et al., 

2017), while a protein of similar mass does the same in pea (Fulgosi and Soll, 2002). Finally, a 

casein kinase II (CKII) has been implicated in A-domain phosphorylation in vitro (Agne et al., 

2010). In all cases described thus far, phosphorylation of TOC159 appears to stimulate import 

activity. TOC33/34 are also proposed to be phosphorylated in vivo by soluble kinase and by a 98 

kDa membrane-bound kinase, both of which remain unidentified (Fulgosi and Soll, 2002; Jelic et 

al., 2003, 2002; Sveshnikova et al., 2000).  

Some reports find that GTP binding and preprotein binding activities of TOC33 are 

significantly inhibited by phosphorylation (Jelic et al., 2003; Sveshnikova et al., 2000), but 

phosphomimic and phosphoknockout residue mutants do not have a significant phenotype 

(Aronsson et al., 2006). The disparity between these observations remains unresolved, although 

it is possible that the partial redundancy of atToc34 can sufficiently complement the mutant 

phenotypes. Finally, preprotein import is highly influenced by plastid redox state, part of which 

is mediated by TOC (Hirohashi and Nakai, 2000; Küchler et al., 2002; Stengel et al., 2008). 

Disulfide bridge formation has been observed in all the major TOC protein components in 

oxidizing conditions which induces supramolecular crosslinking and decreases import efficiency 

(Seedorf and Soll, 1995; Sjuts et al., 2017; Sohrt and Soll, 2000; Stengel et al., 2009). This 

mechanism may serve to lock TOC in a translocation-incompetent state, preventing import into 

senescent or stressed chloroplasts until conditions improve (Stengel et al., 2009).  
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TIC Composition  

In contrast to the TOC complex, the composition of TIC core subunits and even the 

identity of the channel protein has been subject to considerable debate. Many inner membrane 

proteins have been copurified with either TOC subunits or preproteins, including Tic55 (Caliebe 

et al., 1997), Tic56 (Köhler et al., 2015), Tic62 (Küchler et al., 2002), Tic20 (Kouranov et al., 

1998), Tic21/PIC1 (Teng et al., 2006), Tic22 (Kouranov et al., 1998), Tic110 (Kessler and 

Blobel, 1996; Lübeck et al., 1996), Tic40 (Kessler and Blobel, 1996; Wu et al., 1994), Tic100, 

Tic56, and Tic214/Ycf1 (Kikuchi et al., 2013).  

One of the proposed channel proteins, TIC110, is an integral membrane protein with a 

soluble 98 kDa stromal C-terminus and a 9 kDa N-terminal membrane anchor (Jackson et al., 

1998). The soluble domain of TIC110 associates with Hsp93/ClpC and Cpn60 in the stroma 

(Akita et al., 1997; Kessler and Blobel, 1996; Nielsen et al., 1997), and also binds preproteins in 

the absence of chaperones (Inaba et al., 2003). Dominant negative mutants and downregulation 

of TIC110 decrease translocation efficiency and knockouts are seedling lethal (Inaba et al., 

2005). TIC110/tic110 heterozygotes have growth and protein translocation defects, while other 

translocon components including ppi-1 (atToc33), ppi-2 (atToc159), tic40, and hsp93-V, are 

completely recessive (Kovacheva et al., 2005). Deletions in the C-terminal stromal domain of 

TIC110 disrupt binding with Hsp93 and impart a dominant-negative phenotype, suggesting that 

Hsp93 interaction is key to the overall function of TIC110 (Inaba et al., 2005).  

TIC20, the other proposed channel protein, is an integral membrane protein with four 

alpha helices (Kovács-Bogdán et al., 2011) and is observed to have a direct role in inner 

membrane translocation (Chen et al., 2002). While smaller than TIC110, TIC20 forms homo-

oligomers and directly interacts with preproteins (Campbell et al., 2014; Kikuchi et al., 2009; 
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Kouranov et al., 1998; Kovács-Bogdán et al., 2011; Rensink et al., 2000). Arabidopsis has four 

isoforms including TIC20-I, TIC20-II, TIC20-IV, TIC20-V, of which TIC20-I is the major 

isoform and has the most severe mutant phenotypes (Hirabayashi et al., 2011; Teng et al., 2006). 

Knockouts of TIC20-II, TIC20-IV, and TIC20-V, in contrast, lack visible phenotypes 

(Hirabayashi et al., 2011; Kasmati et al., 2011). However, double mutants of TIC20-I and 

TIC20-IV are more severe than TIC20-I alone, while the loss of only one TIC20-I allele in a 

tic20-IV homozygous background causes growth defects (Hirabayashi et al., 2011; Kasmati et 

al., 2011; Kikuchi et al., 2013). These phenotypes implicate TIC20-IV as a minor isoform, 

perhaps involved in the import of TOC132/TOC34 substrates. In support of this, TIC20-I has the 

highest expression in photosynthetic tissues, while TIC20-IV is mainly expressed in roots, 

mirroring the expression patterns of the TOC159/TOC33 and TOC(120/132)/TOC34 isoforms 

(Hirabayashi et al., 2011; Kovács-Bogdán et al., 2011). Additionally, TIC20-I has higher affinity 

for photosynthetic precursors (Chen et al., 2002; Kasmati et al., 2011; Kikuchi et al., 2009). Of 

the two remaining isoforms, TIC20-II has been detected in chloroplast-containing vesicles during 

leaf senescence (Diaz-Mendoza et al., 2016), suggesting a specific role in gerantoplast recycling, 

while TIC20-V is localized to thylakoids and has a yet-unknown role (Machettira et al., 2011).  

TIC22 is an intermembrane protein that is conserved from cyanobacteria to higher plants 

and binds specifically to the intermembrane space POTRA domains of TOC75 in plants and 

periplasmic POTRA domains of OMP85 in cyanobacteria (Paila et al., 2015; Tripp et al., 2012). 

Thus, TIC22 has been proposed to function as a scaffold for TOC-TIC supercomplexes (Becker 

et al., 2004; Qbadou et al., 2007; Soll and Schleiff, 2004). The crystal structure of TIC22 shows 

two hydrophobic funnels or grooves on either side of the molecule which allows TIC22 to 

function as a non-specific, ATP-independent chaperone to prevent preprotein aggregation 
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(Glaser et al., 2012; Tripp et al., 2012). There are two TIC22 homologs found in Arabidopsis, 

atTIC22-III and atTIC22-IV, both of which are expressed constitutively, although TIC22-IV is 

expressed at 5-fold higher levels (Kasmati et al., 2013; Rudolf et al., 2013). Double mutants have 

chlorotic phenotypes during germination and in high-light conditions, supporting the 

hypothesized role of preventing preprotein aggregation during periods of high import demand.  

TIC40, a peripheral membrane protein, interacts with both TIC110 and the soluble 

stromal protein Hsp93, indicating more of a co-chaperone role (Chou et al., 2003; Stahl et al., 

1999). TIC40 null mutations are not lethal, but are pale and slow-growing, with defects in 

protein import (Chou et al., 2003). TIC40 has a single N-terminal transmembrane anchor and a 

large C-terminal stromal domain with a tetratricopeptide repeat domain followed by Sti1p/Hop 

(Hsp70/Hsp90-organizing protein) and Hip (Hsp70-interacting protein) domains (Bédard et al., 

2007; Chou et al., 2003; Stahl et al., 1999). Preprotein binding to TIC110 stimulates recruitment 

of TIC40, which subsequently activates ATPase-modifying activities in the Hip/Hop domains 

(Chou et al., 2006).  Interestingly, TIC40 overexpression causes a 10-fold increase in S-adenosyl 

methionine-dependent methyltransferase (IEP37), inner envelope triose phosphate translocator 

(PPT), and TIC110, but does not affect abundance of outer membrane, stromal, or thylakoid 

membrane proteins, suggesting that TIC40 could act in the biogenesis of the inner membrane 

(Singh et al., 2008). Alternatively, TIC40 may also act as a molecular ratchet to prevent 

preprotein backsliding (Bédard and Jarvis, 2005).  

In addition to the major subunits found in close association with TIC, several peripheral 

membrane and soluble proteins interact transiently. A triad of TIC32, TIC62, and TIC55 has 

been proposed to form a “redox regulon” affecting TIC110, and helping to adjust preprotein 

import in response to chloroplast energy status (Soll and Schleiff, 2004). TIC56 and 
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YCF1/TIC214 are thought to be integral to TIC20-containing complexes and could facilitate 

complex assembly (Kikuchi et al., 2013). Tic56 copurifies with Toc159 and is required for 

protein import but not chloroplast biogenesis, with knockout mutants having an albino phenotype 

(Köhler et al., 2015). Hsp93/ClpC (hereafter referred to as Hsp93) is an Hsp100 protein that 

targets hydrophobic stretches in preproteins, but it also participates separately in protein 

degradation as part of the Clp protease complex. During translocation, Hsp93 forms ring-like 

hexamers associated with Tic110 and is the only chaperone consistently found in import 

complexes (Akita et al., 1997; Flores-Pérez et al., 2016; Inaba et al., 2005; Kouranov et al., 1998; 

Nielsen et al., 1997; Rosano et al., 2011; Sjögren et al., 2014). Hsp93 directly binds preproteins 

during early processing stages (Huang et al., 2016), but only if the recognition motif is present at 

the far N-terminus of the transit peptide (Bruch et al., 2012). These data suggest that the Hsp93 

hexamer is assembled on Tic110 before import begins, and incoming peptides must be threaded 

through the core before translocation. Hsp93 is hypothesized to provide an initial force for 

unfolding, which is expanded and completed by other chaperones such as Hsp70 and Hsp90C 

(Huang et al., 2016). Import assays suggest that Hsp93 is not the rate-limiting step for TIC 

translocations, and its function in translocation seems to not involve its unfoldase function 

(Kovacheva et al., 2005). Alternatively, Hsp93 may also serve as a protein quality control 

mechanism for TIC due to its association with the CLP protease (Bruch et al., 2012; Flores-Pérez 

et al., 2016; Sjögren et al., 2014). Comparatively less is understood about the other stromal 

chaperones. Cpn60 and its associated protein Cpn20 form heptameric rings that are recruited to 

Tic110 in an ATP-dependent manner (Akita et al., 1997; Inoue et al., 2013; Kessler and Blobel, 

1996; Nielsen et al., 1997). Hsp70 is implicated in translocation for both plants and mosses (Shi 

and Theg, 2010; Su and Li, 2010), and is thought to provide the driving force for translocation as 
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an ATPase motor (Chotewutmontri and Bruce, 2015; Huang et al., 2016; Liu et al., 2014). 

Finally, an integral membrane protein originally termed TIC21 was described to be associated 

with TIC complex and was found to impact protein translocation (e.g., Kikuchi et al., 2009; Teng 

et al., 2006), but more recent evidence has suggested that this subunit is actually an iron 

permease transporter, PIC1 (Permease in chloroplasts 1) (Duy et al., 2007, 2011; Gong et al., 

2015). Mutant PIC1 lines are chlorotic and experience iron anemia in the plastids with iron 

toxicity in the cytoplasm, which likely impacts translocation indirectly (Duy et al., 2007).  Based 

on these data, PIC1 unlikely to be a direct participant in protein transport and is therefore not a 

TIC component. 

Regulation of TIC  

Based on the current understanding, regulation at TIC is tied to the physiological status of 

the individual plastid, rather than isoform composition as in TOC. Formation of disulfide bridges 

is common in TIC subunits, including intramolecular bridges in Tic110, Tic40, Tic55, DnaJ-J8, 

and supramolecular bridges between Tic40 and Tic110 (reviewed in Balsera et al., 2010). At 

least some of these disulfide bridges are regulated by stromal thioredoxins (Bartsch et al., 2008). 

As in the case of TOC, disulfide bridge formation arrests active translocation, while reducing 

agents and dithiols are effective at relieving this inhibition (Stengel et al., 2009).  

Additionally, protein-protein interactions regulate the import rate through TIC. The redox 

regulon of Tic32, Tic55, and Tic62 all negatively regulate Tic110 and Tic40 based on redox 

status and other physiological conditions (Caliebe et al., 1997; Hörmann et al., 2004; Küchler et 

al., 2002). Tic32 is an NADPH-dependent dehydrogenase that binds competitively to NADPH 

and calmodulin, thus integrating both redox and calcium levels to fine-tune protein translocation 

affinity or efficiency (Chigri et al., 2005; Küchler et al., 2002). TIC activity responds strongly to 
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calcium levels, likely as a result of TIC32 activity (Balsera et al., 2009). TIC62 is also an 

NADPH-dependent dehydrogenase, but it binds with ferredoxin:NADP(H) oxidoreductase 

(FNR) instead of calmodulin (Küchler et al., 2002; Stengel et al., 2008). While NADPH-bound, 

TIC62 decreases translocation, but upon FNR binding, it dissociates into a soluble complex in 

the stroma (Chigri et al., 2006; Stengel et al., 2008). TIC55 is a Rieske-type monooxygenase 

which was initially described to have effects on translocation (Caliebe et al., 1997), but a lack of 

definitive phenotype in the mutants has cast doubt on that role (Boij et al., 2009; Chou et al., 

2018). However, observed roles in chlorophyll breakdown and dark-induced senescence may 

instead indicate a specific regulatory function in senescent plastids (Chou et al., 2018; 

Hauenstein et al., 2016). 

TIC Channel 

The identity of the core TIC channel has been a subject of debate for some time due to 

observed channel activities for both TIC110 and TIC20. TIC110 is one of the most abundant 

proteins of the inner membrane (Kessler and Schnell, 2006), and is present in TOC/TIC 

supercomplexes (Chen and Li, 2017; Kouranov et al., 1998), so it was widely accepted as the 

channel protein. Furthermore, it interacts with a wide variety of other subunits and chaperones 

involved in TIC translocation, suggesting a core role if not acting as the channel itself. Early 

observations showed that purified TIC110 has preprotein-dependent channel activity (Balsera et 

al., 2009; Heins et al., 2002), while antisera raised against TIC110 block an inner envelope anion 

channel, suggesting proximity to the channel mouth (van den Wijngaard and Vredenberg, 1999). 

However, this view has been challenged recently with an argument for a core 1-megadalton TIC 

complex comprised of a TIC20 channel supported by TIC56, TIC100, and TIC214/Ycf1 subunits 

(Kikuchi et al., 2013, 2009). In this model, TIC40 and TIC110 function instead as chaperone-
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recruiting scaffolds (Inoue et al., 2013; Kikuchi et al., 2009; Nakai, 2015a; Paila et al., 2015). In 

support of this new TIC hypothesis, Tic20 is similar in sequence and topology to Tim17/23, the 

inner membrane channel proteins of mitochondria (Inaba and Schnell, 2008; Kasmati et al., 

2011), whereas the Tic110 crystal structure indicates that it is unlikely to form a channel in vivo 

(Tsai et al., 2013). Furthermore, less than 5% of Tic110 is associated with TOC complexes based 

on chromatography experiments, which would be unlikely for a bona fide channel protein 

(Kouranov et al., 1998), Tic110 is also absent in the apicoplasts of Apicomplexans, which 

although simpler than higher plant plastids, retain a functional TOC/TIC translocon (Nakai, 

2015a). However, several observations render the TIC20 model incomplete. TIC20 is between 8 

to 100-fold less abundant than TIC110 (Kovács-Bogdán et al., 2011), although it is still present 

at a ratio of 1:2.5 between TIC20 and TOC75, which could be expected if one TIC channel 

serves a quadruplet or sextuplet TOC channel (Kikuchi et al., 2013). The most significant 

problem for the Tic20 hypothesis lies in inconsistent genetic evidence for its supporting subunits. 

Ycf1 is absent from the plastid genome of grasses, glaucophytes, rhodophytes, and parasitic 

plants, while TIC56 and TIC100 are also absent outside of higher plants (de Vries et al., 2015; 

Nakai, 2015b). Furthermore, a high level of import of a subset of proteins is still observed when 

TIC56 or YCF-1 are inhibited (Bölter and Soll, 2017; Köhler et al., 2015). Due to inconsistencies 

in both the TIC110 and TIC20 models, many authors have instead suggested that there are two 

independent TIC channels. One hypothesis posits that Tic110 serves as the general translocon 

pore while Tic20 imports a specialized subset (Kovács-Bogdán et al., 2011), and another argues 

for a redox-active Tic110 channel and a redox-independent Tic20 channel (Stengel et al., 2009). 

Finally, others suggest that Tic110 and Tic20 operate as independent but equally important 

channels (Bölter and Soll, 2016; Demarsy et al., 2014). Overall, the current evidence supports a 
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Tic20-centered channel, but questions regarding the compositional inconsistency of the TIC 

channel must be addressed before it can be definitively proven.  

Model of Translocase Mechanism 

The overall process of translocation through TOC/TIC has been classically described in 

three sequential steps: 1. An energy-independent, reversible binding step to the outer membrane 

and translocon (Andrès et al., 2010; Bräutigam et al., 2007; Pogson et al., 2008), 2. Insertion 

across the outer membrane, requiring low levels of ATP and GTP (Andrès et al., 2010; 

Bräutigam et al., 2007; Inaba and Schnell, 2008; Jarvis, 2008; Leister, 2003; Pogson et al., 2008; 

Stengel et al., 2007), and 3. translocation across the inner membrane, requiring high levels of 

stromal ATP (Constan et al., 2004; Inaba et al., 2005). Recent work by the Schnell lab examined 

the topology of early translocation intermediates and placed the N-terminus of transit peptides in 

contact with the TIC complex, the central region in contact with TOC75, and the C-terminal 

portion in contact with the TOC GTPases  (Richardson et al., 2018). This data, as well as recent 

findings in TIC translocation, has been incorporated into a revised model of chloroplast protein 

import that outlines what occurs at each stage of the import process (Figure 2).  

During the first stage of translocation in the revised model, energy-independent binding 

is governed by the interaction between the transit peptide and both lipid and protein components 

of the chloroplast outer membrane. The chloroplast outer membrane contains high concentrations 

of non-bilayer and chloroplast-specific galactolipids monogalactosyldiacylglycerol (MGDG) and 

digalactosyldiacylglycerol (DGDG) (Pinnaduwage and Bruce, 1996) as well as unusual 

constituents such as sulfolipids and negatively-charged phosphatidylglycerol (Block et al., 2007; 

Joyard et al., 1991). Even at the higher estimates of 140 receptors per square micrometer, the 

outer membrane has unusually low protein content which exposes large areas of open lipid 
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surface area for transit peptide interaction (Block et al., 1983; Bruce, 2000). Transit peptides 

have been observed to change secondary structure when exposed to MGDG (Bruce, 1998; Wienk 

et al., 2000), and in vitro tests suggest that high-efficiency protein translocation is highest at 

physiological MGDG levels of about 20 mol% (Pinnaduwage and Bruce, 1996; Van’t Hof et al., 

1993; Van ’t Hof and de Kruijff, 1995b). Furthermore, treatment of chloroplasts with 

phospholipase inhibits transfer rate of preproteins to the TOC complex but does not affect 

binding to the TOC complex itself (Kerber and Soll, 1992). Protein-dependent interactions may 

also be mediated by the POTRA domains of TOC75, which face the intermembrane space and 

are thus protected from proteases (Paila et al., 2016). Finally, energy-independent binding likely 

occurs between the highly acidic A-domain of TOC159 paralogs (e.g., Jackson-Constan and 

Keegstra, 2001) and the arginine/lysine-enriched C-terminal end of transit peptides. 

While the second stage of chloroplast protein import has historically been defined by 

translocation across the outer membrane, early binding intermediates contact components of TIC 

before committal to full translocation (Richardson et al., 2018), and stromal chaperones 

including Hsp70 and Hsp93 bind at this stage (Huang et al., 2016). Because multiple TIC 

components are involved in early stages of transit peptide interaction, the intermediate stages 

likely involve “priming” of both translocons into an import-competent state. In support of this, 

transit peptide mutants that either lack a C-terminal GTPase binding domain or have insufficient 

length and flexibility can bind to TOC but not translocate (e.g., Pilon et al., 1995; Rensink et al., 

2000, 1998), while transit peptides with a reversed sequence can bind but not trigger 

translocation (Chotewutmontri et al., 2012). Priming of the translocation reaction requires low 

levels of GTP and ATP suggesting interaction both with the TOC GTPases and stromal heat 

shock proteins. Preproteins act as GTPase nucleotide exchange factors by disrupting homo- and 
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heterodimers of TOC33 and TOC159, triggering GTP hydrolysis (Jelic et al., 2003; Oreb et al., 

2011; Reddick et al., 2007). Therefore, transit peptides require simultaneous interaction of TIC-

binding components at the proximal end and TOC-binding components at the distal end along 

with a sufficient spacer motif to stretch across the two membranes. This topology was recently 

confirmed at the earliest stages of transit peptide binding (Richardson et al., 2018).  

Interaction with the TOC33 GTPase likely stabilizes early translocation intermediates 

(reviewed in Andrès et al., 2010; Tee, 2018), but TOC159 likely serves as a GTP-mediated 

switch which is translocation-competent when GTP-bound but is inactive or less competent in a 

GDP-bound state (Agne et al., 2009; Koenig et al., 2008; Sun et al., 2002; Wang et al., 2008). A 

final “primed” stage emerges when both TOC33 pairs are homodimerized in a GDP-bound state 

while GTP-bound TOC159 binds the preprotein (Chang et al., 2017; Richardson et al., 2018; 

Tee, 2018). On the TIC side of this mechanism, the requirement for low ATPase activity implies 

the involvement of the stromal chaperones. Although the identity of the TIC components can 

only be speculated at this point, it is likely a complex of Tic110/Tic40 plus their associated 

chaperones. This hypothesis could also explain the high molar abundance of Tic110 in 

comparison to Tic20: if the GTPase switch is the rate-limiting step of translocation, a high molar 

abundance of Tic110 could facilitate rapid translocation of preproteins. Hsp70 and Hsp93 are 

obvious candidates, as both bind in the early stages of import (Huang et al., 2016). The in vivo 

import capacity is strongly influenced by the first ten residues (Chotewutmontri et al., 2012), and 

77% of transit peptides contain an Hsp70 binding site in the first 20 residues (Chotewutmontri 

and Bruce, 2015). However, Hsp93 binding is exclusively dependent on a binding site at the 

extreme N-terminus (Bruch et al., 2012), while Hsp70 can bind multiple regions in both the 

transit peptide and mature protein (Huang et al., 2016). Given this data, it is likely that both 
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chaperones bind simultaneously in a configuration that threads the proximal transit peptide 

residues through an Hsp93 hexamer while Hsp70 stabilizes this complex and prevents 

backsliding. 

Upon successful priming, the transit peptide is in a “stretched” configuration with both 

the N- and C-termini bound by the TIC and TOC receptor subunits, respectively. Stimulation of 

a final TOC159 GTPase round by a true transit peptide triggers the final stage of translocation by 

releasing C-terminal transit peptide domain from TOC159, upon which uninhibited translocation 

can commence. Given that a minority of TIC110 is associated with the TIC complex (Kouranov 

et al., 1998), it is tempting to speculate that membrane diffusion of TIC40 and TIC110 provides 

some of the force necessary for spooling the preprotein through TIC, or otherwise facilitates 

rapid clearing and re-priming of TIC. High ATP consumption during this phase by Hsp70 and 

Hsp93 assists in translocation. Of the two, ATPase activity of Hsp70 has a greater effect on 

translocation rate and efficiency than Hsp93, suggesting that it is the motor protein (Huang et al., 

2016; Liu et al., 2014). In support of this mechanism, an ATPase motor complex of chloroplast-

encoded Ycf2 and FtsH proteins has also been recently described (Kikuchi et al., 2018). If this is 

the case, Hsp70 could instead function as “teeth” in a Brownian ratchet mechanism (Esaki et al., 

1999; Yamano et al., 2008). There are several testable hypotheses emerging to unravel the roles 

of each chaperone in preprotein translocation.  

 

3. Intraplastidial Sorting and Processing 

Once successful translocation is initiated, the transit peptide must be cleaved to produce a 

mature, stable protein (Zhong et al., 2003). Cleavage may alternatively reveal secondary transit 

signals to route proteins to the inner envelope, thylakoid membrane, or lumen. In this section, 
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secondary targeting and processing of the cleaved transit peptide will be discussed in further 

detail.  

N-terminal Maturation  

Initial cleavage of the transit peptide is performed by signal peptide peptidase (SPP) (Richter 

and Lamppa, 1999, 1998), but the N-terminus of the mature protein is polished in most cases in a 

process called “maturation.” The N-terminal residue is a major determinant of protein stability in 

the plastid, following the “N-end” rule (Apel et al., 2010; Bachmair et al., 1986; Dougan et al., 

2012; Gibbs et al., 2014; Nishimura et al., 2013; Rowland et al., 2015; Tasaki et al., 2012; van 

Wijk, 2015). Artificial peptides starting with glutamic acid, methionine, and valine are especially 

stable in chloroplasts, while peptides starting with asparagine, cysteine, glutamine, histidine, 

isoleucine, proline, and threonine are unstable (Apel et al., 2010).  Maturation is controlled by 

stromal amino-peptidases (APs), of which seven have been identified by shotgun proteomics in 

Arabidopsis chloroplasts, with leucine-, glutamine-, and amino-APs being most abundant 

(Zybailov et al., 2008). Both leucine and glutamine are associated with protein instability, 

making the high abundance of these APs a strong indicator of a plastid N-end rule. For a more 

comprehensive review of N-terminal maturation, refer to van Wijk, 2015.  

Transit Peptide Degradation 

Free transit peptides are membrane-seeking and can penetrate membranes, potentially 

causing toxicity by disrupting membrane potential and decoupling redox status (Nicolay et al., 

1994; Pinnaduwage and Bruce, 1996; Van ’t Hof and de Kruijff, 1995a; Wieprecht et al., 2000). 

To prevent this, a succession of proteases acts sequentially on cleaved peptides until only free 

amino acids remain. First, the transit peptide undergoes secondary cleavage by SPP, with 

resulting fragments released into the stroma (Richter and Lamppa, 1999). Larger fragments 
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between 20-65 amino acids are then processed by presequence proteases 1 and 2 (PreP1/2) 

(Glaser et al., 2006; Ståhl et al., 2005), and shorter fragments of 11-20 amino acids are degraded 

by organellar oligopeptidase (OOP) (Kmiec et al., 2013). Final degradation of 3-5 residue 

peptides into free amino acids occurs via the metalloprotease M17-20 (Teixeira et al., 2017).  

Inner Membrane Trafficking 

Proteins bound for the inner envelope typically contain canonical N-terminal transit 

peptides that function identically to stromal transit peptides (Cline and Henry, 1996; Lee et al., 

2017a); exceptions are covered in section 4 (Noncanonical import). As a result, most inner 

envelope proteins following the “post-import” route are TIC-dependent and can be correctly 

localized even if expressed from the chloroplast genome (Singh et al., 2008). An inner 

membrane SecAYE translocase, cpSec2, was recently identified (Li et al., 2015; Skalitzky et al., 

2011) and reliable evidence for cpSec2-dependent insertion of inner membrane proteins 

including TIC40 and FtsH12 has been described (Li et al., 2017). Based on similar 

characteristics, PIC1 (Singhal and Fernandez, 2017) and Tic110 (Li and Schnell, 2006; Lübeck 

et al., 1997) are also Sec2 candidates. Interestingly, Sec2 depletion also affects the abundance of 

thylakoid membrane proteins including Alb3, SecY1, and TatC (Li et al., 2017). The thylakoid 

membrane is thought to originate invagination of the inner envelope (e.g., Kobayashi et al., 

2007), so Sec2 may be responsible for initial insertion of these thylakoidal translocases. 

Targeting of preproteins to Sec2 is still poorly understood, but appears to be dependent on 

hydrophobic motifs or serine/proline-rich motifs in substrate proteins, whereas specificity for the 

thylakoid cpSec1 is influenced by signal recognition particle (SRP) signals in preprotein N-

termini (Knight and Gray, 1995; Singhal and Fernandez, 2017; Tripp et al., 2007; Viana et al., 

2010).  
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Thylakoid Trafficking 

Preproteins bound for the thylakoid membrane or lumen have a secondary transit peptide 

called a “thylakoid transfer domain” downstream of the SPP cleavage site (de Boer and 

Weisbeek, 1991; Smeekens et al., 1986). The thylakoid membrane contains three translocases: 

SecY, Twin-Arginine Translocase (TAT), and Albino3 (Alb3), each of which has unique 

properties and substrates.  

Among soluble lumenal proteins, 50% are estimated to be substrates of cpSec, while 

cpTAT transports the remaining 50% (Peltier et al., 2002; Schubert et al., 2002). The cpSec 

channel is roughly analogous to ER and bacterial homologs, containing a SecY channel subunit, 

the ATPase subunit SecA, and a complex-stabilizing SecE (Frain et al., 2016). Transport of 

lumenal proteins through cpSec is driven by ATPase activity of its SecA subunit (Aldridge et al., 

2009; Dalbey and Chen, 2004). The cpTAT complex consists of Tha4, Hcf106, and cpTatC, 

corresponding to the E. coli homologs TatA, TatB, and TatC, respectively (reviewed in Frain et 

al., 2016). cpSec is incapable of transporting folded proteins due to a fixed-width channel, while 

TAT can transport proteins that either require folding in the stroma to be functional or proteins 

that fold too rapidly to be efficiently processed by cpSec (Aldridge et al., 2008; Hynds et al., 

1998; Matos et al., 2008). TAT forms oligomeric complexes dynamically and is hypothesized to 

form flexible oligomers to accommodate folded protein of varying sizes (Frain et al., 2016; 

Gohlke et al., 2005). Additionally, the Tha4 (TatA) component of TAT has proofreading 

capacity and can reject misfolded proteins (Matos et al., 2008). TAT does not have inherent 

ATPase activity, but is instead driven by proton motive force or membrane potential, and is 

referred to as the ΔpH pathway in early literature (Braun et al., 2007; Theg et al., 2005). 

Specificity for Sec and TAT is not well-understood, although the eponymous twin-arginine motif 
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of TAT substrates appears necessary though insufficient for the avoidance of cpSec; additional 

positively-charged amino acids at the N- and C-termini appear to more effectively avoid cpSec 

(Bogsch et al., 1997; Zhu et al., 2013). 

Translocation of membrane-bound thylakoid membrane proteins is performed by cpSec, 

Alb3, or a combination of the two. There are 138 integral thylakoid membrane proteins in the 

PPDB database of which about 50 are expressed from the plastid genome (Celedon and Cline, 

2013; Sun et al., 2009). Alb3, unlike cpSec and cpTAT, is a monomeric protein that lacks a 

central channel and instead contains a “greasy slide” that functions to chaperone soluble lumenal 

loops across the membrane (Hennon et al., 2015; Kumazaki et al., 2014; Wang and Wang, 2009). 

Most Alb3-dependent proteins tend to have an uneven number of transmembrane domains, thus 

requiring translocation of at least one soluble terminal domain (Woolhead et al., 2001). Studies 

in the bacterial homolog YidC have demonstrated that introducing positive changes to 

translocated loop regions can lead to YidC dependency (Gray and Henderson-Frost, 2011; Zhu et 

al., 2013). Additionally, insertion of polar residues into transmembrane domains leads to YidC 

requirement (Price and Driessen, 2010; Zhu et al., 2013). Conversely, soluble translocated 

domains greater than 100 amino acids tend to be less dependent on YidC, perhaps due to dilution 

of unfavorable charges and hydrophobicity (Wickström et al., 2011). Similar import 

determinants for Alb3 are likely given the high degree of sequence conservation between Alb3 

and YidC (Hennon et al., 2015). Many Alb3 and cpSec substrates are delivered by the 

chloroplast signal recognition particle (SRP) pathway, which recognizes substrates via 20-30 

residue hydrophobic signal peptide-like sequences downstream of a positively-charged motif and 

upstream of a polar lumenal peptidase site (Eichacker and Henry, 2001). Interestingly, 

chloroplast SRP complexes lack the RNA subunit typically found in ER-type SRPs and instead 
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contain a novel subunit cpSRP43 that prevents aggregation of substrates (Falk and Sinning, 

2010; Shuenemann et al., 1998). SRP-bound preproteins are recognized by cpFtsY, which guides 

SRP complexes to Alb3 or Sec and releases the protein in a GTP-dependent manner (Eichacker 

and Henry, 2001; Frain et al., 2016; Goforth et al., 2004; Kogata et al., 1999). For further 

information on plant SRPs, see Ziehe et al., 2017.  

 

4. Noncanonical import  

While the vast majority of plastid-targeted proteins appear to use the TOC/TIC 

translocons (Row and Gray, 2001), a small subset of proteins are targeted and inserted via 

alternative routes. Estimates of noncanonically-imported proteins range from just 24 outer 

membrane proteins (Inaba and Schnell, 2008) to 343 proteins in Arabidopsis (Armbruster et al., 

2009). However, investigation of 28 of the proteins revealed that only four had unambiguous 

chloroplast localization, while an additional six had ambiguous targeting (Armbruster et al., 

2009). Thus, such proteins likely represent the minority of plastid-targeted proteins. Three major 

noncanonical import routes have been determined to date.  

Outer envelope proteins  

The outer envelope proteins are a major group of noncanonically-imported proteins, and 

TOC75 is the only known example of this group with a canonical transit peptide (Inoue et al., 

2001). Despite earlier suggestions that outer envelope proteins insert spontaneously into the 

membrane (Jarvis and Robinson, 2004; Schleiff and Klösgen, 2001), many lose import 

competency in thermolysin-treated plastids and most are likely still dependent on TOC75 

(Hofmann and Theg, 2005; Tu et al., 2004). For example, OEP14 is capable of high-efficiency 

integration into proteoliposomes containing just TOC75 (Tu et al., 2004), while outer envelope 
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protein (OEP) 64 and digalactosyldiacylglycerol synthase 1 (DGD1) compete with the import of 

preRBCS, also implicating a role of TOC75 (Hofmann and Theg, 2005). Targeting of C-terminal 

tail-anchored proteins including TOC159, OEP7, OEP9, and OEP64 occurs via cytosolic ankyrin 

repeat proteins Akr2A and Akr2B, which bind simultaneously to cytosolic ribosomes during 

translation and to lipids in the chloroplast outer membrane, thus decreasing the requirement for 

interaction with the GTPases (Bae et al., 2008; Dhanoa et al., 2010; Kim et al., 2015, 2014). 

Uniquely for an outer membrane protein, TOC159 requires both TOC75 and TOC33 for 

insertion (Bauer et al., 2002; Hiltbrunner et al., 2001b; Smith et al., 2002; Wallas et al., 2003). 

Curiously, the C-terminal tail anchor domain of TOC159 from Bienertia sinuspersici can 

function as a cleavable transit peptide, suggesting that its targeting is also stabilized by TOC33 

interaction (Lung and Chuong, 2012). In contrast, TOC33 appears to insert directly into protein-

free liposomes, independent of chaperones or TOC75 (Dhanoa et al., 2010; Qbadou, 2003). A 

cytosolic loop of TOC75 has been shown to help recruit TOC33, but the channel itself may not 

be used in this process (Ertel et al., 2005). 

Inner membrane proteins:  

Several exceptions to the dominant “post-import” route for inner envelope-localized 

proteins appear to bypass TIC-mediated translocation and are GTP-independent. Cases such as 

this likely require the TOC75 channel but bypass the GTPase-mediated switch as they do not 

become imported to the stroma. The “stop-transfer” pathway uses a lateral insertion mechanism 

at TIC to insert directly without passing through a stromal intermediate stage (Brink et al., 1995; 

Knight and Gray, 1995). Known examples include albino or pale green mutant 1 (APG1), 

accumulation and replication of chloroplasts 6 (ARC6), and trigalactosyldiacylglycerol 2 

(TGD2) (Froehlich and Keegstra, 2011; Motohashi et al., 2003; Viana et al., 2010). Other 
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candidates for this route include chloroplast envelope quinone oxidoreductase homolog 

(ceQORH) (Miras et al., 2007, 2002) and TIC32 (Nada and Soll, 2004), both of which lack 

transit peptides and require only low levels of ATP. The proposed mechanism is based on bulky 

hydrophobic residues of the mature transmembrane domains, but high glycine content and low 

proline content appear to also have a role  (Froehlich and Keegstra, 2011). More unusual 

examples of TIC-independent import include the soluble TIC22, which does not compete with 

stromal preprotein for translocation yet is still ATP-dependent and requires protease-sensitive 

proteins of the outer membrane (Kouranov et al., 1999). Plastid type 1 signal peptidase (PlsP1) is 

another example but is insensitive to protease digestion of the outer membrane (Inoue et al., 

2005).  

Glycosylated proteins  

In rare cases, chloroplast-targeted proteins that require glycosylation or other forms of 

specialized modification cannot use canonical import pathways. α-carbonic anhydrase 1 (CAH1) 

(Villarejo et al., 2005) and nucleotide pyrophosphatase/phosphodiesterase (NPP1) (Nanjo et al., 

2006) use signal peptides to direct initial transport into the endoplasmic reticulum (ER), followed 

by TOC-independent import to chloroplasts. Treatment with brefeldin A, an inhibitor of Golgi-

mediated vesicle transport, severely inhibits accumulation in the chloroplast, suggesting that 

vesicular fusion may deliver them to the intermembrane space. After this fusion, glycosylated 

proteins could enter the stroma by vesicle budding from the outer membrane, through an 

unknown inner membrane transporter, or by passage through the TIC translocon independent of 

TOC (Radhamony and Theg, 2006). If the revised TOC/TIC mechanism is correct, the latter 

hypothesis would be the most parsimonious route: proteins inserted into the intermembrane 

space could bypass the TOC159 GTPase switch and engage with the TIC import machinery 
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freely. Some (e.g., Bhattacharya et al., 2007) have suggested that ER-trafficked proteins could 

represent relicts of a more ancient targeting mechanism. In most algae, plastids are enveloped 

within the ER and thus require bipartite transit peptides consisting of an N-terminal signal 

peptide and a buried chloroplast transit peptide (reviewed in Nassoury and Morse, 2005). In 

plants, however, it is likely that the TOC/TIC translocons represent the primitive import 

mechanism, and that ER trafficking later evolved to accommodate glycosylated proteins (Bodył 

et al., 2009).  

 

5. Current Status of Plastid Proteomics 

Plastid morphogenesis and differentiation is a complex and multifaceted process which 

alters the quantity and abundance of nuclear-encoded proteins as well as the transcription and 

translation rate of genes in the chloroplast genome (Liebers et al., 2017). Plastid morphotype 

variants are well-described by microscopy, including not only the archetypical chloroplast, but 

also pre-chloroplastic etioplasts, pigmented chromoplasts, biochemically-active leucoplasts, and 

starch-storing amyloplasts (reviewed in Solymosi and Keresztes, 2013; Wise, 2007). Within a 

species, plastids can rapidly change form in response to developmental or environmental cues, as 

exemplified in the etioplast to chloroplast transition in seedlings, and the chloroplast to 

chromoplast transition which is well-established in tomato (e.g., Muraki et al., 2010). New forms 

of plastids are still being discovered, including tannosomes, which export phenolic precursors to 

the vacuole (Brillouet et al., 2013), dessicoplasts (xeroplasts), which protect plastids during 

extreme drought stress (Ingle et al., 2008; Tuba et al., 1994), and phenyloplasts, which 

accumulate a single large osmiophilic vesicle that stores phenol glucosides in vanilla orchid 

(Brillouet et al., 2014). In developing apple peel, novel hybrid plastids displaying both 
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chromoplast and leucoplast characteristics arise in the epidermal cell layer, while hybrid 

chloroplast/amyloplasts predominate in collenchymal tissue (Schaeffer et al., 2017; Solymosi 

and Keresztes, 2013). These morphological and biochemical changes are mediated by regulation 

of plastid gene expression and differential import of nuclear-encoded plastid-targeted genes. 

Classification of these proteins has historically been accomplished at scale using high-throughput 

shotgun proteomics, with a smaller percentage using fluorescent protein chimeras. In silico 

methods are increasingly being used as their predictive power continues to improve and are 

widely used to supplement proteomics studies. However, the predictions need to be validated 

with experimental approaches. These methods and their merits and limitations will be discussed 

further in this section.   

High-Throughput Proteomics 

A wealth of experimental data exists for chloroplast-targeted proteins in Arabidopsis, 

rice, and maize, represented in databases including AT_CHLORO (Ferro et al., 2010), Suba4 

(Heazlewood, 2005; Heazlewood et al., 2007; Hooper et al., 2017), plprot (Kleffmann et al., 

2006), and PPDB (Sun et al., 2009; Van Wijk, 2004). Due to this exhaustive coverage, this 

review will not focus on chloroplast-targeted proteins, and will instead examine plastid 

proteomics in non-green plastids and in non-model species. Understandably, such research has 

been hampered by the difficulty of isolating different plastid morphotypes. Notable studies 

published so far are summarized in Table 2. Due to the biological diversity of metabolic 

functions carried out by non-green plastids as well as significantly different isolation, detection, 

analysis, and curation methods, the capture of proteomics data from a single development stage 

or plastid type does not provide a comprehensive picture of the plastid proteome. For instance, 

only 32% of the proteins identified in chromoplasts by Suzuki et al. (2015) overlapped with 
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those identified by Barsan et al. (2010). Commonly, chromoplasts are enriched in carotenoid 

storage and synthesis proteins and jasmonic acid biosynthetic enzymes (Barsan et al., 2010; 

Siddique et al., 2006; Suzuki et al., 2015; Y. Q. Wang et al., 2013; Zeng et al., 2011; Zhu et al., 

2018). Elaioplasts (oleoplasts) of citrus peel are significantly more active in terpene synthesis 

compared to chromoplasts of the same tissue while having far fewer proteins involved in 

carotenoid metabolism (Zhu et al., 2018). Amyloplasts are most abundant in carbohydrate 

metabolism and hexose transporters as expected, but also contain significant lipid and amino acid 

biosynthesis (Andon et al., 2002; Balmer et al., 2006; Dupont, 2008). Etioplasts contain much of 

the photosynthetic machinery with a few exceptions, as well as abundant amino acid and lipid 

biosynthesis enzymes (Kanervo et al., 2008; Kleffmann et al., 2007; von Zychlinski et al., 2005). 

For all types of non-green plastids, enrichment of NTP translocators, hexose transporters, and 

carbohydrate metabolism enzymes point to heterotrophic but highly active metabolism. 

Similarly, abundant chaperone and heat shock proteins suggest that protein translation and 

import is extremely active in all plastid types, not just in chloroplasts. Finally, redox enzymes 

found in all plastids but especially abundant in chromoplasts allude to a need for pathogen 

defense, membrane protection, and reactive oxygen species detoxification. Up to 21 genes 

involved in the ascorbate-glutathione cycle alone were found in tomato chromoplasts (Barsan et 

al., 2010). This research is an encouraging step in expanding knowledge of plastid proteomics 

beyond the chloroplast and is expected to shed light on a more holistic view of plastid 

proteomics and enable greater accuracy in predicting not only plastid localization but also 

categorization of different import classes (van Wijk and Baginsky, 2011). However, the research 

in non-green plastids is still far from reaching parity with chloroplast proteomics.  
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Bioinformatics Predictions 

An attractive alternative to high-throughput proteomics is the use of computer algorithms 

to predict and compare plastid-targeted proteins. This methodology is not dependent on isolation 

technique but is limited to identifying localization without expression level or plastid 

morphotype information. This method is time- and cost-efficient compared to wet lab methods, 

and with proper application, can approach a higher level of accuracy. Prediction software 

typically examines the N-terminal portion of protein models and uses either sequence and motif 

characteristics or annotation and sequence homology to determine localization. The lack of 

conserved sequence or domain structure in chloroplast transit peptides complicates prediction, 

but TargetP (Emanuelsson et al., 2007, 2000), the most commonly-used program for predicting 

chloroplast-targeted proteins, performs with 86% sensitivity and 65% specificity when compared 

with curated mass spectrometry data (Zybailov et al., 2008). Newer algorithms incorporating 

annotation and homology features as well as approaches using a combination of algorithms 

achieve even greater accuracy. A comprehensive analysis of six major programs using publicly-

available organellar proteomics data found that a “2 of 3” combination of TargetP, MultiLoc2, 

and Localizer achieved better overall performance than any single predictor (Christian et al., 

2019b, unpublished). Bioinformatics methods have largely been used on either small datasets or 

as a tool to curate mass spectrometry data, but several publications have applied them at the 

whole-genome level. The first such approach identified 2,261 proteins in Arabidopsis and 4,853 

in rice (Oryza sativa) with predicted plastid localization; 880 and 817 of these proteomes are 

thought to originate from the cyanobacteria respectively (Richly and Leister, 2004c). This study 

furthermore described that the number of non-essential genes outnumber essential genes and 

suggested that the majority of plastid-targeted proteins are eukaryotic in origin. This analysis was 
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expanded to seven higher plant species, and the publication reported that only 737 proteins 

constituted the core, essential plastid-targeted genes (Schaeffer et al., 2014). Additionally, 

Schaeffer et al. reported a low of 795 species-specific plastid-targeted proteins in Prunus persica 

and a high of 4,817 in Malus × domestica. Arabidopsis alone had 2,154 species-specific plastid-

targeted proteins. Recently, these techniques were applied to 15 plant genotypes representing a 

broad mixture of Angiosperm species, which found between 628-828 sequences to be shared 

among chloroplast proteomes of all species, and semi-conserved or species-specific plastid-

targeted proteins were between six to 25 times more abundant (Christian et al., 2019b, 

unpublished). Additionally, almost 1,000 gene loci in the Arabidopsis pan-genome have 

differential use of chloroplast transit peptides, and the same is true for nearly 9,000 gene families 

in the Brachypodium distachyon pan-genome (Christian et al., 2019a, unpublished). Relatively 

few proteins are chloroplast-localized in all species, and most plastid-targeted proteins are likely 

to taxa-specific or non-essential. However, not much is known about the function of these non-

essential chloroplast genes, when they are expressed, or what plastid morphotype they 

accumulate in. Although this work is currently only predictive, the potential impact of non-

essential plastid-targeted proteins merits further investigation to determine how much of a role 

they play in species-specific manner.  

 

6. Conclusions and Future Directions  

The ongoing research on chloroplast transit peptides and components of the chloroplast 

import apparatus are drawing closer to describing a comprehensive theory of protein 

translocation. However, significant work remains in understanding the mechanism and core 

composition of the TIC complex, as well as uncovering the specifics of the many stromal 
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chaperones during translocation. A universal model would not only further the basic 

understanding of this crucial process in plants but would also facilitate more accurate modeling 

of the transit peptides, and therefore would increase the power and accuracy of bioinformatics 

tools. As the pace of high-throughput sequencing continues to accelerate in the characterization 

of new genomes and pan-genomes, such workflows would enable the more rapid assessment and 

annotation of potentially novel protein functions. The central role of the plastid makes it an ideal 

search ground for traits involved in alteration of photosynthetic efficiency, enhancement of 

nutrition and stress tolerance, and biosynthesis of novel bioactive compounds.  
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Table 1: Regulation Points of TOC/TIC. All current literature on regulation of protein import by formation of disulfide bridges, 

protein-protein interactions, proteolysis, phosphorylation, and ligand binding are summarized here. Where known, the effect of 

each component on import is indicated.  

Category Component Cofactors/ 

Ligands 

Effect on Import References 

Disulfide Bridge Toc64  Decrease (Sohrt and Soll, 2000) 

Disulfide Bridge Tic110 Tic40 Decrease (Balsera et al., 2009; Stahl et al., 1999) 

Disulfide Bridge 
Toc75 

Toc33, 

Toc159 
Decrease (Seedorf and Soll, 1995; Stengel et al., 2009) 

Disulfide Bridge Tic55  Unknown (Balsera et al., 2009; Bartsch et al., 2008) 

Disulfide Bridge Tic110-

Tic40 
 Unknown (Stahl et al., 1999) 

Protein-Protein 

Interaction Tic32 Calmodulin Decrease 
(Chigri et al., 2006) 

 

Protein-Protein 

Interaction 
Tic62 FNR Decrease 

(Stengel et al., 2008) 

 

Proteolysis 
Toc159 

Ubiquitin/SP

1 E3 Ligase 
Decrease 

See Ling and Jarvis, 2015b and Ling and 

Jarvis, 2016 

Phosphorylation Toc159 KOC1 Increase (Zufferey et al., 2017) 

Phosphorylation  SnRK2   

Phosphorylation 
Toc159 

OEK70 

(KOC1?) 
Decrease (no data) (Fulgosi and Soll, 2002) 

Phosphorylation Toc33  Decrease (Jelic et al., 2002; Sveshnikova et al., 2000) 

Phosphorylation Toc33 OEK98 Decrease (Fulgosi and Soll, 2002) 

Ligand Binding Tic55 Thioredoxin Unknown (Bartsch et al., 2008) 

Ligand Binding Tic110 Thioredoxin Decrease (Balsera et al., 2009) 

Ligand Binding Tic62 NADPH Increase (Balsera et al., 2009; Stengel et al., 2008) 

Ligand Binding Tic32 NADPH Increase (Balsera et al., 2009; Chigri et al., 2006) 
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Table 2: Summary of Non-Green Plastid Proteomics Studies. Characterization of non-green 

plastids are poorly represented in proteomics literature and are represented by only a handful of 

major studies. However, several of the listed publications have found unique proteins in non-

green morphotypes that are not present in green chloroplasts. Arabidopsis: Arabidopsis thaliana; 

Cauliflower: Brassica oleracea; sweet orange: Citrus sinensis; carrot: Daucus carota; kumquat: 

Fortunella margarita; medicago: Medicago truncatula; papaya: Carica papaya; pea: Pisum 

sativum; pepper: Capsicum annuum; rice: Oryza sativa; tobacco: Nicotiana tabacum; tomato: 

Solanum lycopersicum; watermelon: Citrullus lanatus; wheat: Triticum aestivum 
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Publication Species Plastid type Method Number of 

unique plastid 

proteins 

Overlap with 

Chloroplast 

Proteome 

(Andon et al., 2002) Wheat Amyloplast 1-D/2-D gel, LC-MS/MS 171 N/A 

(Baginsky et al., 

2004) 
Tobacco Proplastid 

(RP-LC)-MS/MS 

(reverse-phase LC); used both 

electrospray and nanospray ionization 

168 121 

(von Zychlinski et 

al., 2005) 
Rice Etioplast LC-NI MS/MS 216 N/A 

(Ytterberg et al., 

2006) 
Arabidopsis 

Chloroplast 

(Plastoglobuli) 

nLC -MS/MS 

(Electrospray Ionization-tandem MS)) 
32 N/A 

(Siddique et al., 

2006) 
Pepper Chromoplast SDS-PAGE-(RP-LC)-MS/MS 151 N/A 

(Balmer et al., 2006; 

Dupont, 2008) 
Wheat Amyloplast 2-D gel, LC-MS/MS 180 N/A 

(Kleffmann et al., 

2007) 
Rice 

Etioplast, 

Chloroplast 
2-D PAGE 477 N/A 

(Kanervo et al., 

2008) 
Pea 

Etioplast, 

Chloroplast 

BN-PAGE, SDS-PAGE->LC-ESI 

MS/MS 
14 N/A 

(Bräutigam and 

Weber, 2009) 
Cauliflower Proplastid MS/MS 226 N/A 

(Barsan et al., 2010) Tomato Chromoplast LC-MS/MS 988 577 

(Daher et al., 2010) Medicago 
Nodular 

Leucoplasts 
LC-MS/MS 266 N/A 

(Zeng et al., 2011) Sweet Orange Chromoplast SDS-PAGE-LC-MS/MS 
418 

 
N/A 

(Barsan et al., 2012) Tomato 
Chloroplast, 

Chromoplast 
 1932 N/A 

(Y. Q. Wang et al., 

2013) 

Tomato 

Pepper 

Carrot 

Cauliflower 

Watermelon 

Papaya 

Chromoplast nLC-MS/MS 

953, 

1752, 

1891, 

2262, 

1170, 

1581 

N/A 

(Zeng et al., 2014) Sweet Orange Chromoplast 
Titanium oxide affinity 

chromatography LC-MS/MS 
109 N/A 

(Suzuki et al., 2015) Tomato Chromoplast GeLC-LC-MS/MS 605 82 

(Daher et al., 2017) Medicago 
Nodular 

Leucoplasts 
LC-MS/MS 490 N/A 
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Figure 1: Basic Transit Peptide Structural Model. The three major domains required for a 

functional transit peptide include a hydroxylated N-terminus (N-domain) for binding to cytosolic 

and stromal chaperones, a hydrophobic, uncharged central domain responsible for bridging the 

outer and inner envelopes, and a positively-charged C-terminus that interacts with TOC GTPases 

to stabilize early translocation intermediates and ultimately trigger full translocation. Some 

elements may be repeated or be present in only some transit peptides, such as acidic residues at 

the C-terminus that may confer selectivity for certain TOC GTPases (Christian et al., 2019a, 

unpublished).  
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Figure 2: Model of TOC/TIC translocation. The three stages of translocation are represented 

in three panels (A-C), corresponding to Energy-Independent Binding, Priming, and 

Translocation stages. Initial stages (1) involve binding of the central transit peptide domain to 

cytosolic chaperones, and binding of the proximal domain to TIC22 and the TO75 POTRA 

domains. Transition to the early translocation intermediate stage (2) involves translocation of the 

proximal domain across the inner membrane and binding to stromal chaperones, while the distal 

domain is stabilized by TOC GTPases. Triggering the final stage of translocation (3) involves a 

final GTPase cycle for primed transit peptides, followed by strong ATPase activity of stromal 

Hsp70 and other chaperones to pull the preprotein into the stroma. The N-terminal motifs of the 

transit peptide are represented in green, the central motifs in red, and the C-terminal motifs in 

yellow. Proteins shown in blue represent pore or channel proteins, proteins shown in orange are 

receptor or scaffold proteins, and proteins shown in green are chaperones.  
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Abstract 

 Plastids are morphologically and functionally diverse organelles that are dependent on 

nuclear-encoded, plastid-targeted proteins for all biochemical and regulatory functions. 

However, how plastid proteomes vary temporally, spatially, and taxonomically has been 

historically difficult to analyze at genome-wide scale using experimental methods. A 

bioinformatics workflow was developed and evaluated using a combination of fast and user-

friendly subcellular prediction programs to maximize performance and accuracy for chloroplast 

transit peptides and demonstrate this technique on the predicted proteomes of 15 sequenced plant 

genomes. Gene family grouping was then performed in parallel using modified approaches of 

reciprocal best BLAST hits (RBH) and UCLUST. Between 628 protein families were found to 

have conserved plastid targeting across angiosperm species using RBH, and 828 using UCLUST. 
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However, thousands of clusters were also detected where only one species had predicted plastid 

targeting, most notably in Panicum virgatum which had 1,458 proteins with species-unique 

targeting. An average of 45% overlap was found in plastid-targeted gene families compared with 

Arabidopsis, but an additional 20% of proteins matched against the full Arabidopsis proteome, 

indicating a unique evolution of plastid targeting. Neofunctionalization through subcellular 

relocalization is known to impart novel biological functions but has not been described before on 

genome-wide scale for the plastid proteome. Further work to correlate these predicted novel 

plastid-targeted proteins to transcript abundance and high-throughput proteomics will uncover 

unique aspects of plastid biology and shed light on how the plastid proteome has evolved to 

change plastid morphology and biochemistry. 

 

Introduction 

Plastids represent biochemically and morphologically complex organelles in the plant cell 

and can change both form and function drastically in response to developmental and 

environmental cues. A vestigial genome of between 120-160 kb harboring 90 protein-coding 

genes is present in the plastids of photosynthetic higher plants (Sugiura, 1992). However, the 

total chloroplast proteome conservatively contains 2,000-3,500 proteins as demonstrated in 

Arabidopsis (Armbruster et al., 2011; Millar et al., 2006; Richly and Leister, 2004), but as many 

as 4,875 plastid-targeted proteins are estimated in eSLDB (Pierleoni et al., 2007), and 5,136 by 

the Chloroplast 2010 project (Ajjawi et al., 2010; Lu et al., 2011; The Arabidopsis Genome 

Initiative, 2000). In Arabidopsis, there is evidence to support that roughly 4,500 genes and 1,392 

gene families are derived via horizontal gene transfer from the ancestral cyanobacteria, but less 

than 900 are predicted to be plastid-localized (Martin et al., 2002). Only 21% of plastid-targeted 
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rice proteins have a predicted homolog in the predicted Arabidopsis plastid proteome, while only 

38% is valid for the reciprocal comparison (Richly and Leister, 2004). A similar result was 

obtained in a comparison of six crop plants against Arabidopsis, in which an average of 51.0% of 

the predicted plastid proteome of each species matched sequences to the Arabidopsis predicted 

plastid proteome, while 67.5% matched against the full Arabidopsis proteome (Schaeffer et al., 

2014). Thus, most of the plastid pan-proteome is not conserved, but experiences fluctuation in 

individual species. Furthermore, as the number of shared sequences closely mirrors the number 

of genes of cyanobacterial origin, it is likely that non-conserved plastid-targeted proteins evolved 

primarily from Eukaryotic sequences. The variability in the predicted plastid proteome mirrors 

the observable diversity in plastid function and ultrastructure in different species and under 

different conditions. The diversity of plastid proteomes is evident even within the same plastid 

morphotype: the pigment-storing chromoplast alone has at least four described ultrastructural 

phenotypes across various species with unique suborganellar membrane structures that can occur 

either singly or mixed within individual plastids (Li and Yuan, 2013). Morphological differences 

in plastid shape and ultrastructure are noted even in genetically similar cultivars of the same 

species. Both chloroplasts and chromoplasts of developing apple peel differ significantly from 

tomato, which is used as a model reference for chromoplast differentiation in fruits (Barsan et al., 

2012; Egea et al., 2010). Variation has also been documented between the apple cultivars and the 

epidermal and collenchymal plastids (Schaeffer et al., 2017). 

The observed phenotypic differences could be explained based on three potential 

molecular factors: 1.) Differences in the expression of genes controlling the rate and total amount 

of protein accumulation. This aspect could lead to unique phenotypes without necessarily 

changing the subset of plastid-targeted proteins; 2.) Mutations within a shared group of plastid-
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targeted proteins could lead to neofunctionalization, and 3.) Gain or loss of transit peptides 

causing subcellular mistargeting could alter the total pool of plastid-targeted proteins. These 

factors are not mutually exclusive, and examples of each mechanism are known. Gene 

expression differences, possibly caused by epigenetic DNA methylation patterns, are responsible 

for differential protein accumulation in mesophyll and bundle sheath cells of C4 plants, 

illustrating the first point (Majeran, 2005; Majeran et al., 2008; Ngernprasirtsiri et al., 1989; 

Stockhaus et al., 1997). In support of the second mechanism, point mutations in the active site of 

plastid-targeted limonene synthase change the abundance and distribution of different 

monoterpenoid end products in bacterial expression systems (Srividya et al., 2015), and 

transplastomic expression of a delta-9 desaturase gene causes changes in fatty acid 

concentrations and levels of unsaturation, cold tolerance, leaf senescence, and seed yield (Craig 

et al., 2008) are additional examples. While it is challenging to address the neofunctionalization 

of plastid-targeted proteins via mutation without detailed reverse genetics experiments, the other 

mechanisms can be evaluated with high-throughput sequencing and bioinformatics. 

High-throughput proteomics using mass spectrometry (MS) has been an important means 

of surveying organellar proteomes and comprises the majority of current plastid proteome 

evidence. However, these techniques have historically been limited to the chloroplast 

morphotype and a restricted number of plant species. Excellent databases for high-throughput 

plastid proteomes based largely on mass spectrometry are accessible at AT_CHLORO (Ferro et 

al., 2010), PPDB (Sun et al., 2009), SUBA4 (Hooper et al., 2017), and CROPPAL (Hooper et al., 

2015). However, caution should be exercised in interpreting these datasets because MS is 

susceptible to high false positive errors due to contamination during plastid isolation, liberal 

mass tolerance, and errors in peptide mapping, among other problems (Jeong et al., 2012; 
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Nesvizhskii, 2010; van Wijk and Baginsky, 2011). While the use of reference genomes and 

transcriptomes can help overcome peptide mapping issues, other technical issues are more 

difficult to resolve. Use of fluorescent protein chimeras (e.g., GFP – green fluorescent protein), 

though lower-throughput, typically have higher biological accuracy. Using these, localization of 

low-abundance, as well as proteins from species lacking robust plastid isolation methods, can be 

evaluated with higher efficiency. However, GFP techniques are not immune to experimental 

error either. Since the sequence of the mature protein partially influences localization (e.g., 

(Doyle et al., 2013; Lisenbee et al., 2003; Small et al., 1998)), GFP fused to the native protein 

may alter localization in some cases. Furthermore, dual-targeted mitochondrial/chloroplast 

proteins can be mislocalized in GFP assays (Carrie et al., 2009). Alternative transcripts or 

alternative protein products may also produce differential subcellular localization that are either 

not captured in GFP assays or give ambiguous results. Given these experimental limitations, a 

robust bioinformatics workflow could enable rapid and cost-effective assessment of plastid 

proteomes with somewhat comparable accuracy. Though wet lab validation is still necessary, 

these datasets could narrow the focus to smaller subsets of proteins of interest which could be 

more manageably targeted for wet lab validation depending on the biological question being 

asked.  

The semi-conserved and sometimes ambiguous nature of chloroplast transit peptides 

makes in silico predictions challenging. However, sequence- and annotation-based approaches 

have yielded results with significant accuracy. Protein sequence-based prediction uses the amino 

acid content or the presence of conserved motifs in the peptide to make predictions. Use of the 

amino acid content alone, such as in the tool PCLR, is enough to predict many plastid-targeted 

proteins (Schein et al., 2001). More complex sequence-based identify conserved motifs, such as 
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in iPSORT (Bannai et al., 2002) and WoLF-PSORT (Horton et al., 2007), or sliding-window 

searching algorithm such as Localizer (Sperschneider et al., 2017), make predictions based on 

the sum of prediction vectors to determine transit peptide similarity. Finally, tools that use neural 

networks such as ChloroP (Emanuelsson et al., 1999), TargetP (Emanuelsson et al., 2007, 2000), 

Predotar (Small et al., 2004), PredSL (Petsalaki et al., 2006), and Protein Prowler (Bodén, 2014) 

use multiple layers of nodes to identify the best-scoring localization. In contrast, annotation-

based methods such as CLPFD (Chou and Cai, 2002) and EpiLoc (Brady and Shatkay, 2008), or 

simple text-based methods based on GO annotations (Fyshe et al., 2008), use homology to 

proteins with known localization to designate subcellular predictions. While these methods offer 

advantages over sequence-based methods for proteins with annotated homologs, they perform 

poorly for novel proteins (Xiong et al., 2016). Hybrid approaches including MultiLoc2 (Blum et 

al., 2009), Sherloc2 (Briesemeister et al., 2009), Y-Loc (Briesemeister et al., 2010), and Plant-

mPLoc (Chou and Shen, 2010) combine sequence- and annotation-based methods in an attempt 

to overcome this limitation. Unfortunately, the homology component of hybrid approaches is 

weighted more heavily, which can lead to the false prediction of proteins with transit peptide 

variation or for proteins with shared domains. Both high-throughput proteomics and 

bioinformatics approaches consistently indicate that the plastid proteome content is highly 

dynamic and likely has significant variability across the plant kingdom. With newer methods, 

ever-growing genomic resources, and availability of better gene annotation methods, earlier 

estimates of conserved and non-conserved sets of the plastid proteome warrant an update. 

This study evaluated the hypothesis that bioinformatics methods could achieve similar 

accuracy to experimental methods by comprehensively testing previously published subcellular 

prediction algorithms both alone and in combination. A specific combination of methods was 
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found to be most efficient, which was then used to globally predict nuclear-encoded plastid-

targeted proteins for fifteen higher plant species including eight eudicots, six monocots, and 

Amborella trichopoda, an early diverging species of the angiosperm clade. Two parallel 

approaches, Reciprocal-Best Blast Hit (RBH) and UCLUST (Edgar, 2010) were used to perform 

clustering, and the sub-cellular localization prediction for each cluster was analyzed to identify 

conserved, semi-conserved, and non-conserved plastid-targeted proteins. This approach 

evaluated the hypothesis that a relative minority of plastid-targeted genes are conserved among 

all species. It was found that natural selection and environmental influence has shaped the 

development of species-specific plastid proteomes.  

 

Results and Discussion  

Identification of Optimal Subcellular Prediction Workflows  

To test the hypothesis that a bioinformatics workflow could reach parity with 

experimental methodology, the accuracy of six subcellular prediction algorithms including 

TargetP (Emanuelsson et al., 2000), WoLF PSORT (Horton et al., 2007), PredSL (Petsalaki et 

al., 2006), Localizer (Sperschneider et al., 2017), Multiloc2 (Blum et al., 2009), and PCLR 

(Schein et al., 2001) was first evaluated using data from the original publications. Sensitivity, 

specificity, accuracy, and Matthew’s Correlation Coefficient (MCC) were evaluated for each 

program as it related to the prediction of plastid-targeted proteins (Table 1). Sensitivity, 

specificity, and MCC in TargetP were found to exactly match the values reported by 

Emanuelsson et al. (2000, 2007) and while minor differences were found for MultiLoc and 

PredSL, these discrepancies likely represent rounding errors. Unexpectedly, significant 

differences were found for PCLR and Localizer: in PCLR, sensitivity was found to be 52.1%, 
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which was about 5% lower than what was reported (Schein et al., 2001). In Localizer, calculated 

specificity was 78.9%, nearly 16% lower than the 95.7% reported (Sperschneider et al., 2017). In 

both cases, all other performance statistics were identical or nearly identical, so it is likely that 

the discrepancies in Localizer and PCLR represent either miscalculations or transcriptional errors 

in the data used for analysis in the original publications.  

Next, cross-validation of subcellular prediction programs was performed against proteins 

with experimentally-determined subcellular localization retrieved from AT_CHLORO (Ferro et 

al., 2010), PPDB (Sun et al., 2009; Van Wijk, 2004), CropPAL and CropPAL2 (Hooper et al., 

2015) and Suba4 (Heazlewood, 2005; Heazlewood et al., 2007; Hooper et al., 2017, 2014), 

resulting in 42,761 nonredundant sequences including 32,450 proteins validated by mass 

spectrometry (MS) and 3,722 validated by GFP. Most prediction algorithms were found to have 

lower performance against biological data than reported in the original reports, as shown in 

Table 2 and Figure 1. However, substantial differences were observed based on the method of 

experimental validation. On average among the six algorithms, sensitivity was 15.7% higher in 

the GFP-validated dataset while no significant change in specificity was found; this difference 

resulted in 10% higher overall accuracy and an increase of 0.159 in MCC for GFP-validated 

proteins. By further narrowing focus to a dataset of proteins validated by both methods, 

sensitivity increased by an additional 7.6%, and specificity increased 2.5%, on average. Due to 

the previously reported high false positive rates associated with shotgun proteomics of organellar 

proteomes (Nesvizhskii, 2010; van Wijk and Baginsky, 2011), program performance was 

expected to be much higher for GFP-validated proteins. While the dataset containing proteins 

experimentally validated by both GFP and mass spectrometry showed the highest apparent 

performance for the six subcellular prediction algorithms - and is likely closer to the biological 
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accuracy of these programs - it contains roughly a third as many proteins as the GFP-validated 

dataset and is heavily biased by Arabidopsis sequences. Therefore, remaining comparisons 

focused on the GFP-validated dataset. Similarly, MCC was used as the primary measure of 

biological accuracy of in silico approaches to avoid problems due to drastically different dataset 

sizes.  

Overall, the highest-performing program in terms of MCC was Localizer, followed by 

MultiLoc2-HR, TargetP, PCLR, PredSL, WoLF PSORT, and MultiLoc2-LR. Of these, PredSL 

and MultiLoc2-LR performed poorly with GFP-validated proteins compared to the original 

reports, while other programs decreased marginally or performed similarly to the published 

MCC. Among the six programs that were evaluated, Localizer had the highest performance 

regardless of the experimental method used for validation, which is surprising since it is a 

simpler tool than annotation-based methods which have been at the forefront of subcellular 

prediction methods recently. Part of Localizer’s increased accuracy may be due to its unique 

capacity to predict dual-targeted mitochondrial/chloroplast proteins. Over 200 dual-localized 

proteins have been described in Arabidopsis (Carrie and Small, 2013) and over 500 are predicted 

to have ambiguous transit peptides (Mitschke et al., 2009). Increased accuracy in the prediction 

of these sequences in Localizer could alone account for a portion of its higher performance. After 

Localizer, MultiLoc2 had the next-highest MCC and also had the highest specificity of any 

program, at 83% in GFP-validated proteins. MultiLoc is a hybrid method combining annotation 

and sequence analysis, so these findings support that the use of hybrid methods yields robust 

biological specificity. However, MultiLoc also had the worst sensitivity of any program, 

correctly predicting only 50% of bonafide plastid-targeted proteins validated by GFP or 31% of 

sequences validated by either GFP or mass spectrometry. TargetP, which has historically been 
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the most popular subcellular prediction program for plants since its introduction, was found to 

perform at lower accuracy than earlier estimates: even when using the more conservative GFP-

validated data, specificity was only 59% and sensitivity was 67%. Previous experiments using 

high-throughput shotgun proteomics have reported that the sensitivity of TargetP is as low as 

62% (Armbruster et al., 2011; Bhattacharya et al., 2007; Kleffmann et al., 2004; von Zychlinski 

et al., 2005). Use of strictly-curated data improves the apparent sensitivity up to 86%, but false 

positive rates are still problematic as a specificity of about 65% is observed (Zybailov et al., 

2008). The results presented here suggest that the biological accuracy of TargetP is somewhat 

closer to the initial estimates on non-curated data. PredSL, PCLR, and WoLF-PSORT were the 

lowest-ranked programs by MCC for prediction of plastid-targeted proteins, in that order, but 

typically had higher sensitivity than Localizer or MultiLoc2. 

Differences in the amino acid composition of transit peptides are observable between rice 

and Arabidopsis, which have an overrepresentation of alanine and serine, respectively (Zybailov 

et al., 2008). Therefore, differences in the prediction of monocot or eudicot sequences were 

assessed, and different programs displayed significant bias (Table 3). PCLR was the most 

drastically affected, with an MCC bias of +0.091 in monocots, representing a roughly 20% 

increase compared with eudicots. This finding is somewhat unsurprising because PCLR is the 

only program which uses sequence composition alone to make predictions and is, therefore, 

more susceptible to bias than motif- or annotation-based methods. TargetP was the only other 

tool that favored monocots, with an increase of 0.055 (+10.2%) in MCC. A marginal difference 

between monocot and eudicot prediction was observed when Localizer was used, which differed 

by only 0.008 in MCC, slightly favoring eudicots. Eudicot sequences were favored in the other 

prediction programs, with between 0.043 (+10%) higher MCC in WoLF POSRT and 0.066 in 
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PredSL (+14.9%). To the best of our knowledge, this is the first study to report this type of error 

or bias for in silico prediction methods. Some differences have also been described for the 

proposed subunits of the TIC translocon in grasses, which could result in coevolution of the 

transit peptide sequence composition (de Vries et al., 2015; Nakai, 2018, 2015). Choice of 

training and cross-validated datasets could significantly sway the predictions of sequence-based 

methods, while overrepresentation or prioritization of sequences for Arabidopsis and thereby 

eudicots could introduce bias to annotation-based methods. Although these species-specific 

differences are smaller than differences observed for sequences validated by mass spectrometry 

compared with GFP, they are still noteworthy and have consequences for whole-genome 

prediction. In contrast, WoLF-PSORT and Localizer were found to have insignificant if any bias, 

making them attractive both as standalone programs or in combinatorial approaches where they 

could mask biases of other programs.  

Combinatorial Approaches Outperform Single Programs: 

Use of multiple prediction algorithms in combination is a powerful strategy to combine 

the strengths and overcome the limitations of single programs. Combinatorial approaches have 

been used to improve the accuracy of predictions in whole-genome analyses (e.g., Richly and 

Leister, 2004) or to curate mass spectrometry data (e.g., Barsan et al., 2010; Zeng et al., 2014, 

2011; Zhu et al., 2018). Additionally, a combinatorial workflow using 22 prediction algorithms 

and four experimental techniques is used in the SUBAcon algorithm implemented for the 

SUBA4 database of Arabidopsis proteins which reportedly yields up to 97.5% accuracy for 

chloroplast localization and 90% for other compartments (Hooper et al., 2017, 2014). While 

SUBAcon does not strictly require experimental data to perform predictions, available evidence 

weighs heavily on the final prediction and contributes to the reported accuracy. Even if 
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experimental evidence were to be ignored, the use of 22 separate subcellular prediction 

algorithms is not feasible for individual researchers or application to enormous datasets. 

Therefore, a bioinformatics-based workflow that can work efficiently would be desirable.  

Calculations were performed for each possible permutation of subcellular prediction 

algorithms and for all possible acceptable thresholds for each combination as applied to GFP-

validated proteins. For example, for the combination of TargetP, PredSL, and Localizer, three 

thresholds were tested in which one, two, or all three programs needed to predict plastid 

localization to consider that protein as having a plastid transit peptide. To simplify analyses, the 

poorly-performing WoLF PSORT was removed from consideration (results including WoLF 

PSORT and datasets including MS-validated proteins are available in Additional File 2). In total, 

80 unique workflows including the five remaining standalone program workflows were 

evaluated against GFP-validated proteins, the results of which are graphically summarized in 

Figure 1, and numerically ranked by MCC in Table 4. Unequivocally, the results demonstrate 

that combinations of programs tend to outperform single programs for GFP-validated data: 

among the 25 workflows with the highest MCC, 23 were combinatorial approaches, while the 

standalone Localizer ranked tenth and Multiloc2-HR 22nd. Localizer was not only the best-

performing standalone program but was also overrepresented in combinatorial workflows: except 

the standalone Multiloc2-HR workflow, Localizer appeared in all 25 top-performing workflows. 

It is interesting to note that combinations that rank higher tend to combine programs with high 

sensitivity with counterparts that have lower sensitivity but higher specificity, thus correcting for 

each other’s deficiencies. Specifically, most of the combinations with the highest MCC and ACC 

tend to include Localizer most often, followed by MultiLoc2, TargetP, PCLR, and lastly PredSL. 

The ranking of Localizer is unsurprising given that its relatively balanced and high sensitivity 
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and specificity are unparalleled by any of the other programs. However, MultiLoc2’s extremely 

high specificity makes it a valuable component of many workflows despite its low sensitivity. 

The best performing workflow used TargetP, Localizer, and Multiloc2 and required 2 of the 

three programs to predict plastid targeting to define a sequence as containing a plastid transit 

peptide; specificity of 78.5%, the sensitivity of 64.6%, and MCC of 0.659 was achieved with this 

approach. In comparison to TargetP alone, a nearly 20% increase in specificity was observed 

with no loss in sensitivity. However, as the annotation-based functions of MultiLoc2 make it 

difficult to run on extensive datasets, an alternative workflow using a “2 of 2” consensus 

approach for TargetP and Localizer was found which ranked 2nd and achieved a marginally 

higher specificity of 80.7%. Furthermore, comparing the accuracy of the best workflows to Table 

2 and to prior evaluations of experimental methodology (e.g., Zybailov et al. (2008)) supported 

the hypothesis that bioinformatics methods could reach parity with mass spectrometry in 

characterizing the plastid proteome. Due to the increased simplicity and comparable performance 

of the TargetP/Localizer consensus approach, this workflow was selected for subsequent 

genome-scale prediction of plastid-targeted proteins. 

Predicted Plastid Proteome Correlates with Genome Size 

As a demonstration of the utility of the Localizer and TargetP workflow, subcellular 

prediction was performed for the whole proteomes of fifteen phylogenetically diverse species. 

Six monocot species, including Anthurium amnicola, Brachypodium distachyon, Oryza sativa, 

Panicum virgatum, Setaria italica, and Sorghum bicolor and eight eudicots, including 

Arabidopsis thaliana, Fragaria vesca, Glycine max, Malus × domestica, Populus trichocarpa, 

Prunus persica, Solanum lycopersicum, and Vitis vinifera were chosen. Additionally, Amborella 

trichopoda, a species which diverged from the rest of the angiosperms prior to the divergernce of 
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monocots and eudicots, was also incorporated into the comparative analysis. Complete 

information including data version numbers, proteome sizes, and prediction of plastid-targeted 

proteins by Localizer and TargetP is summarized in Table 5. In Arabidopsis, 2,826 proteins were 

predicted to be plastid-targeted, representing 8.8% of all protein isoforms. This finding is in 

agreement with the conservative estimates of the Arabidopsis plastid proteome (Li and Chiu, 

2010; Millar et al., 2006; Richly and Leister, 2004). Similar percentages were calculated in other 

species but varied from a low of 6.4% in tomato to a high of 9.3% in A. amnicola. As expected, 

the absolute number of predicted plastid-targeted genes showed a high correlation with the 

genome size (R2=0.965) (Figure 2). This result suggests that an increase in genome size and gene 

content yield a similar increase in the total number of plastid-targeted proteins. Over 10,000 of 

the Arabidopsis sequences have experimentally-determined localization, and comparing 

predictions for these sequences revealed an apparent sensitivity of 55.6%, specificity of 89.8%, 

accuracy of 83.6%, and MCC of 0.614. Sensitivity is somewhat low in this estimation due to the 

use of MS data, which includes many false positives, but the high specificity suggests good 

prediction accuracy. With the combination of the high correlation with experimentally-validated 

proteins and the lack of monocot/eudicot bias imparted by Localizer, it is expected that similar 

levels of accuracy were achieved for the entire set of species analyzed in this study. 

Clustering of Gene Families 

Although the plastid is highly dependent on proteins imported from the nucleus for 

normal viability and function, the size and diversity of the plastid proteome across the plant 

kingdom remain poorly understood. The hypothesis that the plastid proteome is diverse and each 

species has a unique set of plastid-targeted proteins was examined by grouping sequences into 

homologous protein groups using two parallel clustering methods (Figure 3). Clustering method 
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has a significant impact on the size and accuracy of the resulting clusters, and therefore on the 

number and relevance of predictions. Reciprocal best BLAST Hits (RBH) using ALL-v-All 

BLAST comparisons of whole proteomes are a standard proxy for orthology in comparative 

genomics, although they are susceptible to inclusion of weakly homologous paralogs. BLAST-

based approaches combined with Markov clustering or similar methods to remove paralogs are 

used in commonly-cited methods such as InParanoid (O’Brien et al., 2005), OrthoMCL (Li et al., 

2003), and COG (Tatusov et al., 2000, 1997). However, these methods can bias single-copy 

genes or highly conserved families which is problematic for polyploid genomes where many-to-

many gene relationships are common (Das et al., 2016; Trachana et al., 2011). For instance, the 

popular OrthoMCL fails to detect many homologous proteins with conserved expression 

patterns, and therefore with likely conserved functions, between rice and Arabidopsis (Kim et al., 

2011; Van Bel et al., 2012). In contrast, more straightforward RBH methods often outperform 

more complicated algorithms on eukaryotic genomes (Altenhoff and Dessimoz, 2009).  

A simplified RBH approach, allowing many-to-many relationships, was determined to be 

most appropriate for this analysis to avoid fracture of gene families with paralogs or co-

orthologs. Initial homologous relationships were identified using pairwise BLAST-P 

comparisons of two genotypes; only sequences which are mutually the best BLAST hits for each 

other were utilized. Similar methods have used 40% as an appropriate identity and coverage 

threshold for orthologous relationships (Chiu et al., 2006; Sanderson and McMahon, 2007; 

Schaeffer et al., 2014; Yang and Smith, 2014). Therefore 40% was used as the initial threshold of 

homology. Initial clustering generated many small clusters, so a supplemental method for 

expansion of clusters, using reciprocal better BLAST hits of each species’ proteome BLAST’ed 

against itself, was tested (Additional File 1). A 90% threshold was determined to be optimal for 
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clusters with fewer genotypes decreasing significantly in number, while clusters containing a 

majority of genotypes remained stable or increased. In contrast, application of between 60 and 

80% expansion thresholds caused the liberal merging of clusters into extremely large clusters 

representing thousands of individual sequences. Additionally, GO term similarity was assessed 

within clusters at each population size based on the number of species in the cluster and was 

found to increase slightly for clusters containing few species when using a 90% expansion 

threshold, while more massive clusters experienced no change or slight decreases.  

An alternative approach called UCLUST was implemented to complement the RBH 

method with a faster and more efficient technique because its semi-global algorithm detects 

homology in a fraction of the time required for BLAST and becomes much more efficient on 

enormous datasets. Initial clusters were constructed at a 40% identity and 40% coverage 

threshold similar to the RBH approach. However, initial clustering produced smaller clusters and 

resulted in cluster fragmentation. Therefore, modifications were implemented to expand initial 

clusters by randomly selecting sequences out of each initial cluster and iterating the UCLUST 

search at more stringent conditions using the selected sequences as new centroids (Additional 

File 1). Cluster expansion significantly increased the number of clusters with many species, 

which largely came from the drastic reduction of the number of single-species clusters. As with 

RBH, a 90% expansion threshold was found to be optimal and increased the number of clusters 

sharing 14-15 species roughly 4-fold, while lower thresholds resulted in the frequent grouping of 

nonhomologous sequences. Comparison of GO similarity for clusters containing multiple species 

showed that similarity increased slightly or remained stable for nearly all cluster sizes in the 90% 

expansion threshold compared to the initial, non-expanded UCLUST analysis. The number of 

iterations required to fully expand cluster space in UCLUST was also examined, and it was 
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found that most clusters were completely expanded by ten iterations, while further iterations 

yielded diminishing returns (Additional File 1). A total of 100 iterations were performed to avoid 

problems with the randomization of centroid sequences.  

Application of the optimal clustering methods to the proteomes of the species chosen 

generated 170,877 clusters using RBH (Table 6) and 103,501 clusters using UCLUST (Table 7). 

Nearly all the additional clusters in RBH were from single-species clusters or singleton 

sequences (data not shown): 150,067 of the RBH clusters (87.82%) were single-species clusters 

of which 134,319 were singleton sequences, while UCLUST detected 74,059 single-species 

clusters (71.55%) including 45,033 singletons. Some of these may be orphan genes, but they are 

more likely to be prediction and annotation errors or pseudogenes because the lack of homology 

implies lack of conserved function or extreme mutation rates that are more likely to occur in non-

coding sequences. A total of 20,810 and 29,442 clusters in RBH and UCLUST approach, 

respectively, contained sequences from multiple species; while they represented a minority of 

clusters, they contained the majority of initial sequences. A bimodal distribution was observed in 

both methods in which two clusters, the first containing 14-15 of the species and the second 

containing just 2-3 species, represented the majority of the clusters (Figure 3A). Comparatively 

fewer clusters contained between 4-13 species. Of the conserved clusters containing all 15 

species, RBH detected 4,090 clusters, while UCLUST yielded 3,295. GO similarity between 

UCLUST and RBH was remarkably consistent, but UCLUST had somewhat better scores for 

conserved clusters containing plastid-targeted sequences from all species and lower scores for 

semi-conserved or non-conserved clusters containing few species (Figure 4B). Across both 

methods, GO similarity decreased with increasing cluster size. While the merging of 

nonhomologous sequences may be partially responsible for this decrease, the annotation methods 
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for all genomes are not identical, which artificially decreases the apparent similarity score 

regardless of clustering specificity. 

Identification of Gene Families with Conserved Plastid Targeting 

 Genomes of endosymbiotic bacteria contain 1,500 proteins on average, and plastids are 

likely to contain similar numbers when accounting for both the plastid genome and core nuclear-

encoded plastid-targeted genes (Hönigschmid et al., 2018). To determine the number of gene 

families with conserved plastid localization, clusters containing at least 13 species, of which all 

species contained at least one predicted plastid-targeted sequence or at least four non-plastid-

targeted sequences were selected. These parameters were chosen to account for assembly and 

annotation errors and to correct for the 39% false negative prediction rate for bonafide plastid-

targeted proteins which could eliminate many truly conserved clusters. There is a nearly 20% 

chance that at least one of four random sequences with non-plastid localization prediction is a 

false negative, but sequences that already share homology to predicted plastid-targeted sequences 

have a significantly higher likelihood of being false negatives. A workflow diagram representing 

cluster detection, filtering, processing, and categorization is represented in Figure 4. Applying 

this workflow, 628 conserved protein clusters were found in RBH (Table 6, Figure 5), while 

UCLUST detected 828 (Table 7, Figure 6). Of these, 621 clusters in RBH and 817 in UCLUST 

also contain sequences from A. trichopoda, and all have several monocot and eudicot sequences, 

strongly indicating that these clusters represent the fundamental core plastid-targeted gene 

families. Previous estimates predicted that 857-1020 sequences were shared between rice and 

Arabidopsis, another report projected that between 289-737 proteins were shared among the 

chloroplast proteomes of seven plant species (Richly and Leister, 2004; Schaeffer et al., 2014). 

Identification of gene families with conserved chloroplast transit peptides is an essential output 
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of this work, as in silico methods can quickly identify conserved plastid-targeted proteins that 

have failed to be detected by genetic screens due to embryo lethality, gene redundancy, or 

random chance. Several methods have validated these sequences as truly plastid-targeted and 

representative of conserved plastid-targeted genes. First, Arabidopsis proteins with 

experimentally-validated localization were examined within the conserved clusters. A total of 

84.2% (183 proteins) of predicted plastid-targeted Arabidopsis sequences in conserved RBH 

clusters were validated by GFP and 94.5% (1,054) were validated by MS. The same was true for 

80.5% (154 proteins) and 92% (855 proteins) in conserved RBH and UCLUST clusters, 

respectively (Additional Files 4 and 5). While these methods have yielded good overall 

sensitivity, small errors at initial stages of clustering can compound in larger clusters and result 

in unrealistically high numbers of sequences. For RBH, an average of 113.9 sequences and 

median of 61 were present in conserved clusters while UCLUST produced an average of 125.9 

sequences and median of 84. Most sequences in these clusters come from a small set of 

genotypes: G. max, P. virgatum, P. trichocarpa, and V. vinifera each contributed an average of 

over 10 sequences each to clusters with shared plastid localization prediction, while M. × 

domestica contributed over 10 sequences on average in UCLUST (summarized in Additional 

Files 4 and 5). Significant gene duplication or inclusion of multiple gene isoforms especially in 

those species likely accounts for a portion of the larger cluster sizes, but more distantly 

paralogous sequences which are less likely to share biological function are also likely to be 

common. Thus, the list of conserved clusters reported here is not meant to be definitive and final, 

but rather a general guide which will require phylogenetic and experimental validation. In cases 

where larger clusters contain multiple paralogs or non-homologous, phylogenetic methods could 

resolve homology relationship with higher efficiency than the currently used RBH and UCLUST 
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methods. However, the biological accuracy of the predicted plastid-targeted sequences within 

these clusters is still high.  

Next, enrichment of gene ontology (GO) annotations was performed in conserved 

clusters by finding GO terms shared in at least three individual sequences and for over 10% of 

sequences. Terms were compared to annotations extracted using the same criteria for all the 

clusters of the respective clustering method and GO term enrichment was performed using 

BLAST2GO (Conesa and Götz, 2008). Overall, 53 terms including 29 terms associated with 

biological function, 23 associated with the cellular component, and one associated with the 

molecular process were found for RBH (Table 8). In UCLUST, a total of 33 terms were found, 

including 15 associated with the biological process, 17 with the cellular component, and one with 

the molecular process (Table 9). The most significantly enriched GO terms under the biological 

process ontology for both RBH and UCLUST methods were GO:0015979 (photosynthesis) and 

GO:0008152 (metabolic process), while a majority of the remaining highly enriched terms were 

associated with homeostatic processes (GO:0042592), cellular component organization 

(GO:0016043), single-organism biosynthetic processes (GO:0016043), generation of precursor 

metabolites (GO:0006091), and lipid metabolism (GO:0006629). In the RBH method, additional 

terms associated with amide, peptide, and organonitrogen compound biosynthesis and 

metabolism (GO:0043604, GO:0043603, GO:0043043, GO:0006518, GO:1901566, 

GO:1901564, GO:0044271, GO:0034641, GO:0006807), were enriched. UCLUST additionally 

had enriched GO terms associated with transport (GO:0006810), localization (GO:0051234, 

GO:0051179) and metabolism of carbohydrates (GO:0005975). Among cellular component 

ontologies, plastid (GO:0009536) was the most overrepresented term in both methods. Other 

highly overrepresented cellular component terms included organelle (GO:0043226), thylakoid 
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(GO:0009579), chloroplast (GO:0009507), and associated terms. In RBH methods, significant 

enrichment of ribonucleoprotein complexes (GO:1990904, GO:0030529) was found. For the 

molecular process ontology, structural molecule activity (GO:0005198) was enriched in RBH 

and catalytic activity (GO:0003824) in UCLUST. These GO terms were further compared to the 

results of a previous study involving intergeneric analysis that described 737 conserved plastid-

targeted proteins (Schaeffer et al., 2014). In this study, 42% of enriched terms found using 

UCLUST overlapped with the methods reported previously (Schaeffer et al., 2014). RBH 

methods were somewhat lower because more enriched terms were found, but still overlapped 

with the previously published dataset by 24%. These results are remarkably similar given that 

only GO terms from Arabidopsis had been examined previously and also different methods of 

GO enrichment had been used in those studies. The final and perhaps the most important test of 

the biological significance of conserved plastid-targeted clusters is whether they contain proteins 

expected to be present in plastids of all higher plants. Gene names were retrieved from TAIR10 

for all Arabidopsis sequences in conserved clusters, and many of the most prominent plastid 

proteins were confirmed to be present in clusters for both RBH and UCLUST methods. The 

following is not intended to be an exhaustive list but merely a representative of the types of 

proteins detected in conserved plastid-targeted clusters; a complete list of annotations and gene 

names in RBH and UCLUST clusters are available in Additional Files 4 and 5. Among genes 

involved in primary photosynthesis, HCEF, LhcA1, LhcA2, LhcB1, LhcB2, LhcB3, Lhcb4, 

LPA1, LPA3, PPDK, and RbcS were detected in both methods, while LPA66 was found in RBH 

only. Photosystem subunits Psa-E, Psa-F, Psa-G, Psa-H, Psa-K, Psa-N, PsbP, Psa-O, PsbQ, 

PsbR, PsbS, PsbW, and PsbY were also found in both methods, while PsbT-N and PsbX were 

found only in RBH and PsbO was found only in UCLUST. Among ribosomal proteins, Rps1, 
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Rps9, Rpl4, Rpl11, and Rpl12 were detected by both techniques, while Rpl9 and Rpl15 were 

only found using RBH and Rpl10 was found only with UCLUST. Proteins involved in 

translocation and chaperone functions found by both methods included ClpB, ClpC, ClpD, ClpP, 

ClpR, FtsH, Hsp60, Hsp70, Hsp88, Hsp90, Hsp98, Cpn10, Cpn20, Cpn60, Vipp1, Alb3, Alb4, 

TatC, Tic20, Tic21, Tic40, Tic55, Tic110, Toc75, and Plsp1. The Sec translocase subunits SecA, 

Scy1, and Scy2 were uniquely found in RBH, while organellar oligopeptidase OOP was also 

found in UCLUST. Finally, genes associated with primary plastid metabolism (SBPase, TPT, 

FRUCT5, G6PD2, and G6PD), heme biosynthesis (GUN2, GUN5, HEMA, HEMB, HEMC, 

HY2, PORA, PORB, and PORC), and fatty acid synthesis (ACC2, FAB2, FAD7, FAD8, FATA, 

FATB, lipoxygenase) were found in core clusters.  

Taken together, the good correlation of protein clusters with experimentally-validated 

sequences, the enrichment of expected annotation terms, and the presence of expected highly-

abundant proteins or proteins critical to chloroplast biology suggest that both the RBH and 

UCLUST methods achieved good accuracy and sensitivity for genes with conserved chloroplast 

targeting which are likely critical in all photosynthetic plants for minimal chloroplast function. It 

is noteworthy that 194 clusters in RBH and 333 core clusters in UCLUST contain at least one 

Arabidopsis sequence but have no associated gene synonyms available (Additional Files 4 and 

5). As the sensitivity for conserved plastid-targeted proteins was found to be very high overall, 

many of these 194-333 clusters with missing annotation information are likely biologically 

accurate, in which case they are excellent candidates for understanding hitherto uncharacterized 

aspects of chloroplast biology. 
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Analysis of Semi-Conserved and Non-Conserved Plastid-Targeted Proteins 

 Semi-conserved plastid-targeted gene families in which predicted plastid-targeting was 

found for two or more sequences only in monocots, only in eudicots, or uniquely in A. 

trichopoda were identified beginning with the most diverse clades. In each case, all clusters with 

predicted plastid-targeted sequences or at least four predicted non-plastid-targeted sequences 

from the outgroup species were removed. A total of 572 gene families with plastid-targeted 

sequence specific to monocots and 430 to eudicots were found using RBH methods (Table 6, 

Figure 5), while UCLUST detected 1,054 and 885, respectively (Table 7, Figure 6). 

Additionally, 82 clusters with Amborella-specific plastid targeting were found using RBH, and 

195 were found with UCLUST. These findings indicate that gene families with semi-conserved 

plastid-targeting outnumber core clusters by 73% in RBH and more than 150% in UCLUST. 

Narrowing focus to the subclade and family level revealed that semi-conserved clusters are still 

abundant, indicating that significant plastid proteome variation is present across all taxonomic 

levels. It is plausible that some of the clusters with plastid-targeting specific to either monocots 

or eudicots have functionally related clusters in the reciprocal group but lack sufficient 

homology to cluster together. Such an occurrence seems unlikely in most cases because the 

clustering methods used here were relatively liberal, but isolated cases may still occur. In some 

cases, non-orthologous or chimeric genes could also functionally replace an otherwise conserved 

gene and lead to loss of orthologous sequences in particular species or taxonomic groups 

(Koonin et al., 2000; Osterman and Overbeek, 2003). 

Finally, clusters with predicted plastid targeting only present in a single species were 

identified in RBH (Table 6, Figure 5) and UCLUST (Table 7, Figure 6). Singletons and clusters 

containing only a single genotype were discarded as these likely represent gene prediction errors. 
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For example, predicted proteins in Malus which do not share homology with proteins in other 

species are typically poorly-supported by transcriptomics evidence: examination of over 300 

such sequences revealed only one that had full coverage and was not a smaller fragment of a 

larger protein (data not shown). Since the chloroplast transit peptide is presumed to have arisen 

recently in each cluster, the term “nascent plastid-targeted proteins” (NPTPs) was coined to 

represent such proteins. Unsurprisingly, genotypes with large and complex genomes possessed a 

more significant number of NPTPs: A. amnicola had the least, at just 52 in RBH and 97 in 

UCLUST, while P. virgatum had the most, with 682 NPTPs found in RBH and 1,458 in 

UCLUST. The predicted proteome of A. amnicola is based on transcriptomics data rather than 

genome-wide prediction, while P. virgatum has the largest genome and most extensive predicted 

proteome of the species in this analysis, so these trends are consistent with expectations.  

Additionally, up to 728 proteins were uniquely targeted to the plastid in M. × domestica, 

and between 300-400 proteins had species-specific plastid transit peptides in B. distachyon, F. 

vesca, G. max, S. italica, and S. bicolor. Arabidopsis had some of the lowest estimates of NPTPs, 

with only 74 found in RBH and 166 in UCLUST. Species-unique plastid-targeted proteins had a 

moderately linear correlation with the total number of sequences in each species R2=0.73 in RBH 

and 0.72 in UCLUST, Figure 7A), but the removal of the outlier P. virgatum resulted in 

nonlinear correlation (Figure 7B). Consequently, extreme increases in genome size and 

complexity are hypothesized to create more opportunities for the evolution of novel transit 

peptides and diversification of the plastid proteome, but differences are subtler when the 

genomes being compared are closer in size. Previous literature (e.g., (Bennetzen and Wang, 

2014; Byun and Singh, 2013; Kleine et al., 2009)) has suggested that gene duplication is a 

prerequisite or at least greatly encourages neofunctionalization via novel subcellular targeting, 
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and the generally linear correlation with proteome size suggests that this may indeed be the case. 

However, based on the data, the evolution of the plastid proteome is more likely to be driven by 

environmental adaptation and selection pressure (Christian et al., 2019). 

As with the conserved plastid-targeted clusters, the accuracy of targeting prediction in 

NPTPs was cross-validated against experimentally-validated proteins from Arabidopsis. For the 

RBH clusters, 75% (4 proteins) were validated to be true plastid proteins via GFP, and 53.8% 

(17 proteins) validated by MS. For UCLUST, 29.4% (17 proteins) were validated by GFP, and 

41.4% validated by MS. Specificity was also very high: only 6.3% of 300 predicted non-plastid-

targeted proteins in RBH-generated NPTP clusters were found to actually be plastid-targeted by 

GFP, while the rate in MS-validated proteins was 13.4% (967 proteins). UCLUST generated 

similar results, with false negative error rates of 3% (493 proteins) in GFP-validated data and 

12.5% (1,369 proteins) for MS-validated data. The few false negatives in predicted NPTPs may 

be representative of ambiguous/intermediate sequences in clusters which are already predicted to 

be uniquely chloroplast-targeted in Arabidopsis and therefore represent missing links. More 

pertinently, the GFP estimates are likely more accurate due to the experimental specificity errors 

inherent in mass spectrometry, and the 3-6% error rates are within an acceptable range. 

Overall, these data affirm that evolution of the plastid proteome is highly dynamic at the 

species-level. Compared to previous reports, somewhat reduced species-unique plastid-targeted 

proteins are reported here (e.g., (Richly and Leister, 2004; Schaeffer et al., 2014))  due in part to 

the removal of singletons and single-species clusters. Homology to sequences in other species 

dramatically decreases the probability of pseudogenes and gene prediction errors. Remarkably, 

the monocot species had an average of 50-60% more species-unique plastid-targeted protein 

clusters than eudicot or Amborella counterparts. Even after removal of the outliers P. virgatum 
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and A. amnicola, monocots still had 40% more plastid-targeted clusters than eudicots according 

to RBH methods, and over 80% more clusters using UCLUST. The reasons for this could be 

two-fold. First, the monocot species in this analysis have larger proteomes on average, increasing 

the overall likelihood for both de novo evolution of NPTPs and for retention of orphaned 

singleton/species-specific proteins. Secondly, monocots, and especially grasses, have been 

described to have many presence/absence variants (PAV’s) and copy number variants (CV’s) in 

their genomes. Pan-genome sequencing of B. distachyon revealed over 7,000 pan-genes that are 

not present in the reference genome, and an average of 9 Mb of sequence in each accession does 

not align to the reference genome (Gordon et al., 2017). Similar rates of PAV’s have been 

reported for cereal crops: only half of the pan-genome diversity of maize is present in the 

reference genome (Hirsch et al., 2014), over 21,000 predicted wheat genes are not represented in 

the reference genome (Montenegro et al., 2017), and 8,000 predicted rice genes are not 

represented in the Nipponbare reference genome (Yao et al., 2015). In contrast, pan-genomes of 

Arabidopsis (Alonso-Blanco et al., 2016) and tomato (Aflitos et al., 2014; Lin et al., 2014) 

describe variation primarily at the SNP and small insertion/deletion levels, although one report 

described that 14.9 Mb of the Columbia-0 genome was absent in one or more other accessions 

(Gan et al., 2011). In Brassica oleracea, less than 20% of genes were affected by 

presence/absence variation (Golicz et al., 2016).  Somewhat higher variation is observed in 

legumes: 302 soybean lines including varieties, landraces, and wild accessions revealed 1,614 

copy number variants and 6,388 segmental deletions, and 51.4% of gene families were 

dispensable (Zhou et al., 2015) while in Medicago truncatula, 67% of annotated genes may be 

dispensable (Zhou et al., 2017). It bears consideration that the pangenomes of the grasses are 

primarily within cultivated accessions and have already passed through a domestication filter 
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which already significantly reduces genomic diversity, whereas the pangenomes of most of the 

eudicots include wild and landrace accessions. These trends suggest that PAV’s and CV’s are 

significant drivers of plastid proteome evolution, either by retention of orphaned genes or by de 

novo evolution of transit peptides in duplicated genes. Despite the smaller number of species-

unique clusters, conserved plastid-targeted proteins are still outnumbered up to 25-fold by 

species-unique or semi-conserved proteins. If even a fraction of these sequences is accurate and 

expressed in vivo, each could impart novel biological functions because escape from the 

evolutionarily established biochemical and regulatory environment could impart a different 

function in a new subcellular environment without changing the functional sequence of the 

protein. Thus, each of these is an excellent candidate for further characterization to determine if 

unique phenotypes are created by relocalization to the plastid.  

Conversely, species-specific plastid-targeted genes in model systems could yield 

misleading interpretations because the same phenotypes for those genes would not be observed 

in species where homologs do not have plastid-specific localization. Such a situation is 

potentially problematic for the unique plastid-targeted proteins detected for Arabidopsis, B. 

distachyon, and rice because it is likely that some of these genes already have a described gene 

function that is being inaccurately ascribed to plants as a whole. Indeed, out of 113 Arabidopsis 

proteins with predicted species-specific plastid-targeting, 18 have a described phenotype, and 

100 are cited in previous research reports (summarized in Additional File 3). In cases where the 

predicted localization divergence is validated, the mutant phenotypes for those sequences will 

have to be revised. 
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Conclusions 

The experiments described in this study validated the hypothesis that subcellular 

localization prediction programs can accurately predict chloroplast transit peptides at a whole-

genome scale in higher plants and can perform equally well for both Monocots and Eudicots. 

The best-performing method was then applied to predict chloroplast proteins globally for a 

diverse range of Angiosperm species and developed both a slow and accurate reciprocal best-

BLAST hit method and a fast-liberal UCLUST method to cluster gene families. Though results 

were not identical, UCLUST yielded comparable results while performing faster and more 

efficiently. With the addition of more genotypes, UCLUST could be a useful tool to overcome 

the inefficiency of BLAST-based methods. The consensus of both methods determined that the 

hypothesis of extremely plastid proteome variability was correct and robust across evolutionary 

space. Roughly 700 genes were shared between the chloroplast proteomes in all plant species, 

but these were vastly outnumbered by proteins with variable plastid targeting prediction. Most of 

these species- or clade-specific proteins have no known function for the chloroplast and are 

excellent candidates for further studies. Additionally, roughly a third of conserved plastid-

targeted proteins have no known function and could be targeted for future reverse genetics 

experiments. Biological verification of these sequences remains a significant challenge. Even if 

good prediction accuracy was achieved, these sequences may be poorly expressed, expressed 

only in particular conditions, or nonfunctional. Incorporation of transcriptomics would provide 

significant evidence that these genes are at least expressed, and patterns of gene expression along 

with co-expression information may also reveal additional information about their function. 

Experimental validation using mass spectrometry could also be used, but many proteins may 

have abundances below detection limits, and technical challenges also remain for the isolation of 
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non-green plastids where they may be more abundant. The decreasing costs of gene synthesis 

make high-throughput fluorescence protein assays an attractive alternative. In addition to 

increased sensitivity and specificity compared with mass spectrometry, fluorescent protein 

assays could also be used to simultaneously validate whether the localization of species-unique 

proteins is truly different from their nearest predicted non-plastid-targeted homologs. These 

research findings are expected to provide a foundation for further research into unique plastid 

biology and to understand better how diversification of the organellar proteomes contributes to 

important agronomic, biochemical, culinary, or even aesthetic traits.  

 

Materials and Methods 

Cross-validation of in silico techniques 

Test datasets for cross-comparison of subcellular prediction algorithms were retrieved 

from PPDB (2012 update; current as of this writing), AT_CHLORO (January 2015 update; 

current as of this writing) (Ferro et al., 2010), Suba4 (30 June 2017 update; current as of this 

writing) (Sun et al., 2009), CropPAL version 58839ba (Hooper et al., 2015), and CropPAL2 

version 74866967 (Hooper et al., 2015). Headers which could not be referenced to the most up-

to-date reference proteomes were discarded. For AT_CHLORO, Suba4, and PPDB databases, all 

genes located on the chloroplast and mitochondrial genomes were removed, and redundant 

headers were merged. Subsets of data including sequences confirmed by mass spectrometry, 

GFP fusion, either GFP or mass spectrometry, or both were extracted from each database by 

filtering for the keywords “Chloroplast” or “Plastid.” All ambiguous results containing 

experimental evidence for both plastids and one or more additional subcellular location were 

removed.  
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Experimentally validated protein sequences were analyzed with TargetP v.1.1 

(Emanuelsson et al., 2007, 2000), WoLF PSORT Command Line Version 0.2 (Horton et al., 

2007), PredSL Web Server (Petsalaki et al., 2006), Localizer v.1.0.2 (Sperschneider et al., 2017), 

MultiLoc2 version 2-26-10-2009 (Blum et al., 2009), and PCLR update 2011-11-24 release 0.9 

(Schein et al., 2001). Additionally, NLStradamus v.1.8 (Ba et al., 2009) was used as part of the 

Localizer algorithm, while Python v.2.7.5, LIBSVM v.2.8, BLAST v.2.2.30, and Interproscan 

v.5.25-64.0 were used as part of MultiLoc2. Results for each workflow were converted into 

binary classification and evaluated for Sensitivity (SE), Specificity (SP), Matthew’s Correlation 

Coefficient (MCC), and accuracy (ACC) as related to plastid localization prediction based on the 

number of true positives, false positives, true negatives, and false negatives compared to the 

annotations in the corresponding experimental dataset (see equations below). Combinatorial 

approaches were performed for each possible combination of programs from two up to all six 

programs, and different thresholds were evaluated based on the number of programs in 

agreement for plastid localization. Complete records of individual and combinatorial workflows 

for each experimental dataset are available in Additional File 2. All heatmaps generated for 

Tables 2, 3, and 4 and Figure 1 were generated using conditional formatting in Microsoft Excel.  

Sensitivity(i) = 
𝑡𝑝

𝑡𝑝 + 𝑓𝑛
           

Specificity(i) = 
𝑡𝑝

𝑡𝑝 + 𝑓𝑝
     

MCC(i) = 
𝑡𝑝 × 𝑡𝑛 − 𝑓𝑝 × 𝑓𝑛

√(𝑡𝑝+𝑓𝑛)(𝑡𝑝+𝑓𝑝)(𝑡𝑛+𝑓𝑛)(𝑡𝑛+𝑓𝑝)
    

Overall Accuracy (ACC): 
𝑡𝑝+ 𝑡𝑛 

𝑡𝑝+𝑓𝑝+𝑡𝑛+𝑓𝑛
         

Where tp is the number of sequences correctly identified as plastid-targeted, tn is the 

number of sequences correctly predicted to be non-plastid-targeted, fp is the number of non-
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plastid-targeted sequences incorrectly predicted as plastid-targeted, and fn is the number of 

plastid-targeted sequences that were predicted as non-plastid-targeted. Note that these 

categorizations are based on the accuracy of the database annotation and any filtering that was 

applied to data subsets, and they may not reflect biological accuracy.  

Whole Proteome Analysis 

Predicted proteomes for Amborella trichopoda, Arabidopsis thaliana, Brachypodium 

distachyon, Fragaria vesca, Glycine max, Malus × domestica, Oryza sativa, Panicum virgatum, 

Populus trichocarpa, Prunus persica, Setaria italica, Solanum lycopersicum, and Sorghum 

bicolor were downloaded from Phytozome (phytozome.jgi.doe.gov). The proteome of Anthurium 

amnicola was obtained by personal correspondence with Jon Suzuki in advance of the 

publication of (Suzuki et al., 2017). For Vitis vinifera, an expanded proteome version was 

obtained from (Vitulo et al., 2014). For Malus × domestica, modifications to the predicted 

proteome were made because over 15,000 sequences, representing over 20% of the predicted 

proteome, were determined to have no significant matches to proteins from other species (See 

Additional File 3). The predicted proteome was expanded using apple transcriptomics data that 

were downloaded from the NCBI SRA database under the project numbers PRJEB2506, 

PRJEB4314, PRJEB6212, and PRJNA231737, representing a mixture of leaf, apical meristem, 

fruit, and root tissues at different time points and under varying conditions (Bai et al., 2014; 

Gusberti et al., 2013; Krost et al., 2013, 2012; Petersen et al., 2015). These sources are described 

further in Additional File 1. Sequence files were processed in CLC Genomics Workbench 

(Qiagen Bioinformatics, Hilden, Germany), and paired Illumina read files and 454 sequencing 

files were indicated during import. Graphical QC reports were generated to obtain nucleotide 

contribution (GC content) and quality distribution (quality scores) by base position. Reads were 
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processed to remove ambiguous nucleotides and base quality scores lower than 0.001. Illumina 

reads were additionally trimmed at the 5’ end until the GC content stabilized within 0.5% of the 

average, and reads with fewer than 34 bases remaining were discarded. All paired read files were 

subsequently merged using default settings. All processed read files were assembled de novo 

with default settings. Assembled contigs of >300 bp were kept and used to predict open reading 

frames (ORF’s). Non-overlapping ORF’s with at least 5x average base coverage and >300 bp 

were extracted and translated into protein sequences. Finally, extracted protein sequences were 

compared against the existing Malus x domestica v.1.0 predicted gene set (Velasco et al., 2010) 

downloaded from Rosaceae.org. All hits with greater than 98% ID and coverage (as per Bai et 

al., 2014) were tagged as potential duplications or alleles of the original headers but were kept in 

the peptide dataset in case minor mutations caused differential localization prediction. All 

sequences generated in this transcriptomics experiment are available in Additional File 6. In 

total, 36,477 sequences were obtained, of which 26,881 sequences were determined to be unique 

in comparison with the apple genome paper (Velasco et al., 2010). Addition of the unique genes 

from the de novo transcriptome created a final dataset of 64,680 unique proteins. Redundant 

sequences from the resulting transcriptome were retained in case minor differences resulted in 

differential targeting. 

The predicted proteomes of all species were filtered to remove any sequences less than 

100 residues and which did not begin with methionine. Post-analysis filtering was accomplished 

by removing singleton sequences that failed to find matches with both the USEARCH method 

and BLAST (indicated for each sequence in Additional File 3). Remaining sequences were 

analyzed with TargetP v.1.1 (Emanuelsson et al., 2007, 2000) and Localizer v.1.0.2 

(Sperschneider et al., 2017). All sequences predicted by both methods to have a chloroplast 
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transit peptide were classified as plastid-targeted, and all sequences with either “1 or 2” or “0 of 

2” chloroplast transit peptide predictions were classified as non-plastid-targeted.  

Clustering of Gene Families 

Reciprocal Best-BLAST hit clustering was performed as follows: Pairwise BLAST-P 

(v.2.3.0+ command line executable; Altschul et al., 1997, 1990) was performed for each species’ 

predicted proteome set against that of every other species in both forward and reverse directions. 

These results were filtered for hits in which identity and coverage parameters exceeded 40%. Of 

these, only hits in which two sequences from different genomes were the respective best hit were 

kept. Next, better-BLAST hits within each species were performed by conducting pairwise 

BLAST-P of the predicted proteome against itself. Hits exceeding 90% coverage and identity 

and which was reciprocal within the first 10 hits were collected. Cluster merging was performed 

by iterating through each possible header and collapsing all pairwise hits containing that header.  

Clustering using the UCLUST algorithm proceeded as follows: An initial run on a length-

sorted FASTA file containing all sequences was performed using ‘Cluster_Fast’ function of 

UCLUST (v.9.2.64_win32; Edgar, 2010) with 40% identity and 40% query coverage. Next, 

random seeds were constructed by extracting a single random sequence from each cluster, 

sorting the resulting sequences by length, and appending them to a length-sorted FASTA of the 

full sequence list used in the initial “Cluster_Fast” analysis. 100 randomly-seeded FASTA files 

were then analyzed with “Cluster_Fast” set to 90% sequence identity. Target and query coverage 

were additionally set to 0.4 to avoid problems with small query sequences acting as centroids for 

much larger sequences as a result of USEARCH being performed in sequential rather than 

length-sorted order. Cluster merging was performed by iteratively searching through each 

possible sequence header and collapsing all clusters containing that header. Custom scripts were 
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developed for automating program workflows, referencing and translating sequences or headers, 

performing seed randomization for the modified UCLUST technique, performing cluster 

expansion, calculating statistics on clustering outputs, and referencing headers to respective 

clusters for both workflows. Sequence members within merged clusters from RBH and UCLUST 

methods were referenced to the predicted plastid targeting phenotype, and all clusters containing 

plastid-targeted members were extracted. Conserved plastid-targeted gene families were defined 

as clusters containing at least 13 species and in which all had either predicted plastid transit 

peptides or at least three additional sequences. Semi-conserved plastid-targeted gene families 

were defined as clusters containing plastid-targeted sequences from at least 2 species within each 

family or clade and no predicted plastid-targeted sequences from species outside that clade. Non-

conserved plastid-targeted gene families were defined as all clusters containing a minimum of 

three species in which only one species had a plastid-targeted sequence.  

Gene Ontology Enrichment  

Annotations for NPTPs were retrieved from Phytozome (https://phytozome.jgi.doe.gov) 

for each of the species used in the analysis except Anthurium amnicola and Vitis vinifera, which 

were retrieved from (Suzuki et al., 2017) and (Vitulo et al., 2014), respectively. Non-redundant 

predicted proteins produced by the de novo transcriptome assembly of Malus × domestica as 

described in Chapter 3 were annotated using BLASTP against the NR Protein database at NCBI 

with BLAST2GO default parameters (Conesa and Götz, 2008) (BioBam Bioinformatics, 

Valencia, Spain). GO terms were converted into GOslim annotations using BLAST2GO, and for 

each cluster, all terms shared by at least three species and present in over 10% of a cluster’s 

sequences were extracted to develop query datasets. In parallel, the same methods were used to 

extract GO terms from the total list of clusters to serve as reference datasets. Enrichment of GO 
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terms in the shared plastid-targeted clusters was performed using BLAST2GO, with Fisher’s 

Exact Test was used to calculate significance using a false discovery rate (FDR) of less than 0.05 

as a minimum significance threshold (Conesa and Götz, 2008). Graphical analyses of enriched 

GO terms were produced in BLAST2GO.  

Gene and Phenotype Identification 

 Full gene annotations include described gene names were downloaded for the TAIR10 

Arabidopsis genome from Phytozome (phytozome.jgi.doe.gov). Gene names were referenced 

from the annotation file for all Arabidopsis sequences present in conserved plastid-targeted 

protein clusters. Phenotype information for species-unique plastid-targeted proteins was 

referenced on NCBI (https://www.ncbi.nlm.nih.gov/).  
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Table 1: Self-Reported Performance of Six Algorithms on Prediction of Plastid-Targeted Proteins. Self-reported values for 

overall and plastidial sensitivity (SE), specificity (SP), Matthew’s Correlation Coefficient (MCC), and accuracy (ACC). 

Parentheses indicate values that were calculated to be different from the original paper using the same data. Programs marked 

with an asterisk (*) had a confusion matrix available, while those marked with a cross (†) did not, but confusion matrices were 

inferred by the available data; estimations were left as non-integer values, and therefore suffer from rounding errors in MCC and 

ACC calculations. Localizer, marked with a double cross (‡), was re-run with the original dataset provided in the publication’s 

supplementary information.  

Algorithm Source 
Training 

Dataset(s) 

# of Training 

Sequences 
Plastidial SE Plastidial SP 

Plastidial 

MCC 

Plastidial 

ACC 

TargetP* 

Emanuelsson 

et al., 2007, 

2000 

SWISS-PROT 

releases 

36,37,38 

940 0.85 0.69 0.72 N/A (0.921) 

WolfPSOR

T 

Horton et al., 

2007 

Uniprot 

version 45 
2,113 0.7 0.7 N/A N/A 

PredSL† 
Petsalaki et al., 

2006 

Various 

(Uniprot 

release 3.5) 

1,002 0.9 0.91 0.88 (0.874) N/A 

Localizer‡ 
Sperschneider 

et al., 2017 

CropPAL 

(GFP only) 
410 0.725 0.957 (0.798) 0.71 0.914 (0.916) 

Multiloc2 

(Low-

Res)† 

Blum et al., 

2009 

BaCelLo 

Independent 

Dataset 

132 0.77 0.53 0.72 N/A (0.853) 

Multiloc2 

(High-Res) 

† 

Blum et al., 

2009 

BaCelLo 

Independent 

Dataset 

132 0.53 0.94 0.51 (0.539) N/A (0.735) 

PCLR* 
Schein et al., 

2001 

ChloroP, 

TargetP 
847 0.87 (0.821) 0.30 (0.301) 0.372 0.720 
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Table 2: Cross-Validation of Algorithms Using Experimentally-Curated Datasets. For each program, SE, SP, MCC, and 

ACC are reported compared to in vivo experimental data using a conservative dataset of GFP-validated proteins, or a larger but 

more liberal dataset comprised of both GFP and MS data. A heatmap is applied for each column, with green values representing 

better-performing programs and red values indicating poor performance. Difference between observed performance statistics for 

each is reported with a heatmap generated by conditional formatting in Excel depicting the absolute value difference from 0. MS 

data adds increased error especially for observed sensitivity, indicating that a large number of MS-validated proteins are likely 

artefactual. Furthermore, this suggests that the overall performance of subcellular prediction methods is likely more accurate than 

high-throughput proteomics papers suggest. 

 GFP GFP & Mass Spectrometry Difference 

 SE SP MCC ACC SE SP MCC ACC SE SP MCC ACC 

TargetP 0.67 0.59 0.54 0.86 0.46 0.55 0.32 0.73 0.21 0.04 0.22 0.13 

Wolf-

PSORT 0.72 0.38 0.38 0.75 0.57 0.44 0.24 0.65 0.15 -0.05 0.14 0.09 

PredSL 0.57 0.53 0.45 0.84 0.37 0.52 0.26 0.71 0.19 0.01 0.20 0.12 

Localizer 0.68 0.71 0.63 0.90 0.46 0.58 0.34 0.74 0.22 0.14 0.29 0.16 

Multiloc2 0.50 0.83 0.59 0.89 0.31 0.63 0.30 0.74 0.18 0.20 0.28 0.15 

PCLR 0.74 0.46 0.47 0.80 0.54 0.48 0.28 0.69 0.20 -0.02 0.19 0.11 
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Table 3: Performance of Prediction Algorithms against GFP-validated Proteins from Monocots and Eudicots. Dataset 

sizes are roughly similar in Monocot and Dicot sequences, but MCC is still preferable for comparison. Performance in monocots 

and eudicots is represented by a red/green heatmap, with green indicating the best values for each statistic and red indicating the 

worst. The difference between Monocots and Eudicots is represented by red only, normalized to the absolute value away from 0. 

Positive values indicate higher performance in Monocots, while negative numbers indicate higher performance in Eudicots. 161 

plastid-localized proteins and 640 non-plastid-targeted proteins are included for Monocots, while Eudicots include 489 plastidial 

and 2,432 non-plastid-targeted proteins. 

 Monocot: GFP Eudicot: GFP Monocot-Eudicot 

 SE SP MCC ACC SE SP MCC ACC SE SP MCC ACC 

TargetP 0.62 0.71 0.59 0.87 0.68 0.56 0.53 0.86 -0.06 0.15 0.05 0.02 

Wolf- 
PSORT 0.72 0.38 0.35 0.71 0.72 0.38 0.39 0.76 0.00 -0.01 -0.04 -0.05 

PredSL 0.43 0.59 0.40 0.83 0.61 0.52 0.47 0.84 -0.17 0.06 -0.07 -0.02 

Localizer 0.63 0.76 0.63 0.89 0.69 0.70 0.63 0.90 -0.06 0.06 -0.01 -0.01 

Multiloc2 0.40 0.89 0.54 0.87 0.53 0.81 0.60 0.90 -0.12 0.08 -0.06 -0.03 

PCLR 0.75 0.56 0.54 0.83 0.73 0.43 0.45 0.80 0.01 0.12 0.09 0.03 
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Table 4: Combinatorial Prediction Approaches Ranked by Matthew’s Correlation 

Coefficient (MCC). Each performance statistic column is treated separately and colored with a 

heatmap in which blue cells indicate higher performance and red cells indicate lower 

performance. Only the best 25 workflows are represented; full results are available in Additional 

File 1.  

Rank Workflow Description SE SP MCC ACC 

1 125 2/3 of (TargetP, Localizer, Multiloc2) 0.646 0.785 0.659 0.907 

2 167 2/2 of (TargetP, Localizer) 0.611 0.807 0.650 0.907 

3 80 3/4 of (TargetP, Localizer, Multiloc2, PCLR) 0.622 0.791 0.647 0.905 

4 127 3/3 of (TargetP, Localizer, PCLR) 0.588 0.822 0.644 0.906 

5 152 2/3 of (PredSL, Localizer, Multiloc2) 0.597 0.803 0.639 0.904 

6 68 3/4 of (TargetP, PredSL, Localizer, Multiloc2) 0.575 0.827 0.639 0.905 

7 161 2/3 of (Localizer, Multiloc2, PCLR) 0.660 0.732 0.635 0.898 

8 189 2/2 of (Localizer, PCLR) 0.634 0.756 0.634 0.900 

9 188 1/2 of (Localizer, Multiloc2) 0.697 0.696 0.632 0.894 

10 4 1 of (Localizer) 0.675 0.714 0.632 0.896 

11 19 
4/5 of (TargetP, PredSL, Localizer, Multiloc2, 

PCLR) 
0.563 0.828 0.632 0.903 

12 100 3/4 of (PredSL, Localizer, Multiloc2, PCLR) 0.578 0.807 0.630 0.902 

13 20 
3/5 of (TargetP, PredSL, Localizer, Multiloc2, 

PCLR) 
0.660 0.688 0.606 0.888 

14 72 3/4 of (TargetP, PredSL, Localizer, PCLR) 0.648 0.697 0.606 0.889 

15 69 2/4 of (TargetP, PredSL, Localizer, Multiloc2) 0.678 0.656 0.595 0.882 

16 187 2/2 of (Localizer, Multiloc2) 0.474 0.870 0.594 0.896 

17 116 2/3 of (TargetP, PredSL, Localizer) 0.663 0.664 0.592 0.883 

18 181 2/2 of (PredSL, Localizer) 0.511 0.814 0.591 0.894 

19 160 3/3 of (Localizer, Multiloc2, PCLR) 0.462 0.880 0.590 0.895 

20 115 3/3 of (TargetP, PredSL, Localizer) 0.491 0.835 0.588 0.894 

21 155 2/3 of (PredSL, Localizer, PCLR) 0.698 0.629 0.587 0.875 

22 5 1 of (Multiloc2) 0.495 0.826 0.587 0.894 

23 101 2/4 of (PredSL, Localizer, Multiloc2, PCLR) 0.706 0.621 0.585 0.873 

24 124 3/3 of (TargetP, Localizer, Multiloc2) 0.452 0.883 0.585 0.894 

25 79 4/4 of (TargetP, Localizer, Multiloc2, PCLR) 0.445 0.895 0.585 0.894 
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Table 5: Subcellular Targeting Prediction for Selected Genotypes. Predicted protein 

sequences from fifteen species representing a mixture of model organisms and crop species as 

well as a mixture of monocots, eudicots, and the extant species Amborella trichopa were 

downloaded from Phytozome (phytozome.jgi.doe.gov) or from the sources indicated in the table. 

For each genotype, the version, reference, and sequence count are provided from the original 

publications. *TargetP and Localizer were used to detect plastid-targeted sequences. **Indicates 

unpublished but publicly-available data downloaded from Phytozome for Panicum virgatum. 
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Species 

 

Version Source Sequences Chloroplast-Targeted* 

Amborella trichopoda 1.0 (Albert et al., 2013) 26,846 1,833 

Anthurium amnicola 1.0 (Suzuki et al., 2017) 27,959 1,324 

Arabidopsis thaliana TAIR10 (Lamesch et al., 2012) 35,386 2,826 

Brachypodium 

distachyon 
3.1 (Initiative, 2010) 52,972 4,240 

Fragaria vesca 1.1 (Shulaev et al., 2011) 32,831 2,051 

Glycine max Wm82 (Schmutz et al., 2010) 73,320 5,125 

Malus x domestica 

1.0 

 

(custom transcriptome) 

(Velasco et al., 2010) 

(Bai et al., 2014; 

Gusberti et al., 2013; 

Krost et al., 2013, 2012) 

57,386 

 

(74,249) 

4,665 

Oryza sativa 7.0 (Ouyang et al., 2007) 49,061 3,417 

Panicum virgatum 3.1 DOE-JGI** 133,775 10,262 

Populus trichocarpa 3.0 (Tuskan et al., 2006) 73,013 5,741 

Prunus persica 2.1 (Verde et al., 2013) 47,089 3,615 

Setaria viridis 2.2 (Bennetzen et al., 2012) 43,001 3,461 

Solanum lycopersicum 2.1 (Consortium, 2012) 47,205 1,875 

Sorghum bicolor 3.1 (McCormick et al., 2018) 34,727 3,918 

Vitis vinifera 2.0 
(Jaillon et al., 2007) 

(Vitulo et al., 2014) 
55,564 3,932 
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Table 6: RBH Clustering Results by Genotype. Clustering of gene families using 40% 

reciprocal Interspecies best BLAST hits and 90% reciprocal intraspecies better BLAST hits was 

performed, and clusters containing plastid-targeted sequences were identified for each genotype. 

The number of total proteomes and plastid-targeted clusters with at least one Arabidopsis 

sequence were identified, as well as the number of clusters containing a plastid-targeted 

sequence from only the selected genotype. The number clusters overlapping with Arabidopsis for 

all clusters and plastid-targeted clusters was identified, as well as the number of clusters 

containing a plastid-targeted sequence from only the selected genotype. 
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Species Total Clusters Clustered with 

Arabidopsis 

Proteome 

Plastid-

Targeted 

Clusters 

Clustered with 

Arabidopsis 

Plastome 

Unique 

Plastidial 

Singleton and 

Single-Species 

Clusters 

NPTPs 

Amborella 

trichopoda 

20533 60.97% 1673 44.47% 667 585 82 

Anthurium 

amnicola 

7497 81.43% 937 61.26% 187 135 52 

Arabidopsis 

thaliana 

15817 100.00% 1796 100.00% 375 301 74 

Brachypodium 

distachyon 

17933 67.23% 2380 41.81% 727 498 229 

Fragaria vesca 18328 70.63% 1798 47.66% 566 426 140 

Glycine max 26629 63.60% 2464 43.83% 905 714 191 

Malus x 

domestica 

30257 49.84% 3100 32.13% 1581 1253 328 

Oryza sativa 18657 65.83% 2204 44.01% 643 459 184 

Panicum 

virgatum 

43875 37.39% 5234 20.27% 3194 2512 682 

Populus 

trichocarpa 

20348 71.99% 2167 50.21% 580 413 167 

Prunus persica 14375 82.64% 1838 58.65% 296 184 112 

Setaria italica 16618 73.25% 2310 43.29% 509 241 268 

Solanum 

lycopersicum 

16287 87.55% 1486 66.42% 202 131 71 

Sorbus bicolor 16201 68.65% 2351 42.28% 636 386 250 

Vitis vinifera 16711 79.83% 1785 56.47% 353 240 113 
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Table 7: UCLUST Clustering Results by Genotype. Clustering of gene families was performed using an initial UCLUST 

iteration with 40% coverage and 40% identity followed by extraction of random sequences from each cluster to seed additional 

iterations performed at 90% coverage and identity. Clusters containing shared sequences were merged, followed by identification 

of clusters containing plastid-targeted sequences in each genotype. The number clusters overlapping with Arabidopsis for all 

clusters and plastid-targeted clusters was identified, as well as the number of clusters containing a plastid-targeted sequence from 

only the selected genotype. 

Species Total 

Clusters 

Clustered with 

Arabidopsis 

Proteome 

Plastid-

Targeted 

Clusters 

Clustered with 

Arabidopsis 

Plastome 

Unique 

Plastidial 

Singleton and 

Single-Species 

Clusters 

NPTPs 

Amborella 

trichopoda 

19190 55.61% 1721 41.78% 736 541 195 

Anthurium amnicola 7365 78.22% 909 58.53% 173 76 97 

Arabidopsis thaliana 13065 100.00% 1783 100.00% 261 95 166 

Brachypodium 

distachyon 

16777 57.05% 2375 37.68% 623 225 398 

Fragaria vesca 16821 65.75% 1828 46.01% 551 172 379 

Glycine max 20157 70.78% 2320 49.31% 637 296 341 

Malus x domestica 21427 56.25% 2846 35.45% 1197 469 728 

Oryza sativa 18102 55.76% 2249 38.86% 564 235 329 

Panicum virgatum 29207 34.12% 4725 20.00% 2506 1048 1458 

Populus trichocarpa 15881 78.35% 1977 56.35% 335 95 240 

Prunus persica 14753 79.49% 1921 57.16% 229 36 193 

Setaria italica 17810 57.11% 2427 36.51% 480 98 382 

Solanum 

lycopersicum 

15675 81.13% 1574 62.26% 245 79 166 

Sorbus bicolor 17395 54.56% 2410 36.14% 554 191 363 

Vitis vinifera 16092 79.06% 1805 57.62% 299 102 197 



 

 
 
 

1
8
2
 

Table 8: Enriched GO terms for Conserved Plastid-Targeted Clusters Identified using RBH. Clusters containing at least 13 

species with predicted or likely plastid-targeted sequences were mined for common GO terms and compared against terms 

extracted for the total set of RBH-derived clusters using BLAST2GO. All terms enriched above p=1.0E-5 in core plastid-targeted 

clusters are presented below.  

  GO term Description Ontology P-value FDR 
1 GO:0015979 photosynthesis BIOLOGICAL_PROCESS 1.73E-44 3.99E-47 

2 GO:0008152 metabolic process BIOLOGICAL_PROCESS 6.40E-27 1.59E-29 

3 GO:0006091 generation of precursor metabolites and energy BIOLOGICAL_PROCESS 1.43E-24 3.82E-27 

4 GO:0009058 biosynthetic process BIOLOGICAL_PROCESS 3.73E-20 1.20E-22 

5 GO:0044711 single-organism biosynthetic process BIOLOGICAL_PROCESS 3.00E-15 1.02E-17 

6 GO:0016043 cellular component organization BIOLOGICAL_PROCESS 4.28E-12 1.64E-14 

7 GO:0071840 cellular component organization or biogenesis BIOLOGICAL_PROCESS 6.51E-12 2.66E-14 

8 GO:0044710 single-organism metabolic process BIOLOGICAL_PROCESS 1.05E-10 5.06E-13 

9 GO:0006629 lipid metabolic process BIOLOGICAL_PROCESS 3.16E-10 1.57E-12 

10 GO:0043604 amide biosynthetic process BIOLOGICAL_PROCESS 7.84E-09 4.05E-11 

11 GO:0043603 cellular amide metabolic process BIOLOGICAL_PROCESS 9.01E-09 4.81E-11 

12 GO:0019725 cellular homeostasis BIOLOGICAL_PROCESS 1.07E-08 5.93E-11 

13 GO:0044699 single-organism process BIOLOGICAL_PROCESS 1.22E-08 7.39E-11 

14 GO:0009987 cellular process BIOLOGICAL_PROCESS 1.22E-08 7.21E-11 

15 GO:0065008 regulation of biological quality BIOLOGICAL_PROCESS 1.54E-08 9.56E-11 

16 GO:0006412 translation BIOLOGICAL_PROCESS 1.67E-08 1.10E-10 

17 GO:0042592 homeostatic process BIOLOGICAL_PROCESS 1.67E-08 1.08E-10 

18 GO:0043043 peptide biosynthetic process BIOLOGICAL_PROCESS 1.73E-08 1.17E-10 

19 GO:0006518 peptide metabolic process BIOLOGICAL_PROCESS 1.80E-08 1.25E-10 

20 GO:1901566 organonitrogen compound biosynthetic process BIOLOGICAL_PROCESS 2.95E-08 2.10E-10 

21 GO:1901564 organonitrogen compound metabolic process BIOLOGICAL_PROCESS 1.04E-07 7.58E-10 

22 GO:0034641 cellular nitrogen compound metabolic process 

  

BIOLOGICAL_PROCESS 1.61E-05 1.52E-07 
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23 GO:0044271 cellular nitrogen compound biosynthetic process  BIOLOGICAL_PROCESS 1.93E-05 1.85E-07 

24 GO:0006807 nitrogen compound metabolic process BIOLOGICAL_PROCESS 2.26E-05 2.21E-07 

25 GO:0044249 cellular biosynthetic process BIOLOGICAL_PROCESS 2.52E-05 2.51E-07 

26 GO:1901576 organic substance biosynthetic process BIOLOGICAL_PROCESS 4.41E-05 4.55E-07 

27 GO:0034645 cellular macromolecule biosynthetic process BIOLOGICAL_PROCESS 4.47E-05 4.69E-07 

28 GO:0009059 macromolecule biosynthetic process BIOLOGICAL_PROCESS 4.74E-05 5.06E-07 

29 GO:0010467 gene expression BIOLOGICAL_PROCESS 2.96E-04 3.31E-06 

30 GO:0009536 plastid CELLULAR_COMPONENT 1.35E-279 2.41E-283 

31 GO:0005622 intracellular CELLULAR_COMPONENT 1.07E-222 3.82E-226 

32 GO:0044424 intracellular part CELLULAR_COMPONENT 1.22E-222 6.49E-226 

33 GO:0044464 cell part CELLULAR_COMPONENT 6.98E-222 6.21E-225 

34 GO:0005623 cell CELLULAR_COMPONENT 6.98E-222 5.62E-225 

35 GO:0005737 cytoplasm CELLULAR_COMPONENT 2.03E-218 2.16E-221 

36 GO:0044444 cytoplasmic part CELLULAR_COMPONENT 1.38E-217 1.72E-220 

37 GO:0043229 intracellular organelle CELLULAR_COMPONENT 1.94E-193 2.76E-196 

38 GO:0043226 organelle CELLULAR_COMPONENT 1.97E-193 3.16E-196 

39 GO:0043231 intracellular membrane-bounded organelle CELLULAR_COMPONENT 1.16E-179 2.06E-182 

40 GO:0043227 membrane-bounded organelle CELLULAR_COMPONENT 5.74E-179 1.12E-181 

41 GO:0009579 thylakoid CELLULAR_COMPONENT 2.71E-68 5.78E-71 

42 GO:0016020 membrane CELLULAR_COMPONENT 1.08E-20 3.06E-23 

43 GO:0005739 mitochondrion CELLULAR_COMPONENT 2.48E-12 8.82E-15 

44 GO:0005840 ribosome CELLULAR_COMPONENT 1.48E-11 6.31E-14 

45 GO:1990904 ribonucleoprotein complex CELLULAR_COMPONENT 3.36E-11 1.55E-13 

46 GO:0030529 intracellular ribonucleoprotein complex CELLULAR_COMPONENT 3.36E-11 1.55E-13 

47 GO:0032991 macromolecular complex CELLULAR_COMPONENT 1.22E-08 7.29E-11 

48 GO:0009507 chloroplast CELLULAR_COMPONENT 2.01E-07 1.61E-09 

49 GO:0043228 non-membrane-bounded organelle CELLULAR_COMPONENT 3.31E-06 3.06E-08 

50 GO:0043232 intracellular non-membrane-bounded organelle CELLULAR_COMPONENT 3.31E-06 3.06E-08 

51 GO:0044434 chloroplast part CELLULAR_COMPONENT 3.09E-04 3.52E-06 

52 GO:0044435 plastid part CELLULAR_COMPONENT 3.34E-04 3.86E-06 

53 GO:0005198 structural molecule activity MOLECULAR_FUNCTION 3.04E-05 3.08E-07 
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Table 9: Enriched GO terms for Conserved Plastid-Targeted Clusters identified using UCLUST. Clusters containing at 

least 13 species with predicted or likely plastid-targeted sequences were mined for common GO terms and compared against 

terms extracted for the total set of UCLUST -derived clusters using BLAST2GO. All terms enriched above p=1.0E-5 in core 

plastid-targeted clusters are presented below. 

  GO term Description Ontology P-value FDR 

1 GO:0008152 metabolic process BIOLOGICAL_PROCESS 3.36E-32 9.19E-35 

2 GO:0015979 photosynthesis BIOLOGICAL_PROCESS 1.24E-29 3.62E-32 

3 GO:0044710 single-organism metabolic process BIOLOGICAL_PROCESS 1.38E-21 4.57E-24 

4 GO:0044711 single-organism biosynthetic process BIOLOGICAL_PROCESS 5.52E-16 2.15E-18 

5 GO:0044699 single-organism process BIOLOGICAL_PROCESS 2.89E-15 1.18E-17 

6 GO:0006091 generation of precursor metabolites and energy BIOLOGICAL_PROCESS 1.15E-13 4.93E-16 

7 GO:0005975 carbohydrate metabolic process BIOLOGICAL_PROCESS 1.20E-10 5.84E-13 

8 GO:0006629 lipid metabolic process BIOLOGICAL_PROCESS 1.33E-06 7.01E-09 

9 GO:0051234 establishment of localization BIOLOGICAL_PROCESS 1.85E-04 1.23E-06 

10 GO:0006810 transport BIOLOGICAL_PROCESS 1.85E-04 1.20E-06 

11 GO:0051179 localization BIOLOGICAL_PROCESS 2.65E-04 1.81E-06 

12 GO:0016043 cellular component organization BIOLOGICAL_PROCESS 2.98E-04 2.10E-06 

13 GO:0044723 single-organism carbohydrate metabolic process BIOLOGICAL_PROCESS 3.01E-04 2.23E-06 

14 GO:0071840 cellular component organization or biogenesis BIOLOGICAL_PROCESS 4.29E-04 3.26E-06 

15 GO:0042592 homeostatic process BIOLOGICAL_PROCESS 8.59E-04 6.87E-06 

16 GO:0009536 plastid CELLULAR_COMPONENT 1.01E-165 1.97E-169 

17 GO:0044464 cell part CELLULAR_COMPONENT 1.54E-140 6.02E-144 

18 GO:0005623 cell CELLULAR_COMPONENT 1.52E-139 8.87E-143 

19 GO:0044444 cytoplasmic part CELLULAR_COMPONENT 8.76E-120 6.83E-123 

20 GO:0005737 cytoplasm CELLULAR_COMPONENT 3.57E-119 3.49E-122 

21 GO:0044424 intracellular part CELLULAR_COMPONENT 2.06E-110 2.41E-113 
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22 GO:0005622 intracellular CELLULAR_COMPONENT 1.27E-104 1.73E-107 

23 GO:0043229 intracellular organelle CELLULAR_COMPONENT 6.39E-93 1.05E-95 

24 GO:0043226 organelle CELLULAR_COMPONENT 6.39E-93 1.12E-95 

25 GO:0043231 intracellular membrane-bounded organelle CELLULAR_COMPONENT 6.87E-82 1.34E-84 

26 GO:0043227 membrane-bounded organelle CELLULAR_COMPONENT 1.90E-81 4.07E-84 

27 GO:0009579 thylakoid CELLULAR_COMPONENT 4.05E-39 9.47E-42 

28 GO:0016020 membrane CELLULAR_COMPONENT 4.66E-36 1.18E-38 

29 GO:0071944 cell periphery CELLULAR_COMPONENT 7.58E-11 3.55E-13 

30 GO:0005886 plasma membrane CELLULAR_COMPONENT 1.32E-07 6.69E-10 

31 GO:0009507 chloroplast CELLULAR_COMPONENT 3.01E-04 2.18E-06 

32 GO:0005840 ribosome CELLULAR_COMPONENT 5.00E-04 3.90E-06 

33 GO:0003824 catalytic activity MOLECULAR_FUNCTION 9.90E-19 3.67E-21 
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Figure 1: Venn-Diagram of Combinatorial and Standalone Subcellular Prediction 

Algorithms. Performance measured by MCC on proteins with subcellular localization validated 

by GFP is represented as a heatmap with high values in green and low values in red. For each 

intersection, only the best accept threshold is represented. Numbers indicate workflow number 

followed by the calculated MCC.  
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Figure 2: Illustration of RBH and UCLUST Sequence Clustering Methods. Initial (A) and 

expanded (B) RBH figures indicate clustering between genotypes 1 (blue circles), 2 (green 

circles), and 3 (orange circles). Bidirectional best BLAST hits between sequences from different 

genotypes are indicated with black lines; bidirectional better BLAST hits between sequences 

within the same genotype with red lines and fragments with dotted red lines. For UCLUST, the 

initial length-sorted (C) run is illustrated with yellow stars indicating centroids, small gray 

patterned circles indicating non-centroid sequences, large black circles indicating the range for 

initial centroids, and black lines indicating initial cluster connections. For clarity, sequences are 

patterned to indicate belonging to each initial cluster, and red dotted lines indicate cluster 

fragmentation. Centroid randomization (D) mitigates this problem; gray patterned stars indicate 

randomly-selected centroids, light blue circles indicate the match range for randomly-seeded 

centroids, and red lines indicate new matches found with red lines. Distances not drawn to scale. 
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Figure 3: Overall Performance of RBH and UCLUST methods. (A) Cluster distribution in 

RBH and UCLUST. Both methods resulted in similar distributions of clusters, although RBH 

resulted in slightly more clusters with 13-15 species and UCLUST resulted in more clusters from 

2-12 species. The slight increase in clusters with five species is interesting and may result from 

sequences with homology within the Poaceae family or within Rosids but with no significant 

homologs outside those groups. (B) GO annotation similarity in RBH and UCLUST clusters. 

Lower similarity scores in higher-order clusters are partially due to different annotation methods 

and thresholds used for different species. Annotation similarity was generally higher in RBH at 

smaller cluster sizes and higher in UCLUST for larger clusters. Similarity decreased with the 

increasing representation of species, which may be partially caused by different annotation 

methods used for different genome sequencing projects or may alternatively be caused by 

decreased homology within large clusters. 
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Figure 4: Workflow Diagram of Sequence Clustering Methods. For RBH (left panel), 1. 

initial cluster edges were generated by finding all reciprocal best-BLAST hits in all-v-all 

comparisons of proteomes from two separate species at a 40% identity, 40% coverage threshold, 

and 2. Secondary cluster edges were generated by finding all reciprocal better-BLAST hits in all-

v-all comparisons of each proteome against itself at a 90% identity, 90% coverage threshold. For 

UCLUST (right panel), 1. An initial run was performed at 40% identity and 40% coverage 

threshold on a FASTA file containing sequences from every species in length-sorted order, and 

2. Random sequences of at least 90% identity and 90% coverage were extracted from each 

cluster, this subset was length-sorted, and then the original length-sorted FASTA file was 

concatenated to the new seed sequences. This process was iterated 100 times, and a separate 

UCLUST run was performed for each iteration. Downstream processes for RBH and UCLUST 

were identical: 3. All clusters/pairs with a shared sequence were condensed into single clusters, 

4. All sequences that failed to have at least 40% identity and 40% coverage based on BLAST-P 

analysis to any of the predicted plastid-targeted sequences in the cluster were trimmed out, 5A. 

all clusters with at least three species were extracted, and 5B. Clusters containing plastid-targeted 

sequences were sorted into “conserved,” “semi-conserved,” and “non-conserved” groups 

according to the number of species with predicted plastid targeting and the taxonomic grouping 

of those species.  
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Figure 5: RBH Visual Representation. For “unique” clusters, single-species and singleton 

clusters are not represented, leaving only clusters with non-targeted homologs present in other 

species. The relative size of these unique clusters is represented by the area of the respective 

circle. Shared protein groups at the kingdom, clade, subclade, and family levels are not 

represented by figure size. Overall, 628 protein clusters were shared between all 15 species, 

1,002 had plastid-targeting specific to either Monocots or Eudicots, and 2,943 had plastid-

targeting specific to only a single species. 
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Figure 6: UCLUST Visual Representation. For “unique” clusters, single-species and singleton 

clusters are not represented, leaving only clusters with non-targeted homologs present in other 

species. The relative size of these unique clusters is represented by the area of the respective 

circle. Shared protein groups at the kingdom, clade, subclade, and family levels are not 

represented by figure size. Overall, 828 protein clusters included plastid-targeted sequences from 

all 15 species, 1,983 had plastid-targeting specific to Monocots or Eudicots, and 5,632 had 

plastid-targeting specific to a single species.
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Figure 7: Correlation of Total Proteome Size with Nascent Plastid-Targeted Proteins 

(NPTPs). Clusters containing at least three species and with predicted plastid-targeted proteins 

in only one species were compared to the total genome size for both RBH and UCLUST 

clustering methods. Although the correlation was moderately linear when P. virgatum was 

included (A), its extremely large genome skewed results. Removal of this genotype resulted in 

only weakly linear correlation (B), indicating that the evolution of novel transit peptides is a 

random process.  
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Additional Files 

Additional File 1 – Supplementary Tables and Figures Describing Data Sources and 

Methods Development of RBH and UCLUST Modifications 

Additional File 2 – Combinatorial Subcellular Prediction Analysis 

Compressed ZIP file containing Excel documents which summarize bioinformatics prediction of 

Plastidial and Nonplastidial sequences and calculate performance of single and combinatorial 

approaches. 

Additional File 3 – Proteome Data for 15 Phylogenetically Diverse Angiosperm Species 

Compressed ZIP file containing Excel files for each species used in the subcellular prediction 

and clustering analysis. Full information including protein sequence, targeting prediction, and 

mapping information to RBH and UCLUST clusters is provided for each protein header.  

Additional File 4 – RBH clustering results 

Excel file containing all clusters with at least one predicted plastid-targeted sequence detected 

using RBH methods. Conserved, non-conserved, and semi-conserved clusters are provided along 

with gene names and synonyms for Arabidopsis sequences in conserved, shared clusters.  

Additional File 5 – UCLUST clustering results 

Excel file containing all clusters with at least one predicted plastid-targeted sequence detected 

using UCLUST methods. Conserved, non-conserved, and semi-conserved clusters are provided 

along with gene names and synonyms for Arabidopsis sequences in conserved, shared clusters.  

Additional File 6 – Malus de novo transcriptome 

Excel File containing the de novo transcriptome assembly including sequence information, 

translated protein sequence, and homology analysis against the Velasco et al. (2010) predicted 

gene set.  
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Abstract 

Subcellular relocalization of proteins can significantly affect the function of genes. It is 

expected to impact ecological adaptation, but the phenomenon is not yet well understood. In 

plants, the plastid is a major recipient of nuclear-encoded proteins and exhibits significant 

biochemical, morphological, and spatiotemporal variation. Evidence from bioinformatics and 

high-throughput shotgun proteomics has suggested that only a relative minority of plastid-

targeted proteins are shared by all higher plants, while non-conserved or semi-conserved plastid-

targeted proteins comprise a larger share of the plastid proteome in any individual plant species. 

However, not much is known about the molecular mechanisms or evolutionary forces behind the 
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evolution of novel plastid-targeted proteins. To better understand the properties of plastid transit 

peptides, the distribution of amino acids in the transit peptides of known and predicted 

chloroplast-targeted proteins was examined, revealing several enriched amino acids as well as 

distinct patterns in residue position that were different for monocot and eudicot sequences. The 

mutational changes responsible for de novo evolution of chloroplast transit peptides were 

examined to study how novel chloroplast transit peptides evolve in vivo using three datasets: A 

Multi-genome dataset of fifteen phylogenetically diverse species, the Arabidopsis pan-genome, 

and the Brachypodium pan-genome. While gene duplication is not strictly required for the 

evolution of novel subcellular targeting, 40% of novel transit peptides were found to be most 

closely related to a sequence within the same genome, and of these, 30.5% result from alternative 

transcription or translation initiation sites. Finally, insertions or deletions were found to be the 

dominant mechanism of acquiring novel transit peptides, with more than half being due to 

alternative start sites. 

 

Introduction  

Minor changes in the genome or the epigenome provide the raw genetic material and 

drive evolution through natural selection, ultimately compounding to observable phenotypes for 

the whole organism (Nei, 2007). Three primary mechanisms are considered as the critical factors 

of gene evolution. First, primary effects caused by a mutation to the catalytic and interaction 

sites of proteins, or changes in the folding pattern of the protein can occur through the 

introduction of single nucleotide polymorphisms (SNPs), insertions or deletions (indels), or 

splice site alterations. Second, transcript-level cis-mutations or epigenetic modifications can 

change the expression of the gene without changing the coding sequence. Finally, protein-level 
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mutations which affect the rate of translation and post-translational stability including codon 

usage, ribosomal binding affinity, and protein stability can change the steady-state levels of a 

protein (Chen, 2007; Nei, 2007; Tokuriki and Tawfik, 2009; Wang et al., 2004; Xia and Levitt, 

2002). A fourth and a less emphasized mechanism in the evolution of genes is a change in the 

subcellular localization of the gene product (Byun-McKay and Geeta, 2007; Davis et al., 2006; 

McKay et al., 2009). Relocalization to different organelles can occur by modifications to the 

properties of the mature protein, for instance by addition or removal of transmembrane domains, 

or by gain or loss of specific targeting motifs including nuclear localization signals (NLSs), 

endoplasmic reticulum and secretory pathway signal peptides (SPs), and mitochondria or 

chloroplast transit peptides (mTPs and cTPs, respectively). Signal and transit peptides are 

typically appended to the N-terminus of preproteins and consist of loosely conserved motifs 

lacking distinct catalytic sites. However, they possess broad biochemical properties that facilitate 

interactions with chaperones and import receptors to facilitate translocation. Because of this 

loose conservation, transit peptides are more likely to evolve de novo compared with functional 

domains of catalytic proteins (Tonkin et al., 2008). Alteration to these sequences can cause 

mistargeting or ‘subcellular relocalization’ which alters the functional environment of the mature 

protein and can lead to novel effects even without changing the mature protein sequence (Byun-

McKay and Geeta, 2007; McKay et al., 2009). Plants and other photosynthetic eukaryotes (algae 

and protists) may be more affected by changes to subcellular localization due to the presence of 

chloroplasts, cell wall, and phragmoplasts as distinct subcellular organelles, as well as from 

partial overlap in the specificity of mitochondria and chloroplast transit peptides (Pujol et al., 

2007). Newly acquired localization patterns may, therefore, contribute actively to the evolution 
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of plant species, and the plastid is potentially the most dynamic organelle in terms of its 

proteomic diversity (Christian et al., 2019, unpublished; Schaeffer et al., 2014).  

Plastids are highly variable organelles which can assume myriad forms and functions 

including the archetypical chloroplast. These changes follow a branched family of plastid classes 

originating with the "proplastid" found in the embryonic and meristematic tissues, which is non-

specialized and assumes different morphological forms based on the fate of the tissue during 

cellular differentiation (Solymosi and Keresztes, 2013). Among the differentiated forms of 

plastids, the green, photosynthetic chloroplasts are the dominant and most complex form. Many 

other morphotypes including etioplasts, chromoplasts, leucoplasts, gerantoplasts, and 

tannosomes perform nonphotosynthetic functions in specialized tissues or at certain stages of 

development (reviewed in Solymosi and Keresztes, 2013). There is significant diversity even 

within individual plastid morphotypes: chromoplasts, for example, have five distinct 

morphotypes in different fruits and flowers (Li and Yuan, 2013). A recent analysis of plastids in 

fruit peel of apple (Malus × domestica) has shown that epidermal plastids adopt a distinct 

morphology during development which is distinct from collenchymal plastids (Schaeffer et al., 

2017; Solymosi and Keresztes, 2013). Plastids adopt distinct morphology in different cultivars, 

at different points during fruit development, or between different cell layers in the fruit peel, 

pointing to dynamic and specialized functions in apple fruits (Schaeffer et al., 2017). Similar 

work has not yet been described in fruits of other species, but various distinctive plastid 

morphotypes have been described in fruit or other specialized tissues of other species (Solymosi 

and Keresztes, 2013; Wang et al., 2013). New plastids which play important roles in plant 

biology continue to be discovered, such as the recently-described phenyloplast which 

accumulates phenylglucosides in vanilla orchid (Brillouet et al., 2014).  
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Differences in plastid morphology are accompanied by highly dynamic biochemistry: the 

highly reductive environment of the plastid facilitates the synthesis of many compounds with 

agronomic, culinary, medicinal, or therapeutic value. Most major biochemical classes including 

alkaloids, polyphenols, flavonoids, and terpenoids utilize precursors generated in the plastids, 

notably isoprene precursors from the MEP pathway (Rodriguez-Concepcion and Boronat, 2002), 

and aromatic rings from the shikimate pathway (Herrmann and Weaver, 1999). Flux through 

these pathways can significantly influence the concentration of downstream compounds. 

Enzymes involved in the biosynthesis of downstream secondary metabolites are also often 

plastid-localized. For instance, straight-chain esters derived from fatty acids in the plastids are 

responsible for the characteristic flavors and aromas of many temperate fruits (Dixon and 

Hewett, 2000; El Hadi et al., 2013; Song and Bangerth, 2003). Monoterpenes and sesquiterpenes 

including aromatic and essential oils such as pinene and limonene are produced primarily in 

leucoplasts of secretory glands, glandular trichomes, and resin ducts (Carde, 1984; Cheniclet and 

Carde, 1985; Markus Lange and Turner, 2013). In hops, humulone and its resulting bitter acids 

are similarly produced in plastids through the terpenoid metabolic pathway (Clark et al., 2013; 

Wang et al., 2008). Critical steps in the biosynthesis of taxol (Walker and Croteau, 2001) and 

vincristine (De Luca and Cutler, 1987) occur in plastids. CCD2, an enzyme which participates in 

the biosynthesis of safranal and crocin in saffron crocus, is also localized to the plastid 

(Demurtas et al., 2018). For many essential metabolites, the biosynthetic pathways are not fully 

understood, but a central role of plastids is likely responsible for metabolites which accumulate 

in glandular trichomes, such as terpenes in the case of cannabidiol (CBD) production and mint 

essential oils, or secretory ducts in the case of conifer resins (Duke et al., 2000; Mahlberg and 

Kim, 2004).  
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The nucleus encodes over 95% of the estimated 2,000-3,050 plastid proteins (Armbruster 

et al., 2011; Millar et al., 2006; Richly and Leister, 2004). In silico prediction methods have 

reported that gain or loss of transit peptides in gene homologs is widespread (Richly and Leister, 

2004; Schaeffer et al., 2014), and high-throughput proteomics experiments have reported a high 

variability in the proteomes of plastids both between different plastid morphotypes and across 

species (Suzuki et al., 2015; Wang et al., 2013). An optimized bioinformatics pipeline was 

recently utilized to confirm that non-conserved, species- or taxa-specific proteins in the plastid 

proteome are more abundant than conserved plastid-targeted proteins. Altogether, conserved 

proteins accounted for less than 15% of the total number of plastid-targeted pan-proteome, and 

within individual species, they are outnumbered by semi- to non-conserved proteins by a factor 

of 2-to-1 (Christian et al., 2019, unpublished). The impact of differentially-targeted proteins is 

almost wholly unexplored, but individual cases can cause significant phenotypes. For instance, 

loss of a chloroplast transit peptide in the CA3 isoform of carbonic anhydrase is partially 

responsible for the development of C4 photosynthesis in the Flaveria genus of sedges (Clayton 

et al., 2017; Tanz et al., 2009). In Amaranthus tuberculatus, a 3-bp deletion in PPX2L causes 

dual-localization to both mitochondria and chloroplasts, conferring resistance to herbicides 

targeting protoporphyrinogen oxygenase (Patzoldt et al., 2006). In the Brassicaceae family, a 

homomeric acetyl-CoA carboxylase that is typically found as a cytosolic protein has evolved a 

plastid-targeted isoform that partially duplicates the function of heteromeric ACCase that is 

partially encoded by the plastid-encoded gene accD (Roesler et al., 1997; Yu et al., 2017). This 

relocalization of ACCase is involved in lipid biosynthesis of many important oilseed crops. 

Additionally, this retargeted protein makes Brassicaceae plants partially resistant to antibiotics 
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which target plastid translation activity such as spectinomycin, hampering plastid transformation 

efforts (Yu et al., 2017).  

A variety of mechanisms at both the DNA and transcript level could result in acquisition 

or loss of subcellular localization peptides through various mechanisms that have been discussed 

comprehensively in published literature (Byun-McKay and Geeta, 2007; Davis et al., 2006; 

McKay et al., 2009). At the DNA level, alterations to the nucleotide sequence through the 

introduction of single nucleotide polymorphisms (SNPs), in-frame indels, or frameshift 

mutations result in residue substitutions, small peptide insertions or deletions, or modification to 

downstream sequence, all of which could alter subcellular localization. Substitution mutation 

within signal peptides occur 3-4 times faster than in the mature protein domains, but half as fast 

as neutral DNA sequence in taxa as diverse as bacteria, yeast, and mammals (Li et al., 2009; 

Williams et al., 2000). Even single substitutions could change localization patterns to different 

organelles (Byun-McKay and Geeta, 2007). In one report, multiple spontaneous mutations 

restored mitochondrial targeting of an N-terminally truncated F1-ATPase B-subunit (Vassarotti 

et al., 1987). De novo evolution of transit peptides seems unlikely to be a significant mechanism 

because most transit peptides can be categorized into subgroups based on homolog and domain 

structure (Lee et al., 2008). However, sequences pre-disposed to subcellular redirection could 

experience changes in localization relatively easily. For instance, transit peptides of plastids and 

mitochondria are similar in composition and structure, and many known proteins including 

aminoacyl-tRNA synthetases, transcription factors, and RNA polymerases are dual-targeted 

using a single “ambiguous” transit peptide recognized by the translocons of both organelles 

(Mackenzie, 2005; Pujol et al., 2007). Substitutions in mitochondria transit peptide sequences 
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could thereby elicit novel plastid-targeting more easily compared with mutation of random N-

terminal sequence.  

Another strong possibility is that plastid transit peptides are acquired from heterologous 

loci via exon shuffling either through unequal recombination or movement of retrotransposons. 

In retrotransposon-mediated exon shuffling, a spliced intron attaches to the spliceosome, re-

inserts into another mRNA at a protosplice site, and the resulting hybrid product is reverse-

transcribed and inserted back into the genome (Vibranovski et al., 2006). This mechanism results 

in an intron (often class I) between the transit peptide and downstream coding sequence. Class I 

introns are overrepresented near signal peptide cleavage sites of proteins in both mammals and 

plants (Nielsen and Wernersson, 2006; Tordai and Patthy, 2004). Furthermore, many plastid 

transit peptides are encoded by distinct exons (Bruce, 2000). Retrotransposon-facilitated exon 

shuffling has been implicated in the acquisition of transit peptides in several recently 

horizontally-transferred mitochondria-targeted genes (Adams et al., 2001; Kadowaki et al., 1996; 

Nugent and Palmer, 1991; Sandoval et al., 2004; Ueda et al., 2006; Wischmann and Schuster, 

1995) and plastid-targeted genes (Arimura et al., 1999; Gantt et al., 1991). Several nuclear-

encoded genes have apparently gained a transit peptide via exon shuffling in cases more likely 

involving unequal recombination rather than the movement of retrotransposons (Long et al., 

1996; Schlute et al., 1997; Wolter et al., 1988). Nuclear-encoded proteins involved in 

mitochondrial DNA and RNA processing are clustered in the genome of Arabidopsis, and 

significant homology in the presequence regions suggests that recombination-based exon 

shuffling could propagate transit peptides locally (Elo et al., 2003; Kadowaki et al., 1996). Most 

described cases of exon shuffling involve the transfer of a functional transit peptide to a 

heterologous gene, but the use of random sequence may also engender similar results, albeit at 
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reduced efficiency. For instance, 20% of random short DNA sequences from the human genome 

are capable of functioning as signal peptides when N-terminally fused to a cargo protein (Kaiser 

et al., 1987). Additionally, 2.7% of clones derived from random E. coli sequence and >5% of 

clones from a cytosolic dihydrofolate reductase gene restored mitochondrial targeting to an N-

terminally truncated COX-IV (Baker and Schatz, 1987). Successful clones come from all six 

reading frames, indicating that functional transit peptides do not need to be derived from the 

coding sequence. Similar results have been reported in silico for the apicoplast, a plastid found in 

Apicomplexans, in which almost 30% of randomly-generated 24mer peptide sequences with 

similar residue composition to known apicoplast transit peptides were predicted to be functional, 

and several of these were validated in vivo (Tonkin et al., 2008).  

In addition to sequence-level variation, gain or loss of a transit peptide could also occur 

within a transcriptional unit. Alternative transcriptional or translational start sites could either 

skip or unmask a buried transit peptide, resulting in dual localization of the two isoforms. The 

use of alternative start sites in “twinned presequences” is widespread among proteins which are 

dual-targeted to the chloroplast and mitochondria, (Mackenzie, 2005; Peeters and Small, 2001; 

Small et al., 1998). In these cases, the most proximal N-terminal transit peptide is active and 

masks transit peptides downstream of it. A similar mechanism that relies on the use of alternative 

first exons creates alternative start sites through the use of differential splicing rather than 

different RNA polymerase or ribosomal binding sites. In mice, alternative first exons are the 

most common mechanism for differential use of transit peptides in transcriptional units (Davis et 

al., 2006). However, this may not be consistent across evolutionary space: one report in plants 

found that only 46 out of 1,159 transcriptional start site variants were generated by the use of 

alternative first exons (Kitagawa et al., 2005).  
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Finally, gene duplication could be a significant contributor to the evolution of novel 

plastid-targeted proteins, especially when the original gene is of critical importance in its native 

subcellular location. Modern land plant genomes are either polyploid or built on the remnants of 

older polyploidy events (paleopolyploid), and gene family size is extremely variable as a result 

(Flagel and Wendel, 2009; Soltis et al., 2009). An earlier report in Arabidopsis suggested that 

239 gene families had paralogs with divergent subcellular localization (Heilmann et al., 2004), 

and this figure is likely to be higher in larger genomes. Interestingly, duplicated genes are more 

likely to be retained if the predicted subcellular localization is different, indicating that many of 

these re-localized genes are functional and evolutionarily advantageous (Byun and Singh, 2013).  

 Despite the many anecdotal reports of novel plastid-targeted proteins and the apparent 

abundance of dual-targeted plastid/mitochondrial proteins, how proteins acquire transit peptides 

is not well understood. This gap in knowledge was first addressed by examining experimentally 

validated and predicted plastid transit peptides to identify whether patterns of amino acid 

frequency and distribution are unique in different species. Transit peptides may evolve via 

simple substitutions, insertions and deletions, or alternative start sites. To test the hypothesis that 

transit peptides evolve via these predictable patterns, nascent plastid-targeted proteins (NPTPs) 

were identified in a diverse range of angiosperms and potential evolutionary mechanisms were 

tested to determine which, if any, is the most common one. ‘Nascent’ in this case implies an 

evolutionarily recent origin of the transit peptide which, if validated, may better define the 

evolutionary moment of transit peptide acquisition and more accurately identify the responsible 

mutation. To test whether these mechanistic trends also applied to accessions within a single 

species and to determine the scale of variation at the infraspecies level, the pan-genomes of 
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Arabidopsis thaliana and Brachypodium distachyon were also evaluated for nascent plastid-

targeted proteins.  

 

Results and Discussion 

Residue Analysis of Experimentally-validated and Predicted Transit Peptides 

Although chloroplast transit peptides lack significant homology or functional motifs, they 

are well-documented to be enriched in certain amino acids and biochemical classes and deficient 

in others. A comprehensive analysis was conducted using the amino acid content and sequence 

of a set of 10,868 non-redundant sequences validated by mass spectrometry available in the 

PPDB (Sun et al., 2009), AT_CHLORO (Ferro et al., 2010), SUBA4 (Hooper et al., 2017), and 

CROPPAL2 (Hooper et al., 2015) databases. These sequences were primarily derived from 

Arabidopsis, but also contained significant numbers of proteins from rice and maize and a 

smaller percentage of proteins from other plant species. The transit peptide was defined as the 

first 60 amino acids of each experimentally-validated or predicted plastid-targeted protein. Most 

cleaved transit peptides are 41-70 residues long with an average of 51-60 residues (Bienvenut et 

al., 2012; Huang et al., 2009; Kleffmann et al., 2007; Teixeira and Glaser, 2013), but measuring 

the length of a transit peptide based on its cleavage site is not a good determinant of its 

functionality. For one, the mature protein can exhibit constraints on an otherwise functional 

transit peptide, causing it to lose translocation functionality or efficiency (Rolland et al., 2016). 

Additionally, the transit peptide residues upstream of the signal peptide peptidase (SPP) cleavage 

site in many cases is insufficient to target GFP efficiently to the chloroplast, but addition of some 

downstream sequence restores plastid translocation (Comai et al., 1988; Lee et al., 2008; Pilon et 

al., 1995; Rensink et al., 1998; Shen et al., 2017; Van’t Hof et al., 1991). Finally, transit peptides 
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must be long enough to both span the length of the membranes in early binding intermediates- a 

minimum distance of 90 A° which would require at least 32 residues in addition to the terminal 

TOC and TIC binding elements (Bionda et al., 2010; Chotewutmontri et al., 2012; Richardson et 

al., 2018). A transit peptide of sixty residues in length enables high-efficiency import in most 

plastid-targeted proteins, so this size was used as the standard length of transit peptides for this 

experiment.  

The average residue composition of experimentally-validated transit peptides was 

compared to the average residue content of the whole TAIR10 Arabidopsis proteome, revealing 

multiple residues with altered abundance (Table 1, Figure 1). Transit peptides were highly 

enriched in alanine (+64.1%), proline (+52.4%), arginine (+41.6%), serine (+35.5%), and 

threonine (+11.1%), a composition well established in the literature (e.g. Bruce, 2001; Zybailov 

et al., 2008). Depletion of the negatively-charged glutamic acid (-46.3%) and aspartic acid (-

43.4%) and of the aromatic amino acids tryptophan (-36.8%), and tyrosine (-38.6%) were also 

observed, but strikingly, phenylalanine was not highly different (-7.9%). Less severe depletion of 

isoleucine (-24.3%), asparagine (-28.6%), lysine (-22.4%), and glutamine (-16.1%) were seen 

relative to the average TAIR residue composition, none of which have been documented before 

in plastid transit peptides. The decrease in average lysine content is unusual, as early reports 

suggested that the C-terminal or distal end of transit peptides is enriched in positively-charged 

residues including both arginine and lysine (Bruce, 2000; Zhang and Glaser, 2002). Additionally, 

glycine and valine- although abundant in transit peptides at about 6% of residues each- were 

underrepresented in comparison to average proteome sequence, indicating that they are relatively 

neutral to the function of plastid transit peptides. Finally, methionine was increased (+21.8%), 

although most if not all of this increase is likely from the enrichment of methionine as the 
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starting codon. Overall, these data suggest that bulky R groups are generally not favored in 

transit peptides unless they serve a special purpose, such as the highly-enriched arginine which is 

proposed to interact with the TOC GTPases TOC33 and TOC159 (Jelic et al., 2003; Vetter and 

Wittinghofer, 2001). The relatively unchanged proportion of phenylalanine is therefore puzzling; 

it comprises from 4-5% of the amino acids at positions 4-42 and decreases to an average 

frequency of 3.6% after that position. At this point, the role of phenylalanine is not clear given its 

higher abundance in transit peptides.  

Plastid transit peptide composition is not homogenous, but is instead organized in three 

major domains as described by the homology block (Karlin-Neumann and Tobin, 1986; Quigley 

et al., 1988), modular domain (Bruce, 2001, 2000) and Multi-Order Multi-Selection (M&M) (Li 

and Teng, 2013) models of transit peptide structure. These three domains include an uncharged 

N-terminal proximal region, a central domain rich in hydroxylated residues and lacking acidic 

residues, and a C-terminal distal region enriched in arginine (Bruce, 2001), corresponding 

roughly to regions of the transit peptide which interact primarily with the TIC translocase and 

HSP motor complex, the TOC75 POTRA domains, and the TOC33/159 GTPases, respectively 

(Richardson et al., 2018). The positional bias of each amino acid was therefore observed for both 

experimentally validated transit peptides confirmed using mass spectrometry, and in putative 

transit peptides predicted by a combination of TargetP and Localizer (Table 1, Figure 2). For all 

residues, nearly identical distribution patterns were observed between experimental (solid lines) 

and predicted plastid transit peptides (dotted lines), thus confirming that the prediction methods 

selected in this study corresponded well with experimentally validated residues. However, the 

actual frequency was often somewhat different, as predicted transit peptides had higher 

frequency of the more abundant amino acids compared with experimentally-validated proteins, 
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especially serine, arginine, and proline. Serine was nearly 5% more frequent (absolute 

frequency) in predicted transit peptides despite the higher proportion of monocot sequences that 

should dilute its frequency. Proline was also overestimated by 2-4% depending on the position, 

and arginine was overrepresented by about 2% after position 15. Conversely, predicted transit 

peptides were underrepresented in rare/neutral or distally-enriched amino acids such as aspartic 

acid, glutamic acid, glycine, valine, and tyrosine. These observations point to a systemic bias in 

the software, which may be biased to focus on only the most essential components. However, the 

patterns and generally close abundances indicate that prediction tools achieve results that are 

similar to the experimental methods.  

Several amino acids including alanine, leucine, serine, threonine, and methionine were 

more abundant at the proximal end of transit peptides but declined significantly in frequency 

over its length (Figure 2). Of these, all except methionine were found at initial frequencies 

greater than 5%. Serine alone is initially present at about 17% frequency, while the small 

nonpolar amino acids alanine and leucine together comprise 25% of residues in the proximal 

third of the transit peptide. A second set of centrally-enriched amino acids including proline, 

arginine, phenylalanine, and histidine are initially low in abundance, rise to a peak value between 

positions 10-30, then decrease in frequency across the remaining length. Arginine reaches a peak 

value somewhat later than the other three, peaking instead between positions 20-40. Histidine 

was rare among this group at only 1.5% at the proximal end and increasing to a high of only 3% 

at position 20, though its trend matched that of other centrally-enriched residues. A third group 

of residues which were initially rare but increased in frequency across the length of the transit 

peptide and reached a peak in the distal end included lysine, aspartic acid, glycine, and glutamic 

acid. Both glutamic and aspartic acids followed a small but consistent trend, starting at about 
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3.5% each for every position at the beginning of the cTP and increasing gradually to a high of 

5% for aspartic acid, and 6% for glutamic acid. To the best of our knowledge, such a trend has 

not been observed before, but a 2-fold increase of these residues between the proximal and distal 

ends of the transit peptide is evident in both experimentally-validated and predicted sequences. 

From what is known of the TOC GTPases, the primary means of selectivity is due to the 

hypervariable acidic A-domain of the TOC159 family (Inoue et al., 2010; Richardson et al., 

2009; Smith et al., 2004). It is possible that the pattern that was observed for negatively-charged 

amino acids in the distal GTPase-interacting domains of transit peptides is evidence of exclusion 

motifs that alter import efficiency, perhaps by charge repulsion against the acidic TOC GTPase 

A-domain (Smith et al., 2004). A final group of residues were either very rare (<2%) or exhibited 

more moderate fluctuations in frequency across the length of the transit peptide, and included 

valine, glutamine, cysteine, asparagine, isoleucine, tyrosine, and tryptophan.  

Transit peptides of different plant taxa may have differences due to genetic drift, to the 

binding affinity of the TOC and TIC translocon receptors, or expansion or contraction of gene 

families for translocon and chaperone subunits. For instance, transit peptides of monocots and 

eudicots have previously been reported to be enriched in alanine and serine, respectively 

(Zybailov et al., 2008). Therefore, the amino acid content of sequences from predicted plastid 

transit peptides of six monocots (Anthurium amnicola, Brachypodium distacyon, Oryza sativa, 

Panicum virgatum, Setaria italica, and Sorghum bicolor), eight eudicots (Arabidopsis thaliana, 

Fragaria vesca, Glycine max, Malus × domestica, Populus trichocarpa, Prunus persica, 

Solanum lycopersicum, and Vitis vinifera), and the early-diverging angiosperm species 

Amborella trichopoda were compared to determine if these trends held true, or if other amino 

acid biases occurred in certain taxa (Table 1, Figure 3A). In all genotypes, serine was found to be 
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overrepresented by between 50-100% compared with the whole proteome, but in eudicots, serine 

was more abundant with 30% more serine on average compared with monocot transit peptides. 

In contrast, alanine was marginally enriched in the transit peptides over whole proteome 

sequence in eudicots but was extremely enriched in monocots, with a minimum of +50.7% 

enrichment in A. amnicola up to a high of +81.1% in O. sativa compared to the respective whole 

proteome. In eudicots, by contrast, a maximum of only +16.7% enrichment was found in Malus 

× domestica (+16.7%), while transit peptides of Populus trichocarpa were underrepresented in 

alanine compared to the whole proteome (-1.0%). Alanine was also the most abundant amino 

acid of monocot transit peptides for all genotypes except A. amnicola, and overall, was enriched 

by 111.6% compared with eudicot transit peptides, whereas serine was the most abundant amino 

acid in all eudicot genotypes. While alanine is somewhat enriched in the whole proteome of 

monocot species, this is not significant enough to explain these results (Figure 3B). Alanine 

enrichment in monocots was counterbalanced by underrepresentation in phenylalanine (-91.3%), 

isoleucine (-105.4%), leucine (-121.5%), asparagine (-169.8%), glutamine (-35.6%), and 

threonine (-34.2%) compared with eudicots. Tyrosine was also significantly underrepresented (-

60.1%) in monocots, although its frequency is extremely low in both clades. Eudicots, in 

contrast, had somewhat lower glycine, proline, and arginine compared with monocots. Overall, 

transit peptides of monocots contain more small, nonpolar amino acids including glycine, valine, 

and proline in comparison with eudicots, which have a more flexible amino acid composition. 

Furthermore, arginine, which is essential in binding and interaction with the TOC GTPases, was 

relatively higher in monocot sequences (Pilon et al., 1995; Rensink et al., 2000). One possibility 

that explains these differences is that changes to the translocons of monocots select for more 

conserved transit peptides. Monocots lack all but one isoform of the core TIC subunit TIC20, 
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and also lack the suspected TIC component Ycf1 compared with Eudicots (Bölter and Soll, 

2017; de Vries et al., 2015; Nakai, 2015). If these components impact import efficiency or 

selectivity, their loss may favor small, uncharged amino acids in the transit peptides of monocots 

to minimize stearic hindrance and necessitate a higher arginine content to ensure high import 

efficiency. As research progresses on the non-essential components of TIC such as TIC100, 

TIC56, and Ycf1, it will be interesting to see if they have a role in increasing import efficiency 

for transit peptides with unfavorable amino acids.  

In A. trichopoda, it was expected that the transit peptides would have intermediate 

residue composition between monocots and eudicots because it the sister lineage to the combined 

monocot/eudicot lineage (Albert et al., 2013; Soltis et al., 2009). Surprisingly, however, 

predicted transit peptides in A. trichopoda were nearly identical to eudicots for almost all 

residues. Slightly intermediate values were observed for some residues (e.g., lysine, asparagine, 

proline, glutamine, and serine), but even in these cases, Amborella was closer to eudicot than 

monocot sequences. The only residues with a significantly different trend were valine, which 

was somewhat decreased compared to both monocots and eudicots, and glutamic acid, which 

was slightly higher than both. This result seems to indicate that monocots have experienced 

changes to the protein translocation machinery that has selected for different amino acid content 

in transit peptides. 

Evolution of Novel Plastid Transit Peptides in Diverse Angiosperm Species 

To test the hypothesis that transit peptides evolve in predictable patterns, NPTPs were 

first examined among comparative homologous protein clusters detected using either Reciprocal-

Best-BLAST hits (RBH) or UCLUST in Christian et al. (2019, unpublished). Plastid targeting 

prediction was performed using a consensus approach of TargetP and Localizer, which have 
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been shown recently to be highly efficient at predicting plastid targeting (Christian et al., 2019, 

unpublished). Clusters containing at least three species and in which only one species had 

predicted plastid-targeted proteins were identified as “NPTP’s” for each method. These 

candidate clusters were then compared with the reciprocal method: if both methods found that 

the NPTP sequence(s) belonged to a cluster in which no other species had a predicted chloroplast 

transit peptide, that cluster was determined to be robustly-supported. If the reciprocal method 

found that this sequence was not uniquely plastid-targeted, it was determined to be moderately-

supported by only a single method. In total, 1,328 clusters were supported by both methods, 618 

clusters were detected using RBH only, and 1,443 clusters in UCLUST only. Phylogenetic trees 

were constructed for each cluster using MAFFT, Phyutility, and RAxML, and the resulting 

alignments were examined for nascent chloroplast transit peptides. All clusters containing 

multiple unlinked branches of chloroplast transit peptides, losses of transit peptides within a 

branch, or predicted chloroplast-targeted sequences at the root of the phylogenetic tree were 

removed in order to focus on single, recent transit peptide acquisitions in single genes (Figure 5, 

Table 2). For each monophyletic tree, the node in which localization prediction diverged was 

identified and the neighboring sequences analyzed for the responsible mutations (Table 3, Figure 

6). Because the phylogenetic techniques used in this study resolve any problems arising from 

nonhomologous sequence contamination, all three datasets were pooled for comparisons. 

However, the results from each group were also generated and are summarized in Table 3.  

Residue substitutions were the primary evolutionary factor for 31.4% of NPTPs, with an 

average of 12.3 substitutions per divergent pair (Figure 6A). Substitutions were somewhat 

concentrated at the proximal N-terminal third of the transit peptides (Figure 6B). Just 34.8% of 

residue substitutions conserved the same biochemical properties (overall charge, size, and 



 

217 

 

polarity). Of the remainder, nonpolar to polar substitutions and polar to nonpolar substitutions 

were most common, at 23.7% and 16.2% of the total, respectively. De novo evolution of transit 

peptides by single or multiple residue substitutions has been suggested as a primary mechanism 

of transit peptide evolution (Byun-McKay and Geeta, 2007). Signal peptides evolve two times 

faster than mature proteins on average, and up to 5-6 times faster than random sequence 

(Williams et al., 2000). Among the sequence pairs in the multi-genome dataset, the transit 

peptide region shared just 37.9% identity compared with 65.6% identity in the downstream 

mature protein. The first ten residues of transit peptides are known to strongly influence import 

efficiency (Chotewutmontri et al., 2012; Chotewutmontri and Bruce, 2015), so simple 

substitutions in this region could impart novel plastid targeting of the cargo protein as long as 

positively-charged amino acids are optimally positioned downstream.  Similar trends in amino 

acid enrichment and depletion were observed for both substitutions and insertions/deletions 

(Figure 6C). Surprisingly, the absolute abundance and distribution of small insertions and 

deletions was relatively similar, but insertions became much more prevalent after the 20-residue 

range (Figure 6D). For length mutations affecting the entire 60-residue window of the putative 

transit peptide, insertions were over three times more common than deletions. On average, 25.6 

positions were inserted, and 12.2 positions were deleted for each NPTP sequence alignment, 

leading to slightly less than half (49.8 %) of all NPTPs being caused by insertions and 29.4% by 

alternative start sites introduced by an insertion. Alternative start sites caused by a deletion at the 

proximal end, i.e., where a cTP begins at a downstream position, accounted for only 8.7% of the 

total. Both alternative start sites (Davis et al., 2006) and exon shuffling (Long et al., 1996; 

Vibranovski et al., 2006) have been suggested as primary drivers of subcellular relocalization, 

and evidence supporting both mechanisms was found in this analysis. Most insertions and 
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deletion mutations occurred at the beginning and aligned on an initial methionine in the shorter 

sequence, suggesting that they are alternative start sites (Table 3). But alterative start sites did 

not account for all of cases involving 5’ insertions or deletions, suggesting that exon shuffling 

may also play a significant role. The potential impact of alternative first exons was also 

examined, but no candidates were detected. However, as the analysis focused on the first 60 

amino acids, it is possible that instances in which the first exon was longer were missed. 

Additionally, only exons of at least ten residues in length were examined for possible alternative 

exons, which may have excluded microexons (Guo and Liu, 2015).  

In 48.6% of clusters, the most closely related predicted non-plastid-targeted sequence 

was from within the same genome, strongly implying either gene duplication or an alternative 

transcript in the evolution of a novel transit peptide. Overwhelmingly, novel plastid-targeted 

sequences came from gene duplication events: only 27.9% of aligned pairs arising from the same 

species, or 13.6% of the NPTP total, were due to alternative gene products or alleles of the same 

locus. Because relocalization of the protein from its native environment into the chloroplast 

would create a de facto knockout phenotype, gene duplication or alternative isoforms may be 

necessary to maintain the evolutionary function of the original gene or transcript while giving 

flexibility for the duplicated copy to evolve a new function. However, as the majority of clusters 

were not duplicated, either the current proteomes are not fully annotated, or duplication is not 

strictly required for subcellular relocalization.  

First, to confirm that terms associated with plastids are underrepresented or neutral, and 

second to find any overrepresented terms to discover functions that are broadly selected for in 

novel plastid-targeted genes, GO enrichment of NPTPs was conducted. A custom dataset 

consisting of the full proteomes from each of the included species was used as a reference 
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dataset. As expected for non-conserved plastid-targeted proteins, terms associated with plastid 

(GO:0009536), thylakoid (GO:0009579), localization (GO:0051179, GO:0051234), and 

transport (GO:0006810), were significantly underrepresented, as shown in Table 4. A total of 49 

terms were overrepresented in this dataset, almost all of which were associated with metabolism 

and biosynthesis, regulation of gene expression, and protein binding or regulation. Most 

biosynthetic terms were associated with primary metabolism, but several terms involved in 

heterocyclic and aromatic compounds were also identified. The enrichment of these terms 

confirms an assumption that novel chloroplast-targeted proteins likely contribute to species-

specific biochemistry. However, the high enrichment of terms associated with transcriptional 

processes and protein binding suggests that an equally important function of novel plastid-

targeted genes may be in the regulation of plastid gene expression and protein function.  

Mechanisms of NPTP evolution in the Arabidopsis Pan Genome  

The analysis workflow was applied to pan-genomes to test the hypothesis that the broader 

trends in transit peptide evolution observed in the multi-genome dataset hold true at smaller 

evolutionary scales. The Arabidopsis1001 Project (Alonso-Blanco et al., 2016; Cao et al., 2011; 

Joshi et al., 2012) has generated a wealth of protein allelic variants for 256 diverse A. thaliana 

accessions; these sequences were accessed from the Arabidopsis1001 web portal, and targeting 

prediction was performed as for the multi-genome sequences. Out of a total of 35,176 gene 

isoform groups, 928 proteins were detected that contained both predicted plastid-targeted and 

non-plastid-targeted sequence variants. A monophyletic origin of a plastid transit peptide was 

found in 180 genes. Surprisingly, only a single deletion was found which deleted a single residue 

in AT3G06180.1, while no insertions were detected. A second gene, AT3G13820.1, had a C-

terminal 4-residue deletion that changed the predicted targeting of the protein, but this appears to 
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be the result of a nonsense mutation in the predicted NPTP which likely disrupts the functional 

domains of the original protein. The remaining mutations were all due to residue substitutions 

(Figure 7A). While these results are significantly different from what was observed in the multi-

genome dataset, it should be stressed that the Arabidopsis1001 project contains only allelic 

variants, and genetic diversity is relatively low in coding sequence: an average of slightly more 

than 439,000 SNPs, or roughly 1 SNP in every 1 kb, are found on average between any two 

Arabidopsis accession genomes (Alonso-Blanco et al., 2016). Indeed, only 1.34 substitutions 

occurred between each pair of sequences observed in the current experiment, and single 

substitutions were responsible for 71% of predicted NPTPs. Substitutions were heavily 

concentrated in the proximal third of the transit peptide: 126 substitutions occurred in the first 20 

positions, followed by 90 in positions 21-40, and only 37 in positions 41-60 (Figure 7B). Nearly 

75% of the substitutions were nonconservative, with nonpolar to polar transitions accounting for 

over 21% of nonconservative substitutions. Basic to polar substitutions occurred 15.3% of the 

time, followed by acidic to nonpolar (9.5%), aromatic to polar (8.5%), and nonpolar to basic 

(7.9%) (Figure 7C). Overall, this pattern follows what had been observed for transit peptide 

composition (Figures 1, 2), with increases particularly in serine, proline, alanine, and arginine, 

and decreases in acidic, aromatic, and long polar amino acids.  

In addition, the Arabidopsis1001 project identified several major taxonomic sub-groups 

of accessions that enable tracking of NPTP evolution across both taxonomic and geographic 

space. Distribution of NPTPs was examined in accessions of different taxonomic groups to test 

whether the evolution of plastid transit peptides follows similar trends to the genomic diversity 

of each taxonomic group (Figure 8). It was observed that relict accessions native to the Iberian 

Peninsula had the most NPTPs per accession, at an average of 10 each, but accounted for a small 
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number of the total due to relatively few Relict accessions being included in the 256 currently 

available accessions. Non-Relict Spanish accessions and accessions from the 

Italian/Balkan/Caucasus group were also diverse, but in terms of average diversity they were 

closer to other groups than to the relict group. The pan-genome sequencing project suggested 

that these taxonomic groups are more variable because they survived the last glaciation period, 

while the other taxonomic groups developed after the species radiated back out from glacial 

refuges. In contrast, the Asian accessions are at the easternmost edge of the Arabidopsis native 

range and are the least diverse, with the least NPTPs both as a whole and expressed as average 

NPTP content per accession. Surprisingly, the admixed group, which contains intermediate 

characteristics between two or more distinct taxonomic groups, had the largest share of NPTPs 

overall. In keeping with admixed populations sharing genetics with more distinct taxonomic 

groups, many NPTPs were not necessarily unique to a single accession but rather shared between 

a mixture of accessions. Although most NPTP clusters contained only a single accession with a 

predicted novel plastid-targeted protein, several contained more accessions, up to a maximum of 

38 observed for one cluster. Most NPTPs in the admixed accessions derives from these examples 

where a plastid-targeted allele has propagated through many accessions, rather than from truly 

unique NPTPs.  

GO enrichment of NPTPs in the Arabidopsis1001 demonstrated that significant 

underrepresentation (p < 0.05) of membrane-bound organelle (GO:0043227; GO:0043231), 

organic substance metabolic process (GO:0071704), and primary metabolic process 

(GO:0044238) were underrepresented, which is expected for genes with variable plastid 

targeting (Table 5). In contrast, the majority of overrepresented terms were involved in 

secondary metabolic and redox processes, such as flavin-containing compound metabolism and 
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biosynthesis (GO:0042726; GO:0042727), adenylyltransferase activity (GO:0003919; 

GO:0070566) glycosyl or hexosyl transferase activity (GO:0016757; GO:0016758), and glycerol 

ether metabolism (GO:0006662). Additionally, processes involved in G-coupled receptor 

signaling (GO:0007205; GO:0007186) were overrepresented. 

Mechanisms of NPTP Evolution in the Brachypodium Pan Genome  

Pan-genome sequencing in many species has revealed large variation in duplicated and 

expendable genes: in some cases, the core genes represent a minority of the total genes for a 

given species. The BrachyPan project for Brachypodium distachyon conducted deep re-

sequencing of 54 diverse accessions of Brachypodium distachyon to characterize 

presence/absence variants (PAVs) and copy number variants (CVs), in addition to allelic and 

isoform variants (Gordon et al., 2017). Predicted proteomes of 56 different B. distachyon 

ecotypes including two internal Bd21-3 controls were accessed from BrachyPan 

(https://brachypan.jgi.doe.gov/) and sequences were arranged into clusters according to a 

reference matrix file provided by John Vogel, DOE, USA (Personal communication). Gene 

clusters were analyzed using the same localization prediction process as described for the 

Arabidopsis1001 dataset, resulting in 8,990 orthologous pan-gene clusters that had at least one 

predicted plastid-targeted gene and one non-plastid-targeted gene. RAxML was performed on 

7,551 of the candidate gene clusters. The most recent common ancestor was likely plastid-

targeted in 4,616 of these clusters, indicated by a plastid transit peptide at the root of the 

phylogenetic tree. Multiple points of transit peptide evolution were found in 1,616 clusters, while 

116 clusters had a single point of origin but had a loss of the transit peptide within the same 

branch. Of the remaining 2,272 clusters, the node corresponding to the evolutionary gain of a 

transit peptide was extracted, and MUSCLE was used to realign the paired sequences. It is 
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interesting to note that in both BrachyPan and Arabidopsis1001, plastid transit peptides were 

more likely to be lost than gained, indicated by a predicted plastid transit peptide at the root of 

the tree. This pattern has been observed before in signal peptides, where the loss of the signal 

peptide prevailed over gains by a factor of almost 4-fold (Hönigschmid et al., 2018). This ratio 

was similar for both pan-genomes. For the remaining sequences, gene variants were much more 

divergent than the Arabidopsis1001 clusters and more closely mirrored the multi-genome dataset 

(Figure 9). An average of 12.7 substitutions were found in each divergent pair of sequences, 

69.4% of which were non-conservative. Length variants were also common, with an average of 

0.80 insertions and 1.08 deletions occurring in each alignment. Despite a large number of 

substitutions per aligned pair, substitutions were the dominant means of transit peptide 

acquisition in only 28.3% of clusters, while insertions and deletions were responsible for the 

remaining 71.7%. Alternative start sites resulting in an insertion for the plastid-targeted protein 

were found in 20.1% of cases, while alternative start sites resulting in a deletion were found in 

11.4% of cases (Figure 9A). Insertions and deletions that did not align with an in-frame 

methionine and therefore did not represent alternative start sites accounted for 19.6% and 20.6% 

of cases, respectively. The most frequent size of both insertions and deletions were those that 

covered the full 60 amino acids of the putative transit peptide. Of the remainder, the most 

abundant size range in both cases was between 1-5 residues, and frequency declined as gap size 

increased. More substitutions were found at the beginning of the aligned sequence, although the 

difference was not nearly as pronounced as observed in Arabidopsis: 38.2% of substitutions were 

found in the first 20 positions, 34.2% between positions 21-40, and 27.6% between positions 41-

60 (Figure 9B). Large increases in proline, arginine, serine, and threonine were observed along 

with decreases in aspartic acid, glutamic acid, glycine, leucine, valine, and tyrosine, although the 
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magnitude of these changes was not nearly as drastic as observed for Arabidopsis1001 sequences 

(Figure 9C). Most residues were not substantially different between modes of mutation, although 

it is interesting to note that both serine and threonine were somewhat more likely to be caused by 

substitutions rather than length variants: the net change of serine was +4.4% for (insertions-

deletions) and +6.5% for substitutions, while the net changes in threonine were +1.0% and 

+2.2%, respectively (Figure 9D). Introductions of proline were conversely more likely to occur 

due to insertions or deletions (+6.4%) compared to residue substitutions (+5.1%). All other 

amino acids differed by a less significant margin between mutational modes. Among all 

BrachyPan clusters, less than 5% of variant sequence pairs were from the same accession, 

indicating that variants caused by either isoforms or gene duplications within a single accession 

are rare. The frequency of NPTPs correlated well with the taxonomic groups reported previously 

(Gordon et al., 2017) (Figure 10). When measured as an average number of NPTPs per accession 

in each group, the extremely-delayed flowering (EDF+) accessions had nearly twice the diversity 

as the Turkish (T+) and Spanish (S+) accessions. The geographic distribution of accession 

diversity (Figure 10C) clearly shows that the most diverse accessions are generally found in or 

near Turkey. Even the reference Bd21-3 genome, which was collected in Iraq, has a greater 

number of NPTPs than many of the Spanish accessions. These results indicate that NPTP 

evolution followed a similar pattern to the Arabidopsis1001 dataset, and further implies that 

novel plastid-targeted proteins evolve in response to environmental pressures followed by natural 

selection.  

Within the Brachypodium pan-genome, clusters are categorized into “core” (56 genomes; 

100%), “softcore” (53-55 genomes; 95-98%), “shell” (3-52 lines; 5-94%), and “cloud” (1-2 

genomes; 2-5%) categories (Gordon et al., 2017). Over half (56.6%) of NPTPs occurred in core 
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clusters, 25.2% occurred in softcore clusters, 17.9% occurred in shell clusters, and cloud clusters 

accounted for only 2 NPTPs, or 0.2% of the total (Figure 11).  

Previously published GO annotation information (Gordon et al., 2017) was converted 

into GO slim categories in BLAST2GO and compared to the Bd21-3 reference genome to find 

under- and over-represented terms (Table 6). Using p-Value < 0.05 as a significance threshold, 

significant underrepresentation of cytoplasmic and ribosomal terms was found for cellular 

component ontologies, while structural molecule activity, ribosomal components, and cyclic 

compound binding terms were underrepresented for molecular function ontologies. 

Overrepresented terms involved in biological processes included nitrogen metabolism, cell wall 

organization, and lipid metabolism, suggesting that secondary metabolic processes are 

significantly more likely to have differential targeting. Terms of the molecular function ontology 

included ion binding, kinase activity, transferase activity, and catalytic activity. Overrepresented 

cellular component ontology terms were somewhat scattered, reflecting the selection of 

differentially-targeted genes. 

Interestingly, several terms associated with inclusion bodies (GO:0090083, GO:0090084, 

GO:0070841) were overrepresented. Inclusion bodies are associated with viruses, so the 

enrichment of these terms suggests that not all NPTPs may be endogenous proteins. Sequences 

from pathogens and endosymbionts are common contaminants of high-throughput sequencing 

data, and eukaryotic genomes often have dormant retroviral elements scattered throughout their 

genomes (e.g., Sabot and Schulman, 2006). Although these sequences may at first glance appear 

to be false positives, effector proteins from multiple pathogenic species have been observed to 

translocate to the chloroplast (Dodds and Rathjen, 2010; Win et al., 2012). For instance, 

bioinformatic analysis of Pseudomonas syringae effector proteins predicts many to be 
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chloroplast-targeted (Guttman et al., 2002), and at least four have been confirmed in vivo 

(Jelenska et al., 2007; Li et al., 2014; Rodríguez-Herva et al., 2012). Plastid-targeted effectors 

also appear to be highly abundant in rust fungi (reviewed in Lorrain et al., 2018). Effector 

proteins from both bacteria and fungi suppress hypersensitive responses by targeting protein 

folding, salicylic and jasmonic acid production, photosystem II, and ROS signaling pathways. 

Furthermore, coat proteins of cucumber necrosis virus and Lolium lentivirus have also been 

described to have plastid localization, which may promote virus coat disassembly as well as 

target host immune pathways (Hui et al., 2010; Vaira et al., 2018).  

Transposon-based origin of NPTPs 

Transposable element sequences for all Viridiplantae species were downloaded from 

GIRI REPBASE (https://www.girinst.org/repbase/) release 23.03. All possible open reading 

frames of at least 300 bp were mined from this dataset, translated to protein sequences, and 

analyzed with TargetP and Localizer. A total of 19,848 sequences with a consensus plastid 

targeting prediction were extracted and collected into a BLAST database for analysis against 

potential evolutionarily emergent chloroplast transit peptides. Each pair of diverged sequences 

was compared to this database of transposon sequences to see if the same transposon sequence 

was a match in both or unique to one sequence. Using an E-value cutoff of e-4 transposons were 

not found to be a significant source of transit peptide acquisition. No examples were found in the 

Arabidopsis1001 dataset, although this is unsurprising given that almost all pairs differed by only 

1-2 substitutions. In BrachyPan, 33 potential candidates were identified, while in the multi-

genome dataset, a total of 12 candidates were found. However, only a small fraction of these 

candidates were high-scoring matches covering a majority of the transit peptide, so many initial 

hits were the result of random sequence alignment. Although transposons may donate functional 
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transit peptides in a minority of cases, the evidence suggests that they are insignificant in the 

evolution of the plastid proteome. 

Gaps in Orthologous Protein Prediction 

It is likely that the total number of NPTPs has been underestimated in all datasets because 

relatively stringent criteria were implemented in this study. In the Arabidopsis1001 dataset, 

sequences seldom differ by more than a few residues throughout the whole gene sequence, and 

as a result, the phylogenetic trees have extremely short branch lengths. Many poorly-resolved 

trees were likely discarded due to this problem alone. In contrast, the BrachyPan and multi-

genome gene clusters represent broader orthologous or homologous gene families and are far 

more likely to have relatively divergent branches with nascent plastid transit peptides. Yet, the 

inclusion of broader sequence variants also introduces the potential for error. In BrachyPan, 

many in-paralogs had poor sequence alignment and are likely to be unrelated, while in the multi-

genome analysis, most of the smaller clusters were orthologous, but larger clusters often 

included paralogs. However, these trees were resolved with maximum likelihood methods, 

poorly aligned or nonhomologous sequences are unlikely to affect the analysis of these clusters. 

Even so, it is many larger clusters in which plastid targeting arose independently in multiple 

paralogs within that cluster were probably rejected. In these cases, resolution of independently 

evolving transit peptides would require more stringent clustering methods. Finally, the prediction 

approach using TargetP and Localizer achieves excellent correlation with experimentally 

validated results but has a significant sensitivity gap which may underrepresent NPTPs and lead 

to inaccurate prediction of the point of targeting divergence. It warrants the in-depth 

spatiotemporal study of plastid proteomes via transcriptomics or more aptly by using high 

throughput proteomics methods first to better understand the variation of the plastid proteome in 
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specific tissues or conditions as well as across the plant kingdom, and second to validate the 

localization predictions made in this study.  

 

Conclusions 

The plastid proteome is in a state of constant flux across evolutionary space in the plant 

kingdom due to gains and losses of plastid transit peptides in nuclear-encoded genes. Anecdotal 

reports which influence taxon-specific biochemistry, herbicide tolerance, and photosynthesis are 

known, but this study describes that transit peptide variation is widespread and likely responsible 

for significant phenotypic changes. Based on gene ontology enrichment, such localization 

variants are related to secondary metabolism, transcriptional regulation, and protein regulation. A 

better understanding of these unique plastid-targeted proteins could lead to improvements in 

yield, nutrient content, environmental stress tolerance, and production of valuable medicinal or 

aromatic compounds. The hypothesis that transit peptides evolve in predictable patterns was 

tested both at broad evolutionary scales and at the single-species level. Overall, it was found that 

in both the Arabidopsis and Brachypodium pan-genomes, loss of transit peptides occurs roughly 

four times more frequently than the gain of a novel transit peptide within orthologous protein 

clusters. However, gain events still occur regularly both in pan-genomes and across a wider 

phylogenetic landscape. Surprisingly, the primary sequence composition of monocot and eudicot 

transit peptides is divergent, possibly due to differences in the composition of the TIC translocon 

at the inner plastid envelope. Residue substitutions were less important to novel transit peptide 

evolution than were small insertions and deletions. A majority of these length variants represent 

probable alternative start sites, but internal insertions or deletions suggest that indels and 

alternative splicing are also major factors equaling or surpassing residue substitutions in 
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importance. Finally, it was found that gene duplications and alternative protein isoforms are 

more important factors in the evolution of novel plastid-targeted proteins than allelic variants. 

These results validate the hypothesis that transit peptides do evolve in predictable patterns of 

insertion, deletion, or use of alternative start sites, rather than from random substitution events. 

Less than 10% of relocalization examples involved alternative transcripts or translation products; 

deep transcriptome sequencing would provide much-needed evidence of the veracity and relative 

abundance of alternative transcripts. An additional 33% of cases involved gene duplication 

within the same genome. Both categories of transit peptide evolution are excellent candidates to 

examine very recent evolutionary changes which have resulted in the gain of a transit peptide. 

Moving forward, GFP fusion or in vitro translocation studies of both alternative transcript 

variants and gene duplication variants will be crucial to test the biological accuracy of 

predictions and to validate the predicted shift in subcellular localization. Although the focus was 

on chloroplast transit peptides within otherwise non-targeted gene families, functional 

divergence could additionally occur within conserved or semi-conserved plastid-targeted genes 

by mutation of the functional protein domains. It should be cautioned that without examining the 

genomic context of each potential localization variant, it is impossible to determine the exact 

evolutionary mechanism, such as whether length variants represent independent exons, shifts in 

exon/intron boundaries, or intraexonic indels. The outcome of these analyses, however, has built 

a foundational collection of candidate proteins to begin exploring localization and functional 

roles in vivo.  
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Materials and Methods 

Clustering gene families and subcellular prediction 

 For the Arabidopsis1001 dataset, protein sequence files from 246 accessions cataloged in 

the Arabidopsis1001 proteomes project (Joshi et al., 2012) were downloaded from 

http://1001data.masc-proteomics.org/index.html. Sequences were sorted into single gene files 

using the reference Columbia-0 gene ID. In the BrachyPan dataset, protein sequences files were 

downloaded from https://brachypan.jgi.doe.gov/ and grouped into orthologous protein clusters 

using resources by Dr. John Vogel (Gordon et al., 2017). For the multi-genome dataset, predicted 

proteomes from Amborella trichopoda, Arabidopsis thaliana, Brachypodium distachyon, 

Fragaria vesca, Glycine max, Malus × domestica, Oryza sativa, Panicum virgatum, Populus 

trichoarpa, Prunus persica, Setaria italica, Solanum lycopersicum, and Sorghum bicolor were 

downloaded from Phytozome (https://phytozome.jgi.doe.gov). Sequences for Anthurium 

amnicola were retrieved from Suzuki et al., 2017, and sequences for Vitis vinifera were retrieved 

from Vitulo et al., 2014. For Malus × domestica, a supplementary transcriptomics-based 

predicted proteome was created using the SRA datasets from (Bai et al., 2014; Gusberti et al., 

2013; Krost et al., 2013, 2012; Petersen et al., 2015) and assembled using CLC Genomics 

Workbench v.8 (Qiagen Bioinformatics, Hilden, Germany). For all species, poorly annotated 

sequences were removed if no BLAST hits above 40% identity and 40% coverage were found 

for other sequences within the same dataset. Clustering of homologous proteins was performed 

using two parallel methods. First, reciprocal-best-BLAST hits (RBH) were generated by 

performing ALL-v-ALL BLASTP comparisons of the predicted proteome of each species 

against those of every other species. Sequences for each genome pair which were the mutual best 

hits above 40% identity and 40% coverage were kept as initial cluster connections. Initial 

https://brachypan.jgi.doe.gov/
https://brachypan.jgi.doe.gov/
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clusters were expanded using reciprocal better-BLAST hits within each genome, performed 

using ALL-v-ALL BLASTP comparisons of the predicted proteome of each species against 

itself. Sequences which had mutual hits above 90% identity and 90% coverage were kept. All 

cluster edges were collapsed to form clusters. In the second method, the UCLUST algorithm 

(Edgar, 2010) was executed on a concatenated, length-sorted sequence file of the predicted 

proteomes of all fifteen species using a 40% identity and 40% coverage threshold. From these 

initial clusters, random sequences from within each cluster, sorting these sequences by length, 

concatenating them to the beginning of the length-sorted initial sequence file, and re-running 

using a 90% identity threshold, minimum of 40% coverage, and maximum target length of 2.5x 

the query length. This randomized seed method was iterated 100 times, and all clusters from the 

initial run and subsequent iterations were condensed if they shared at least one sequence. From 

both RBH and UCLUST methods, clusters were selected which contained at least three species 

and only a single species with a predicted plastid-targeted sequence. Protein sequences from each 

dataset were analyzed with TargetP v.1.1 (Emanuelsson et al., 2007, 2000) and Localizer v.1.0.2 

(Sperschneider et al., 2017).  All sequences predicted by both methods to have chloroplast 

localization were determined to be plastid-localized, and sequences predicted by one or neither 

method were determined to be non-plastid-targeted.  

Transit Peptide Analysis 

Experimentally-validated proteomics data were retrieved from PPDB (Sun et al., 2009), 

AT_CHLORO (Ferro et al., 2010), SUBA4 (Hooper et al., 2017), CropPAL, and CropPAL2 

(Hooper et al., 2015). Non-redundant sequences validated by mass spectrometry and with 

unambiguous localization were extracted and residue composition and positional frequency 

within the 60 residues comprising the transit peptide and all downstream residues comprising the 
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mature protein were analyzed. For the analysis of in silico prediction methods, all sequences with 

a predicted plastid transit peptide from each species used in the multi-genome dataset were 

similarly analyzed for residue composition and positional frequency.  

Phylogenetics 

All clusters derived for Arabidopsis1001, BrachyPan, and the multi-genome datasets 

were trimmed of poorly-aligned sequences before phylogenetic analysis using a BLAST filter to 

remove any sequences with less than 40% identity and 40% coverage to any of the predicted 

plastid-targeted sequences. Maximum likelihood phylogenetic trees were constructed for each 

cluster using MAFFT v. 7.407 (Katoh et al., 2002; Katoh and Standley, 2013), and trimmed with 

Phyutility v2.2.6 (Smith and Dunn, 2008). Pasta v.1.0 (Mirarab et al., 2015) and FastTree 2.1.10 

(Price et al., 2010) were used for alignments of trimmed files, and phylogenetic trees were 

constructed using RAxML v. 8.2.31 (Stamatakis, 2014, 2006).  The point of divergence between 

plastid-targeted and non-plastid-targeted sequences for each gene cluster was performed using a 

custom Perl script (Additional file 1) and determined by examination of branch lengths in 

Newick-formatted maximum likelihood trees. Clusters in which predicted plastid-targeted 

sequences arose more than once were discarded as probable examples of the polyphyletic origin 

or ambiguous targeting sequence. 

Additionally, clusters in which a transit peptide was gained and then lost or in which a 

plastid-targeted sequence rooted the tree were discarded. Second sequence alignment was 

performed on the divergent pairs of sequences using MUSCLE v.3.8.31. Mutations within the 

transit peptide region were defined as the part of the alignment corresponding to the first 60 

residues of the plastid-predicted sequence, and the mature region was considered to be the 

remainder of the alignment. Frequency of substitutions and residue classes was collected for all 
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sequences. Alignments which started with a gap but in which the first aligned residue was a 

methionine in both sequences were classified as alternative start sites. Alignments with insertion 

of at least ten residues followed by a deletion of at least ten residues, or vice versa, were 

categorized as alternative first exons. Finally, alignments in which more substitutions occurred 

than gaps were classified as substitution-dominant, while alignments fulfilling the reverse criteria 

were classified as insertion or deletion-dominant.  

Gene Ontology Analysis 

 Annotations for NPTPs were retrieved from Phytozome (https://phytozome.jgi.doe.gov) 

for each of the species used in the analysis except Anthurium amnicola and Vitis vinifera, which 

were retrieved from (Suzuki et al., 2017) and (Vitulo et al., 2014), respectively. Annotations for 

BrachyPan were retrieved from the supplementary materials of Gordon et al. (2017). Non-

redundant predicted proteins produced by the de novo transcriptome assembly of Malus × 

domestica as described in Chapter 3 were annotated using BLASTP against the NR Protein 

database at NCBI with BLAST2GO default parameters (Conesa et al., 2005; Conesa and Götz, 

2008) (BioBam Bioinformatics, Valencia, Spain). GOslim annotations were retrieved using 

BLAST2GO. Over- and under-represented GO terms for each dataset was performed using 

BLAST2GO.  Fisher’s Exact Test was used to calculate significance, and all terms below a false 

discovery rate (FDR) significance threshold of 0.05 or p-value threshold of 0.05 were extracted.  
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comparing predicted to experimentally-validated transit peptides (column 3), and comparing 

sequences derived from predicted transit peptides or proteins from different taxa (columns 4-7). 

For each column, the bias is reported as the percentage change of the residue frequency in the 

subject dataset divided by the frequency in the query dataset. Heatmaps illustrating the 

magnitude of differences were generated using conditional formatting in Microsoft Excel, and 

are represented with white representing no change, blue representing 100% or higher changes, 

and red representing -100% or lower changes. Extreme frequency bias was observed for transit 

peptides of experimentally-validated proteins as compared with whole proteome sequence. 

Smaller but significant biases were observed for comparing predicted transit peptides to transit 

peptides validated by mass spectrometry. Finally, major bias was found for several residues 

when comparing predicted transit peptides of monocot species to transit peptides either eudicot 

species or Amborella trichopoda. Minor differences were noted for the whole proteomes of these 

same taxa, and little difference was observed between transit peptides of eudicot species and 

Amborella.   
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 Transit 

Peptide Bias 
Prediction Bias 

Taxa Bias 

(Predicted) 

Subject 
cTP 

(MS-Validated) 
Predicted cTP 

Monocot 

CTP 

Monocot Whole 

Proteome 
Monocot CTP Eudicot CTP 

Query 
TAIR10 

Proteins  

MS-Validated 

CTP 

Eudicot 

CTP 

Eudicot Whole 

Proteome 

Amborella 

CTP 

Amborella 

CTP 

Ala 43.4 3.4 111.6 20.1 112.1 0.2 

Cys 13.5 25.1 4.1 2.0 -4.7 -8.5 

Asp -68.9 -45.8 -2.2 1.1 5.6 8.0 

Glu -70.3 -48.1 -10.6 -4.5 -25.2 -16.3 

Phe -4.0 -3.5 -47.7 -7.0 -45.4 4.5 

Gly -30.1 -20.3 55.7 6.6 37.5 -11.7 

His 10.2 27.1 -7.4 1.8 -12.9 -5.9 

Ile -37.1 -22.6 -51.3 -7.7 -51.8 -1.1 

Lys -32.4 -22.1 -54.8 -11.4 -52.0 6.3 

Leu -1.3 1.5 -4.8 -1.2 -11.1 -6.6 

Met 14.7 -6.8 -1.4 0.6 -5.5 -4.2 

Asn -26.3 -3.2 -62.9 -11.7 -61.9 2.8 

Pro 100.8 42.2 44.6 7.2 30.8 -9.5 

Gln -24.3 -6.9 -26.3 -3.8 -25.2 1.5 

Arg 51.6 13.2 55.6 11.1 57.4 1.2 

Ser 76.3 25.9 -23.1 -4.8 -17.9 6.8 

Thr 25.4 7.8 -25.5 -2.5 -16.2 12.4 

Val -27.9 -22.4 4.5 1.2 17.1 12.1 

Trp -47.2 -13.4 22.1 0.6 -6.1 -23.2 

Tyr -63.5 -43.4 -37.7 -2.8 -41.9 -6.7 
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Table 2: Evolutionary Patterns of Transit Peptides. RAxML maximum likelihood software was used to resolve phylogenetic 

relationships of sequences within each candidate cluster, and the distribution of predicted transit peptides in each cluster was 

analyzed to determine whether the cluster had a single, monophyletic origin of the transit peptide, if multiple origins were 

detected, if a transit peptide was acquired and then lost, or if the most recent common ancestor of all sequences was likely to be 

plastid-targeted. Note that multiple scenarios can apply to the same cluster, so numbers do not add to 100%.  

Dataset Candidate 

Clusters 

Polyphyletic 

Clusters 

Rooted/Basal 

Clusters 

Gain/Loss 

Clusters 

Monophyletic 

Clusters 

Arabidopsis1001 928 99 527 6 180 

BrachyPan 7,551 1,616 4,616 116 2,272 

Multi-Genome-RBH 

only 

618 15 108 2 430 

Multi-Genome-

UCLUST only 

1,443 38 293 11 1,061 

Multi-Genome-

Consensus 

1,328 44 180 13 1,101 
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Table 3: Sources of Transit Peptide Evolution by Dataset. For each cluster, the dominant mechanism for transit peptide 

evolution was determined. Alterations that resulted in an apparent shift of the start site were prioritized, regardless of insertion or 

deletion size. If an alternative start site was not present, the mechanism responsible for the highest number of changes was 

selected as the dominant mechanism. Italicized datasets represent subsets of the multi-genome-merged dataset, and are presented 

to demonstrate that the proportion of each mechanism was similar in each subset. 

Dataset NPTPs Substitution Alternative 

Start Site 

(Insertion) 

Alternative 

Start Site 

(Deletion) 

Independent 

Insertion 

Independent 

Deletion 

Arabidopsis1001 181 179 (98.9%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (1.1%) 

BrachyPan 2,272  643 (28.3%) 457 (20.1%) 259 (11.4%) 446 (19.6%) 468 (20.6%) 

Multi-Genome-

Merged 

2,592 832 (31.4%) 780 (29.4%) 230 (8.7%) 539 (20.3%) 269 (10.2%) 

Multi-Genome-RBH 

only 

430 158 (36.2%) 103 (23.6%) 27 (6.2%) 100 (22.9%) 49 (11.2%) 

Multi-Genome-

UCLUST only 

1,061 361 (33.4%) 277 (25.6%) 109 (10.1%) 209 (19.3%) 126 (11.6%) 

Multi-Genome-

Consensus 

1,101 313 (27.7%) 400 (35.4%) 94 (8.3%) 230 (20.3%) 94 (8.3%) 
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Table 4: GO term enrichment of Nascent Chloroplast-Targeted Proteins in Taxonomically 

Diverse Genotypes. Significance at FDR < 0.05 is shown for under- and over-represented terms. 

Terms associated with chloroplasts and localization were rare in NPTPs, while terms associated 

with metabolism, biosynthesis, gene expression, and protein interactions were highly enriched.  
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Tags GO ID GO Name GO Category FDR P-Value 

UNDER GO:0051179 localization BIOLOGICAL_PROCESS 5.06E-03 1.77E-05 

UNDER GO:0051234 establishment of localization BIOLOGICAL_PROCESS 5.67E-03 2.04E-05 

UNDER GO:0006810 transport BIOLOGICAL_PROCESS 6.37E-03 2.35E-05 

UNDER GO:0009607 response to biotic stimulus BIOLOGICAL_PROCESS 2.28E-02 9.61E-05 

UNDER GO:0016020 membrane CELLULAR_COMPONENT 2.12E-06 2.47E-09 

UNDER GO:0009579 thylakoid CELLULAR_COMPONENT 1.29E-02 5.22E-05 

UNDER GO:0009536 plastid CELLULAR_COMPONENT 3.36E-02 1.51E-04 

OVER GO:0031323 regulation of cellular metabolic process BIOLOGICAL_PROCESS 1.46E-06 1.35E-09 

OVER GO:0032774 RNA biosynthetic process BIOLOGICAL_PROCESS 1.46E-06 1.05E-09 

OVER GO:0097659 nucleic acid-templated transcription BIOLOGICAL_PROCESS 1.46E-06 9.99E-10 

OVER GO:0051171 regulation of nitrogen compound metabolic process BIOLOGICAL_PROCESS 1.46E-06 1.16E-09 

OVER GO:0034654 nucleobase-containing compound biosynthetic process BIOLOGICAL_PROCESS 1.46E-06 8.66E-10 

OVER GO:0006351 transcription, DNA-templated BIOLOGICAL_PROCESS 1.46E-06 9.99E-10 

OVER GO:0019219 

regulation of nucleobase-containing compound metabolic 

process BIOLOGICAL_PROCESS 1.46E-06 1.58E-09 

OVER GO:0080090 regulation of primary metabolic process BIOLOGICAL_PROCESS 1.46E-06 1.55E-09 

OVER GO:2000112 regulation of cellular macromolecule biosynthetic process BIOLOGICAL_PROCESS 2.43E-06 3.22E-09 

OVER GO:0031326 regulation of cellular biosynthetic process BIOLOGICAL_PROCESS 2.43E-06 4.25E-09 

OVER GO:1903506 regulation of nucleic acid-templated transcription BIOLOGICAL_PROCESS 2.43E-06 4.56E-09 

OVER GO:2001141 regulation of RNA biosynthetic process BIOLOGICAL_PROCESS 2.43E-06 4.61E-09 

OVER GO:0009889 regulation of biosynthetic process BIOLOGICAL_PROCESS 2.43E-06 4.80E-09 

OVER GO:0010556 regulation of macromolecule biosynthetic process BIOLOGICAL_PROCESS 2.43E-06 3.29E-09 

OVER GO:0018130 heterocycle biosynthetic process BIOLOGICAL_PROCESS 2.43E-06 4.77E-09 

OVER GO:0006355 regulation of transcription, DNA-templated BIOLOGICAL_PROCESS 2.43E-06 4.56E-09 

OVER GO:1901362 organic cyclic compound biosynthetic process BIOLOGICAL_PROCESS 3.00E-06 6.23E-09 

OVER GO:0019438 aromatic compound biosynthetic process BIOLOGICAL_PROCESS 3.00E-06 6.47E-09 

OVER GO:0051252 regulation of RNA metabolic process BIOLOGICAL_PROCESS 3.64E-06 8.17E-09 

OVER GO:0090304 nucleic acid metabolic process BIOLOGICAL_PROCESS 3.35E-05 7.82E-08 

OVER GO:0016070 RNA metabolic process BIOLOGICAL_PROCESS 1.49E-04 4.02E-07 

OVER GO:0060255 regulation of macromolecule metabolic process BIOLOGICAL_PROCESS 0.005061 1.77E-05 
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OVER GO:0019222 regulation of metabolic process BIOLOGICAL_PROCESS 0.009434 3.65E-05 

OVER GO:0006357 regulation of transcription by RNA polymerase II BIOLOGICAL_PROCESS 0.010222 4.04E-05 

OVER GO:0034641 cellular nitrogen compound metabolic process BIOLOGICAL_PROCESS 0.02888 1.27E-04 

OVER GO:0010468 regulation of gene expression BIOLOGICAL_PROCESS 0.036366 1.67E-04 

OVER GO:0090083 regulation of inclusion body assembly BIOLOGICAL_PROCESS 0.036923 1.86E-04 

OVER GO:0090084 negative regulation of inclusion body assembly BIOLOGICAL_PROCESS 0.036923 1.86E-04 

OVER GO:0070841 inclusion body assembly BIOLOGICAL_PROCESS 0.036923 1.86E-04 

OVER GO:0005667 transcription factor complex CELLULAR_COMPONENT 2.49E-08 2.23E-12 

OVER GO:0032777 Piccolo NuA4 histone acetyltransferase complex CELLULAR_COMPONENT 1.28E-06 2.31E-10 

OVER GO:0035267 NuA4 histone acetyltransferase complex CELLULAR_COMPONENT 1.46E-06 1.53E-09 

OVER GO:0043189 H4/H2A histone acetyltransferase complex CELLULAR_COMPONENT 1.46E-06 1.53E-09 

OVER GO:1902562 H4 histone acetyltransferase complex CELLULAR_COMPONENT 2.43E-06 3.73E-09 

OVER GO:0000123 histone acetyltransferase complex CELLULAR_COMPONENT 1.42E-04 3.44E-07 

OVER GO:1902493 acetyltransferase complex CELLULAR_COMPONENT 1.49E-04 3.89E-07 

OVER GO:0031248 protein acetyltransferase complex CELLULAR_COMPONENT 1.49E-04 3.89E-07 

OVER GO:0044451 nucleoplasm part CELLULAR_COMPONENT 5.93E-04 1.65E-06 

OVER GO:0090575 RNA polymerase II transcription factor complex CELLULAR_COMPONENT 0.001407 4.05E-06 

OVER GO:0044798 nuclear transcription factor complex CELLULAR_COMPONENT 0.00427 1.34E-05 

OVER GO:0005669 transcription factor TFIID complex CELLULAR_COMPONENT 0.004629 1.54E-05 

OVER GO:1990234 transferase complex CELLULAR_COMPONENT 0.00769 2.90E-05 

OVER GO:0016864 

intramolecular oxidoreductase activity, transposing S-S 

bonds MOLECULAR_FUNCTION 0.001435 4.38E-06 

OVER GO:0003756 protein disulfide isomerase activity MOLECULAR_FUNCTION 0.001435 4.38E-06 

OVER GO:0005515 protein binding MOLECULAR_FUNCTION 0.004535 1.47E-05 

OVER GO:0016901 

oxidoreductase activity, acting on the CH-OH group of 

donors, quinone or similar compound as acceptor MOLECULAR_FUNCTION 0.022345 9.24E-05 

OVER GO:0016671 

oxidoreductase activity, acting on a sulfur group of 

donors, disulfide as acceptor MOLECULAR_FUNCTION 0.02337 1.01E-04 

OVER GO:0047405 pyrimidine-5'-nucleotide nucleosidase activity MOLECULAR_FUNCTION 0.036923 1.86E-04 

OVER GO:0044183 protein folding chaperone MOLECULAR_FUNCTION 0.036923 1.86E-04 
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Table 5: GO term enrichment of Arabidopsis1001 NPTPs. Due to the small number of final NPTPs in this dataset, no results 

were significant at an FDR < 0.05 significance threshold. Therefore, data significant at p-value < 0.05 is presented.  

Tags GO ID GO Name GO Category FDR P-Value 

UNDER GO:0043227 membrane-bounded organelle CELLULAR_COMPONENT 1 0.014882 

UNDER GO:0043231 intracellular membrane-bounded organelle CELLULAR_COMPONENT 1 0.014882 

UNDER GO:0071704 organic substance metabolic process BIOLOGICAL_PROCESS 1 0.033193 

UNDER GO:0044238 primary metabolic process BIOLOGICAL_PROCESS 1 0.010442 

OVER GO:0042726 flavin-containing compound metabolic process BIOLOGICAL_PROCESS 1 2.15E-02 

OVER GO:0042727 flavin-containing compound biosynthetic process BIOLOGICAL_PROCESS 1 2.15E-02 

OVER GO:0006662 glycerol ether metabolic process BIOLOGICAL_PROCESS 1 3.21E-02 

OVER GO:0009231 riboflavin biosynthetic process BIOLOGICAL_PROCESS 1 2.15E-02 

OVER GO:0003919 FMN adenylyltransferase activity MOLECULAR_FUNCTION 1 1.62E-02 

OVER GO:0006766 vitamin metabolic process BIOLOGICAL_PROCESS 1 4.78E-02 

OVER GO:0006771 riboflavin metabolic process BIOLOGICAL_PROCESS 1 2.15E-02 

OVER GO:0006767 water-soluble vitamin metabolic process BIOLOGICAL_PROCESS 1 4.78E-02 

OVER GO:0004143 diacylglycerol kinase activity MOLECULAR_FUNCTION 1 1.62E-02 

OVER GO:0007205 

protein kinase C-activating G protein-coupled receptor signaling 

pathway BIOLOGICAL_PROCESS 1 1.62E-02 

OVER GO:0007186 G protein-coupled receptor signaling pathway BIOLOGICAL_PROCESS 1 2.68E-02 

OVER GO:0042364 water-soluble vitamin biosynthetic process BIOLOGICAL_PROCESS 1 4.78E-02 

OVER GO:0070566 adenylyltransferase activity MOLECULAR_FUNCTION 1 2.68E-02 

OVER GO:0016757 transferase activity, transferring glycosyl groups MOLECULAR_FUNCTION 1 2.80E-02 

OVER GO:0016758 transferase activity, transferring hexosyl groups MOLECULAR_FUNCTION 1 1.99E-02 

OVER GO:0009110 vitamin biosynthetic process BIOLOGICAL_PROCESS 1 4.78E-02 

OVER GO:0018904 ether metabolic process BIOLOGICAL_PROCESS 1 0.03212 
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Table 6: GO term enrichment of BrachyPan NPTPs. Due to the small number of final NPTPs 

in this dataset, few results were found using FDR < 0.05 as a significance threshold. Therefore, 

data significant at p-value < 0.05 is presented. 
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Tags GO ID GO Name GO Category FDR P-Value 

UNDER GO:0005737 cytoplasm CELLULAR_COMPONENT 0.026818 2.10E-04 

UNDER GO:0044444 cytoplasmic part CELLULAR_COMPONENT 0.045423 5.32E-04 

UNDER GO:0005198 structural molecule activity MOLECULAR_FUNCTION 0.106841 0.002523 

UNDER GO:0003735 structural constituent of ribosome MOLECULAR_FUNCTION 0.155505 0.005467 

UNDER GO:1990904 ribonucleoprotein complex CELLULAR_COMPONENT 0.178068 0.007651 

UNDER GO:0005840 ribosome CELLULAR_COMPONENT 0.178068 0.007651 

UNDER GO:1901363 heterocyclic compound binding MOLECULAR_FUNCTION 0.37075 0.036206 

UNDER GO:0003676 nucleic acid binding MOLECULAR_FUNCTION 0.37075 0.036206 

UNDER GO:0097159 organic cyclic compound binding MOLECULAR_FUNCTION 0.37075 0.036206 

OVER GO:0043167 ion binding MOLECULAR_FUNCTION 8.38E-05 3.27E-07 

OVER GO:0005488 binding MOLECULAR_FUNCTION 0.064876 1.01E-03 

OVER GO:0071941 nitrogen cycle metabolic process BIOLOGICAL_PROCESS 0.106841 2.38E-03 

OVER GO:0071554 cell wall organization or biogenesis BIOLOGICAL_PROCESS 0.106841 0.002921 

OVER GO:0051276 chromosome organization BIOLOGICAL_PROCESS 0.117522 0.003673 

OVER GO:0043233 organelle lumen CELLULAR_COMPONENT 0.269756 0.015806 

OVER GO:0070013 intracellular organelle lumen CELLULAR_COMPONENT 0.269756 0.015806 

OVER GO:0031981 nuclear lumen CELLULAR_COMPONENT 0.269756 0.015806 

OVER GO:0031974 membrane-enclosed lumen CELLULAR_COMPONENT 0.269756 0.015806 

OVER GO:0006629 lipid metabolic process BIOLOGICAL_PROCESS 0.279342 0.017459 

OVER GO:0005654 nucleoplasm CELLULAR_COMPONENT 0.348322 0.028573 

OVER GO:0016301 kinase activity MOLECULAR_FUNCTION 0.348322 0.023589 

OVER GO:0120025 plasma membrane bounded cell projection CELLULAR_COMPONENT 0.348322 0.028467 

OVER GO:0042995 cell projection CELLULAR_COMPONENT 0.348322 0.028467 

OVER GO:0005929 cilium CELLULAR_COMPONENT 0.348322 0.028467 

OVER GO:0016772 transferase activity, transferring phosphorus-containing groups MOLECULAR_FUNCTION 0.37075 0.034041 

OVER GO:0065007 biological regulation BIOLOGICAL_PROCESS 0.375382 0.038125 

OVER GO:0003824 catalytic activity MOLECULAR_FUNCTION 0.401607 0.042357 

OVER GO:0044428 nuclear part CELLULAR_COMPONENT 0.424632 0.046444 
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Figure 1: Amino Acid Compositional Changes in Transit Peptides. The first 60 residues of 

Arabidopsis proteins validated by mass spectrometry were analyzed for residue composition and 

compared with the average residue composition of all Arabidopsis proteins. Extreme enrichment 

was observed for alanine, proline, arginine, and serine, while significant depletion was found for 

aspartic acid, glutamine, isoleucine, lysine, asparagine, and tyrosine. Although glycine, leucine, 

threonine, and valine were abundant, they did not differ significantly from the average residue 

content in Arabidopsis proteins. 
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Figure 2: Residue Frequency in Predicted and Experimentally-Validated Transit Peptides. 

The first 60 residues of sequences validated to be plastid-targeted by mass spectrometry methods 

(solid lines) and of predicted plastid-targeted proteins in 15 plant genomes (dotted lines) were 

collected, and residue composition was assessed for each position. Positions 1 and 2 are omitted 

from each graph due to skew by methionine and alanine, respectively. Frequency patterns match 

almost exactly between experimentally-validated and predicted plastid-targeted proteins, but 

there are differences in the absolute frequency for many amino acids, in particular, highly-

enriched and highly-depleted residues.   
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Figure 3: Residue Composition of Predicted Transit Peptides and Whole Proteome 

Sequence. (A) Residue composition of predicted transit peptides shows significant enrichment in 

alanine, leucine, proline, arginine, and serine in all assessed organisms, but predicted transit 

peptides of monocots were highly overrepresented in alanine, proline, and arginine. 

Corresponding decreases in serine and many of the minor amino acids including phenylalanine, 

isoleucine, lysine, and asparagine were also found in monocot sequences. A. trichopoda 

sequences closely matched eudicot sequences. (B) Residue composition of whole proteomes 

found that alanine was about 2% higher in monocot sequences, but this does not explain the 

extreme differences found for predicted transit peptides.  
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Figure 4: Models of Transit Peptide Evolution. In each panel, exons are indicated with shaded 

boxes and introns with black lines. The initial RNA molecule is indicated in black, and protein 

isoforms are indicated in light green. Substitution variants are the only mechanism requiring a 

change to the DNA sequence, although sequence variants may also promote or hinder the other 

mechanisms. Adapted from Davis et al., 2006. 
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Figure 5: Illustration of Phylogenetics Workflow. For each candidate cluster representing a 

potential NPTP, the steps for filtering, alignment, tree prediction, and mutation analysis are 

depicted. Blue boxes indicate the path of candidate clusters, red boxes indicate sequences or 

clusters that are filtered out, green boxes indicate the potential mutational categories, and 

programs or conditions used in the workflow are indicated to the right of arrows.  
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Figure 6: NPTP Mutation Sources and Characteristics in Multi-Genomic Analysis. Merged 

results for RBH, UCLUST, and Consensus datasets are presented here. (A) Clusters in which an 

upstream alternative start site caused the acquisition of a transit peptide were most abundant, 

followed by substitutions and insertions. Deletions were comparatively rare. (B) A slight but 

significant linear decrease in the amino acid substitution frequency at each position was 

observed, indicating that positions at the proximal end of the N-terminus have a greater effect on 

transit peptide prediction strength. (C) Arginine, proline, and serine experienced significant net 

increases, while aspartic acid, glutamic acid, and glycine all experienced more than 2% net 

decrease when nascent transit peptides were compared to the closes non-targeted neighbor 

sequence. Net change of amino acids was generally similar between substitutions and 

insertions/deletions, but proline and arginine were far less likely to be acquired due to 

substitutions (D) Most insertions and deletions were between 1-5 amino acids in length and 

generally decreased in frequency as the size increased. However, elements that covered the 

entirely 60-residue length of the transit peptide region were extremely abundant, especially those 

caused by insertions.  

 

 

 

 

 

 

 



 

 

272 
 

 

Figure 7: NPTP Mutation Sources and Characteristics in Arabidopsis1001. (A) The 

proportion NPTP mechanisms in Arabidopsis1001 showed only one instance of an internal 

deletion and one instance of a C-terminal deletion causing a difference in targeting prediction, 

while the remaining instances were caused by substitutions. (B) A significant negative trend in 

substitution frequency was observed for Arabidopsis1001 sequences, with up to 4% of 

substitutions occurring at positions in the proximal end, and 0-1% of substitutions occurring at 

positions in the distal end. (C) significant increases in cysteine, asparagine, and serine were 

observed in the substitutions, while aspartic acid, glutamic acid, and leucine had significant 

decreases.  
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Figure 8: Geographic Distribution of NPTPs in Arabidopsis1001 Accessions. Taxonomic 

groups were referenced according to the Arabidopsis1001 Proteomes project, and the number of 

NPTP’s for each accession were added to the respective taxonomic group. The admixed group, 

of which Columbia-0 is a part of, accounted for the most NPTP’s (A) but was overall one of the 

least diverse taxonomic groups. Relict, Italian/Balkan/Caucasus, and Spanish accessions 

contained the most NPTPs per genotype, while Asian, Swedish, Germanic, and Central European 

accessions contained the fewest (B). Geographic distribution is indicated in (C), where shaded 

circular areas are indicative of magnitude. Taxonomic groups are color-coded according to Joshi 

et al., 2012. 

 

 

 

 

 



 

 

274 
 

 

Figure 9: NPTP Mutation Sources and Characteristics in BrachyPan. (A) Substitutions were 

most dominant at 28.3%, followed by independent deletions, upstream alternative start sites, and 

independent deletions. (B) Substitution frequency was greatest at the proximal end and decreased 

linearly to the distal end. (C) the net change in residue composition favored increases in proline, 

arginine, serine, and threonine in transit peptides, while aspartic and glutamic acids, glycine, and 

leucine had 2% or greater decreases. (D) Insertions or deletions which covered the entirety of the 

transit peptide region were most abundant, indicating possible exon swapping. Of the remaining 

elements, smaller elements were most abundant and decreased in frequency with increasing size.  
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Figure 10: Geographic Distribution of NPTPs in BrachyPan Accessions. The Turkish (T+) 

taxonomic group had the most NPTPs in absolute numbers (A), but when measured per 

accession, the extremely-delayed flowering taxonomic group (EDF+) was nearly twice as 

divergent (B). Geographic distribution of these lines is indicated in (C), where the length of each 

bar corresponds the number of NPTPs for each labeled accession. Taxonomic groups are color-

coded according to Gordon et al., 2017. 
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Figure 11: Gene Conservation of NPTPs in BrachyPan. “Core” genes are those shared by all 

56 accessions, “Softcore” genes are shared by 53-55 accessions, “Shell” genes are shared by 3-

52 accessions, “Cloud” genes are found in 1-2 accessions. While most gene clusters reported by 

Gordon et al. are in the “Shell” category, the “Core” and “Softcore” categories accounted for the 

most NPTPs. Categories are color-coded according to Gordon et al., 2017. 
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Additional Files 

Additional File 1 – Perl scripts used for cluster analysis, phylogenetics, and mutation 

detection 

Compressed ZIP file containing all custom scripts used to generate results.  

Additional File 2 – Residue Frequency Analysis in Predicted and Experimentally-Validated 

Plastid-Targeted Proteins 

Excel file containing residue frequency and comparisons between datasets. 

Additional File 3 – Multi-Genome Mutation Analysis 

Excel File containing RAxML best trees, full mutation analysis and categorization of each 

cluster in the multi-genome comparison. Sequences are also provided.  

Additional File 4 – Arabidopsis1001 Mutation Analysis 

Excel File containing RAxML best trees, full mutation analysis and categorization of each 

cluster in the Arabidopsis1001 dataset. Geographic and taxonomic analysis is also provided. 

 Additional File 5 - BrachyPan Mutation Analysis 

Excel File containing RAxML best trees, full mutation analysis and categorization of each 

cluster in the BrachyPan dataset. Geographic and taxonomic analysis is also provided. 
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Abstract 

 Albino3 (Alb3) is a membrane integrase protein of the thylakoid membrane where it is 

required for biogenesis of the thylakoid membrane and assembly of the photosystems and 

electron transport chain complexes. Significant evidence from the Alb3 homolog PPF-1 has 

implicated the protein in an additional calcium homeostasis role, which could have profound 

implications for chloroplast response to environmental signals and chloroplast senescence. 
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However, only indirect evidence for an Alb3 role in calcium transport has been reported to date. 

The hypothesis that the calcium-linked PPF-1 phenotype is dependent on membrane 

depolarization was tested by creating a truncation series of the N-terminal soluble domain of 

Alb3 and overexpressed them in the chloroplasts of Nicotiana tabacum. Fluorescent protein 

experiments demonstrated that residues 1-49 comprise the primary transit peptide signal, while 

residues 50-82 contain a likely thylakoid transfer domain. When these truncated proteins were 

overexpressed in the chloroplast, major changes to senescence, thylakoid ultrastructure, and 

chlorophyll fluorescence were observed that were dependent on presence of the Alb3 thylakoid 

transfer domain. Furthermore, the potassium, calcium, and magnesium composition of leaf tissue 

in transplastomic lines was significantly affected, and preliminary evidence that in vivo calcium 

dynamics is impacted is presented. These results have led to a hypothesis that preAlb3 causes 

constitutive use of the Alb3/SecY heterodimeric channel, inducing transient membrane 

permeability to ions and disruptions to thylakoid membrane potential and ion homeostasis.  

 

Introduction  

The myriad biochemical processes in the plastid are enabled by proteins that are imported 

from the cytosol and a small subset of protein that are synthesized within the organelle. Protein 

translocation across the plastid outer and inner envelope is a complex process requiring both 

post-translational and co-translational processes for nuclear-encoded and plastid-encoded gene 

products, respectively. At least three semi-independent pathways coordinate to transport proteins 

to the thylakoid membrane or lumen. Soluble thylakoid proteins can be transported through 

either the ΔpH-dependent twin arginine transport (TAT) pathway or ATP-dependent cpSec 

translocase pathway (Robinson and Bolhuis, 2001). Each of these translocases transport roughly 
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half of the more than 100 proteins residing in the thylakoid lumen (Peltier et al., 2002; Schubert 

et al., 2002), but TAT can transport pre-folded proteins, while the cpSec has a fixed pore size 

and can only process unfolded proteins (DeLisa et al., 2003; Hynds et al., 1998; Matos et al., 

2008; Robinson et al., 2011). Membrane-bound, insoluble proteins can be inserted by the energy-

independent Albino3 (Alb3), by the cpSec translocase, or by a heterodimer complex of these two 

proteins (reviewed in Hennon et al., 2015; Kuhn et al., 2003). Albino3 is a member of the 

YidC/Oxa1/Alb3 superfamily of proteins that is found in prokaryotes, mitochondria, and 

chloroplasts, respectively, all of which contain a highly conserved integrase domain consisting of 

five transmembrane helices (Kuhn et al., 2003). The degree of conservation is high enough that 

Oxa1 and Alb3 can functionally replace YidC in vivo (Benz et al., 2009; Jiang et al., 2002; Wang 

and Wang, 2009). Unlike TAT and Sec translocons which have physical pores for protein 

translocation, YidC and its paralogs have a unique fold that forms a hydrophilic, positively-

charged groove that decreases the energetic cost of translocation of soluble loop domains (Jiang 

et al., 2003; Kumazaki et al., 2014b, 2014a). During co-dependent translocation by the 

heterodimer of YidC and SecY, YidC has been suggested to chaperone membrane proteins (Jong 

et al., 2010; Nagamori et al., 2004), facilitate release of transmembrane helices from SecY (Beck 

et al., 2001; Houben et al., 2004; Urbanus et al., 2001), promote formation of membrane protein 

complexes (Wagner et al., 2008) and control protein quality (van Bloois et al., 2008). In addition 

to the conserved integrase domain, the N- and C-termini contribute to the function of these 

proteins. The C-terminus, which faces the cytosol in case of YidC and the stroma in case of 

Alb3, contains binding sites for ribosomes (Chen et al., 2014; Gruschke et al., 2010; Haque et al., 

2010a, 2010b; Jia et al., 2003; Kohler et al., 2009; Szyrach et al., 2003), signal recognition 

particle (SRP) subunits cpSRP54 and cpSRP43 (Bals et al., 2010; Dünschede et al., 2011; Falk et 
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al., 2010; Horn et al., 2015; Moore et al., 2003), and FtsY (Horn et al., 2015; Moore et al., 2003). 

At the N-terminus, which faces the periplasm in case of YidC and the thylakoid lumen in the 

case of Alb3, an amphipathic helix upstream of the first transmembrane domain lies parallel to 

the membrane and forms part of the mature protein (Kumazaki et al., 2014b, 2014a; Ravaud et 

al., 2008). The YidC N-terminal domain is substantially larger than that of Alb3, although up to 

92% can be deleted without impairing protein activity (Jiang et al., 2003). Portions of the N-

terminal soluble domain in Alb3 also participate in subcellular targeting.  

In plants, Alb3 is required for photoautotrophic growth (Long et al., 1993; Sundberg et 

al., 1997). Alb3 can facilitate insertion of some substrates by itself but cooperates with 

chloroplast Sec translocase (cpSec) for others (Hennon et al., 2015; Klostermann et al., 2002; 

Pasch et al., 2005). Insertion of photosystem I subunits A1 (PsaA) and A2 (PsaB) (Pasch et al., 

2005; Schöttler et al., 2011) photosystem II subunits D1 (PsbA) and D2 (PsbD) (Pasch et al., 

2005), light harvesting complex proteins (LHCP) (Bals et al., 2010; Klostermann et al., 2002; Li 

et al., 2017; Moore et al., 2003, 2000), cytochrome b6f (Króliczewski et al., 2017; Trösch et al., 

2015), ATP synthase (Benz et al., 2009; Pasch et al., 2005), VIPP1 (Trösch et al., 2015),  and 

CP43 CP43 (Schneider et al., 2014) are all Alb3-dependent. Insertion of at least CP43 involves a 

second insertion factor, TerC (Schneider et al., 2014). Alb3 also interacts with itself and may be 

responsible for self-biogenesis, as mutant ALB3 proteins lacking the C-terminal tail containing 

binding elements for SecY, SRP, and ribosomes are more unstable unless grown in low-light 

conditions (Pasch et al., 2005; Urbischek et al., 2015). Additionally, protein-protein interactions 

have been observed between Alb3 and the photosystem II assembly factors LPA3 and LPA2 (Cai 

et al., 2010). A homolog of Alb3 known as Alb4 in Arabidopsis is responsible for the insertion of 

a specialized subset of membrane proteins, most notably ATP synthase subunits CF1β and CF0II 
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(Benz et al., 2009; Gerdes et al., 2006). In addition to its role as a membrane integrase protein, a 

moonlighting role of Alb3 has also been documented. Pisum post-floral gene 1 (PPF-1), the 

major Alb3 homolog in garden pea, has an additional hypothesized role in regulating chloroplast 

calcium homeostasis (Li et al., 2004; Wang et al., 2003). PPF-1 was first discovered in short-

day-grown plants of the ‘G2’ pea genetic line and is believed to contribute to their never-

senescing phenotype (Li et al., 1998; Zhu et al., 1998). Flowering time is correlated to the 

expression level of PPF-1 and is also directly correlated to both the amount of calcium in isolated 

chloroplasts and to the timing of a cytoplasmic calcium spike (Li et al., 2004; Wang et al., 2003; 

Xu et al., 2002). Interestingly, expression of PPF-1 in human Novikoff cell lines, which lack 

native calcium transport activity with the extracellular media, causes an inward flux of calcium 

into the transgenic cells (Wang et al., 2003). Despite the significance of calcium to plant cellular 

signaling, key details about how it is transported and stored in chloroplasts are missing. 

Chloroplasts are one of the largest subcellular stores of calcium, containing an average of 15mM 

Ca2+ (Kreimer et al., 1987; Portis and Heldt, 1976) whereas resting calcium levels are 100-

150nm in the cytosol and stroma (Loro et al., 2016; Nomura et al., 2012). Nearly all calcium in 

chloroplasts is thought to be bound to either proteins or lipids in the thylakoid membrane 

(Nomura and Shiina, 2014). Calcium also accumulates in thylakoids in a light- and ATP-

dependent manner (Ettinger et al., 1999) and is released to the stroma in the dark in a non-

circadian mechanism (Sai and Johnson, 2002). This transition is greater than 1000-fold, with free 

stromal Ca2+ levels spiking up to 5-10μM in the dark (Ettinger et al., 1999; Johnson et al., 1995).  

Despite this drastic phenotype, the identity of the apparent Ca2+/H+ antiporter has not yet been 

elucidated definitively (Rocha and Vothknecht, 2012). Recent reviews have proposed PPF-1 to 

be a putative Ca2+/H+ antiporter, but connections to the Arabidopsis Alb3 homolog have not been 
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suggested (Hochmal et al., 2015; Nomura and Shiina, 2014). Alb3 may, therefore, represent this 

missing link for calcium transport between the stroma and thylakoid lumen.  

Several other calcium transporter candidates have been suggested at the thylakoid 

membrane. POLLUX and CASTOR were previously reported to be chloroplast-localized 

transporters with permeability to calcium (Imaizumi-Anraku et al., 2004; Weinl et al., 2008), but 

a later study showed that the localization reported was likely artefactual and that these proteins 

are nuclear-localized (Charpentier et al., 2008). CAS (Ca2+ Sensing receptor), was also thought 

to localize to thylakoid membranes and hypothesized to be a transporter (Nomura et al., 2008), 

but is not an actual transporter and instead is central to chloroplast calcium sensing and signaling 

(Huang et al., 2012; Nomura et al., 2012; Weinl et al., 2008). Several H+/Ca2+
 exchanger (CAX) 

genes including AtCax1, AtCax3, and AtCax4 have predicted chloroplast targeting, but current 

evidence shows vacuolar localization for these homologs (Carraretto et al., 2016). CCHA1 

(PAM71) is also hypothesized to be a thylakoid calcium transporter, although mutants 

accumulate higher levels of Ca2+ in chloroplasts (Schneider et al., 2016). CCHA1 has a higher 

affinity for manganese, and thus its calcium transport phenotypes may be the result of leaky 

affinity for divalent cations; indeed, Mn2+ is lower in ccha1 chloroplasts (Schneider et al., 2016). 

ccha1 plants are also sensitive to high external calcium but are rescued by EGTA, further 

suggesting that they hyper-accumulate calcium (Wang et al., 2016). However, CCHA1 is also 

able to rescue yeast mutants deficient in Ca2+/H+ antiport activity, suggesting at least some 

bidirectional transport (Wang et al., 2016). It will be interesting to see how CCHA1 plays into 

chloroplast calcium dynamics and especially if it is responsible for the release of calcium into the 

stroma, but the available evidence suggests that CCHA1 does not act alone.  
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A serendipitous insight into the potential link between Alb3 and calcium homeostasis was 

uncovered when Alb3 homologs from Arabidopsis (AtALB3) and Malus × domestica 

(MdALB3.1) were expressed from the chloroplast genome of Nicotiana tabacum. The 

transplastomic plants exhibited altered chlorophyll fluorescence, changes in development, and 

unusual chloroplast ultrastructure with poorly stacked and inflated thylakoids, however, the 

phenotype was much more severe in case of MdALB3.1-expressing chloroplast transgenic 

plants. Sequencing of the chloroplast transgenic region revealed that while the AtALB3 insertion 

had the expected sequence, a chance insertion of an E. coli transposon created a nonsense 

mutation in MdALB3.1, truncating it into a short 119-amino acid segment comprising only of the 

soluble N-terminal domain. This observation prompted further investigation into how a domain 

with no previously described function could result in a phenotype at all, let alone one more 

severe than expressing the full protein. Working with the hypothesis that the N-terminus creates 

transient membrane permeability during translocation by ALB3/SecY heterodimers, a series of 

truncations for this domain were created and transplastomic plants were generated with each. 

These truncations were analyzed to determine which sequence motifs were responsible for 

plastid localization, and when integrated into the chloroplast genome, for the chloroplast 

ultrastructural and physiological phenotypes. Several lines of evidence point to a physiological 

role of the second half of the N-terminal soluble domain, while preliminary evidence from in 

vivo aequorin kinetics and bulk tissue ICP-MS show that calcium may play a role in this 

phenotype. These results add further support to the hypothesized link between PPF-1/ALB3 and 

regulation of thylakoid ion homeostasis. 
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Results and Discussion 

Identification of Conserved Structural Domains of Alb3  

Crystal structures available for the YidC homologs from E. coli (EcYidC) and B. 

halodurans (BhYidC), which Alb3 is known to be able to functionally complement in vivo (Jiang 

et al., 2002). However, the sequence and function of all homologs within the YidC/Oxa1/Alb3 

superfamily are highly conserved, and structure is likely to be similar. Multiple sequence 

alignment of Alb3 homologs from A. thaliana (AtALB3), Malus × domestica (MdALB3.1), and 

N. tabacum (NtALB3) was conducted against the E. coli YidC (EcYidC) sequence as a reference 

(Figure 1). Using the crystal structures for EcYidC and BhYidC as references, secondary 

structural elements were highlighted.  A high level of sequence conservation was found between 

YidC and Alb3 throughout the central integrase domains of the protein. In contrast, the soluble 

N- and C-termini were poorly conserved with a few notable exceptions. Unlike both Alb3 and 

Oxa1, EcYidC has a very large N-terminal tail localized to the periplasm (Ravaud et al., 2008), 

so it is unsurprising that the Alb3 homologs have large deletions in the alignment. However, 

significant homology is observed for the region immediately upstream of the first transmembrane 

helix (yellow highlighted region, Figure 1). This motif has been described to form an 

amphipathic, soluble helix (Kumazaki et al., 2014a, 2014b). The C-terminus of YidC is much 

shorter than that of Alb3, but homology was found for a highly positively-charged motif after a 

31-residue insertion in the Alb3 homologs. This motif is likely to be a ribosomal binding site, as 

described in both Oxa1 and YidC (Haque et al., 2010a; Jia et al., 2003; Kedrov et al., 2013; 

Kohler et al., 2009; Palmer et al., 2012). Interestingly, the R366 residue of EcYidC which is 

highly conserved among prokaryotic YidC orthologs is replaced by lysine in all three Alb3 

sequences. Replacement of this arginine by lysine decreases integrase activity in BhYidC but is 



 

 

286 
 

otherwise tolerated (Kumazaki et al., 2014a). R/K366 is strictly required and conserved in all 

Alb3/YidC/Oxa1 homologs and possibly helps escort acidic residues that are commonly found in 

translocated soluble loops (Chen et al., 2014).  

Alb3 Multiple Sequence Alignment and Topology 

 A total of 20 proteins homologous to AtALB3 (NP_001189626.1; AAM64642.1) were 

identified using BLAST, and the sequences were aligned using T-COFFEE to determine 

sequence conservation of the Alb3 N-terminus (Figure 2). Alignment of these Alb3 orthologs 

revealed four relatively conserved regions in the N-terminal soluble domain. The first region, 

corresponding to residues 1-25 of AtALB3, is highly enriched in serines, small nonpolar 

residues, and prolines as is typical for most chloroplast transit peptides (Bruce, 2000; Christian et 

al., 2019, unpublished; Zybailov et al., 2008). The second region, corresponding to residues 38-

63 of AtALB3, is highly positively-charged, and terminates in a nearly-invariant “IPP” motif that 

is possibly involved in cleavage and processing by signal peptide peptidase (SPP). A third region 

corresponding to residues 69-97 of AtALB3, contains several strictly conserved acidic residues, 

a highly conserved arginine, and a nearly-invariant “LLYTLADAAVA” motif. Finally, the 

fourth conserved region, corresponding to residues 107-138 of AtALB3, contains three 

conserved basic residues, three conserved acidic residues, a conserved histidine, and four 

conserved aromatic residues. The central portion of this domain is poor in glycine and contains 

no prolines but has an abundance of the nonpolar aliphatic residues isoleucine, leucine, and 

valine. This region aligned closely to the periplasmic helix of YidC and contains five invariant 

positions at the core of this proposed helix, so it is likely that this region serves a similar role in 

Alb3. The mixture of polar and aromatic amino acids and scarcity of helix-breaking residues 

suggests that this region also forms an amphipathic helix (LH1) in that inserts parallel to the 
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thylakoid membrane. The amphipathic helix in YidC is thought to insert partially into the 

membrane and lie parallel with it, helping in overall folding and helix packing (Kumazaki et al., 

2014b, 2014a). 

 Using the alignment against the known crystal structure for YidC (Figure 1) and 

conserved features present in all Alb3 sequences (Figure 2), a revised model of the Alb3 

topology and domain charges is proposed Figure 3A. Transmembrane helices 1 and 3 are longer 

and likely cross the membrane at an angle as in YidC, while transmembrane helices 2, 4, and 5 

are much shorter and either cross the membrane at a perpendicular angle or do not fully traverse 

the membrane.  

Impact of N-terminal Sub-Domains on Subcellular Localization 

ALB3 in Arabidopsis and many other species is undisputedly chloroplast-localized 

(Gerdes et al., 2006; Sundberg et al., 1997). Malus × domestica contains two ALB3 homologs 

(MdALB3.1 and MdALB3.2) which are highly similar but differ at several positions in the N- 

and C-termini which could change their subcellular localization (Figure 2 and Additional File 1). 

Therefore, localization of both Malus homologs and NtALB3 homolog was tested using confocal 

microscopy of transiently-expressed constructs introduced via Agrobacterium infiltration in 

Nicotiana benthamiana. In contrast to the clearly cytoplasmic localization of the smGFP without 

N-terminal modification (Figure 4A), all three ALB3 homologs were localized to the plastid 

based on an overlay of the GFP signal with chlorophyll autofluorescence (Figures 4B-D).  

 After plastid-localization of the full MdALB3.1 protein was confirmed, four stepwise 

truncation mutants of the MdAlb3.1 gene were constructed based on the sites indicated in Figure 

2 to test what effect each conserved motif had on protein translocation. The first truncation, 

comprising residues 1-22 of MdAlb3, corresponds to the first homologous motif; this truncation 
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was designated to be MdALB3ΔN(1-1). The second, MdALB3ΔN(1-2), consists of residues 1-

49. The third motif including the hypothesized thylakoid transfer domain is comprised of 

residues 1-82 and is termed MdALB3ΔN(1-3). Finally, the fourth motif including residues 1-117 

and the possible amphipathic lumenal helix, is called MdALB3ΔN(1-4). The first homologous 

region (MdALB3ΔN-(1-1), was found to be insufficient to drive localization of GFP into the 

chloroplast, as evidenced by a diffuse signal in the cytoplasm, shown in Figure 5A. However, 

each of the longer truncation constructs was sufficient to drive plastid localization of GFP, 

indicated in Figure 5B-D. These results are consistent with the amino acid content: the first 

conserved region is enriched in serine/threonine and uncharged amino acids as typical for transit 

peptides, while the second domain contains several conserved basic residues and is preceded by 

an abundance of prolines, which are necessary for interaction with TOC GTPases and transit 

peptide flexibility, respectively.  

Although the MdALB3ΔN(1-3) and (1-4) truncations are expected to be localized to the 

lumen, the corresponding micrographs in Figure 4 are stroma-localized. The most likely case is 

that GFP folds too rapidly in the cytoplasm/stroma, and cannot be transported by either cpSec or 

ALB3 (Gray and Henderson-Frost, 2011). TAT is the only translocase capable of transporting 

folded smGFP, but preALB3 lacks the twin-arginine motif that is required for TAT translocation 

(Marques et al., 2004; Thomas et al., 2001). In contrast, the full ALB3 proteins in Figure 3 

exhibit thylakoid localization. As the ALB3 C-terminal domain is stroma-localized, GFP in these 

constructs does not need to cross the membrane and thus does not disrupt localization.  

Nevertheless, the third homologous region in ALB-N contains a highly invariant alanine-rich 

region that is likely the cleavage site for plastid-localized signal peptidase PlsP1 (e.g., TPP), 

which favors alanine at -1 and -3 positions (Paetzel et al., 2002; Shipman-Roston et al., 2010). 
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Chlorophyll Fluorescence Analysis of Chloroplast-Transformed Lines 

Chloroplast transgenic lines of Nicotiana tabacum ‘Petit Havana’ were generated 

resulting in full-length AtALB3, transposon-truncated MdALB3ΔN(tr), MdALB3ΔN(1-1), 

MdALB3ΔN(1-3), and MdALB3ΔN(1-4) to test the hypothesis that only certain motifs are 

responsible for the phenotypic and physiological effects of the ALB3 N-terminal domain. The 

chloroplast does not have the same transcriptional and translational regulation as the nucleus, 

resulting in higher protein accumulation, and therefore leads to more pronounced phenotypes 

than are possible with nuclear overexpression (Clarke and Daniell, 2011). Additionally, 

expression of ALB3 from the chloroplast genome allows the study of the protein in its ancient 

evolutionary context. Chloroplast transgenic and wildtype plants were grown to the mid-juvenile 

stage (approximately 50 days post-germination) and analyzed for the chlorophyll fluorescence 

phenotype at the Washington State University Phenomics Core. The results of this analysis are 

summarized in Figure 6, and representative false-color images are presented in Figure 7. Across 

all metrics, the fluorescence phenotype of MdALB3ΔN(1-1) plants was identical to wildtype and 

empty vector lines, indicating that expression of an incomplete transit peptide alone does not 

affect photosynthetic efficiency. In contrast, the AtALB3 expressing lines and all of the 

remaining MdALB3ΔN lines had altered phenomics values across most of the parameters. 

Wildtype and empty vector plants exhibited a maximum quantum yield (Fv/Fm) of 0.8, which is 

typical for non-stressed plants (Björkman and Demmig, 1987). However, MdALB3ΔN(1-3) and 

MdALB3ΔN(1-4) exhibited a 25% lower maximum quantum yield than wildtype, while lines 

expressing the transposon-truncated MdALB3 (MdALB3ΔN(tr)) were 37.5% lower.  

Minimum fluorescence, Fo, was consistent in wildtype at about 40-50. MdALB3ΔN(1-3) 

and MdALB3ΔN(1-4) were significantly higher, ranging between 70-90. MdALB3ΔN(tr) were 
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even higher; both lines averaging above 100. NPQ in all wildtype-like lines was consistently 

between 1.0-1.2, but MdALB3ΔN(1-3),  MdALB3ΔN(1-4),  MdALBΔN(tr), and AtALB3 lines 

were higher, between 1.4-1.5. The energy-dependent quenching component qE was extremely 

variable, but wildtype, empty vector, and MdALB3ΔN(1-1) lines were generally stable at a value 

of 1.2. MdALB3ΔN(1-3), MdALB3ΔN(1-4), and AtALB3 lines trended lower at between 0.9-

1.2 but were generally not statistically different. MdALBΔN(tr) had less than half the qE of WT 

(0.55-0.59), and this difference was highly significant. Finally, a significant factor distinguishing 

AtALB3 lines from the severe MdALB3ΔN lines was PhiII, defined as the operating efficiency 

of PSII. Wildtype and AtALB3 lines averaged 0.35, but MdALB3ΔN(1-3) and MdALB3ΔN(1-

4) were much lower at between 0.25-0.30, and MdALB3ΔN(tr) lines were consistently at 0.20. 

Interestingly, plants overexpressing the AtALB3 protein did not match the pattern observed in 

the MdALB3ΔN lines. Notably, quantum yield (Fv/Fm) and minimal fluorescence (Fo) were 

closer to wildtype levels, and the fraction of open PSII centers (PhiII) was statistically 

indistinguishable from wildtype. In contrast, MdALB3ΔN lines, and especially the 

MdALB3ΔN(tr) lines, had significantly altered fluorescence phenotypes for those parameters as 

well as for NPQ, qI, and qL. These differences are unusual, as plants for all AtALB3 lines were 

generally weaker and grew more slowly than any of the MdALB3ΔN lines. The energy-

dependent quenching component qE was also lower in the severely-affected MdALB3ΔN(tr) 

lines but is not strongly affected in other lines. qE is dependent on the thylakoid ΔpH gradient, 

suggesting that ALB3-transgenic lines have a lower ΔpH gradient, and thus either photosynthesis 

is defective, or proton leakage is responsible for the change in pH.  
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Chloroplast-Transgenic Lines Display Delayed Senescence  

 PPF1/Alb3 overexpression has been shown to cause delayed senescence in divergent 

plant taxa (Li et al., 2007; Wang et al., 2003, 2008). Chloroplast transgenic lines in this study 

exhibited similar delays in senescence and were taller on average upon first flowering (Figure 8). 

After completion of the phenomics experiments in this study, most plants with wildtype levels of 

chlorophyll fluorescence grew larger and flowered earlier, whereas lines expressing AtALB3 and 

MdALB3ΔN(tr) were delayed in flowering by an average of 10 days, but the flower spikes were 

also somewhat taller when the plants did flower (Figure 8A,B). MdALB3ΔN(1-3) and 

MdALB3ΔN(1-4) were somewhat intermediate. Graphing these flowering height and days to 

flowering together revealed that the phenotypes of individual plants cluster into distinct groups: 

wildtype and MdALB3ΔN(1-1) group together with a faster, shorter-flowering phenotype that 

normal senescence (Figure 8C,D). AtALB3 and MdALB3ΔN(tr) group together in a slower, 

taller-flowering phenotype, and the MdALB3ΔN(1-3) and MdALB3ΔN(1-4) lines formed an 

intermediate group. Though delayed senescence can be partly explained by lower photosynthetic 

efficiency, the increase in flowering height suggests that the plants still accumulate more carbon 

by the time of flowering, potentially by extending the growing season. In plants that have a 

determinate flowering habit and experience leaf senescence upon fruit or seed maturation, an 

extension of the growing season could result in significant improvements to yield, particularly in 

legumes and cereals (Li et al., 2007; Wang et al., 2003, 2008).  

Chlorophyll Content 

ALB3 overexpression could elicit physiological effects due to disruption of the 

translocase activity of the native protein. This null hypothesis was first tested by measuring 

chlorophyll content of leaf tissue in wildtype and transgenic plants. Chlorophyll content is 
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reduced in alb3 mutants (Sundberg et al., 1997; Wang et al., 2008) because Alb3 mediates 

insertion of chlorophyll binding proteins (Moore et al., 2000; Woolhead et al., 2001) and is also 

responsible for insertion of core subunits for photosystems I and II (Pasch et al., 2005; Schöttler 

et al., 2011). Removal of the Alb3 C-terminus also affects chlorophyll levels (Urbischek et al., 

2015), indicating that the SRP, FtsY, cpSec, and ribosomal binding domains are crucial for 

maintaining efficient insertion of chlorophyll-binding proteins. Because ALB3 is involved in the 

insertion of photosystem subunits and light-harvesting complexes, DMF extractions of 

chlorophyll were performed to measure chlorophyll-a, chlorophyll-b, total chlorophyll, and the 

chlorophyll(a/b) ratio of wildtype and transgenic lines to detect if the expression of Alb3 variants 

altered chlorophyll accumulation (Figure 9). No decreases in chlorophyll were observed for most 

of the MdALBΔN truncations; however AtALB3 had lower chlorophyll-a, -b, and total 

chlorophyll when measured by µg/cm2.  For MdALB3, only MdALB3ΔN(tr)b, and 

MdALB3ΔN(1-4)b showed at least one altered chlorophyll measurement, and these were only 

significant at the p=0.05 level. Other lines were statistically indistinguishable from wildtype and 

empty vector lines. Only a few lines had statistically significant differences in the ratio of 

chlorophylls(a/b). All AtALB3 lines had a higher ratio, at about 2.0 compared to the typical 1.80 

for wildtype and empty vector lines. Of these, only AtALB3b and c were statistically significant, 

with the other lines having too much variation to be significant. Higher ChlA:ChlB ratios in the 

AtALB3 plants strongly suggests that ALB3-dependent integration of the light-harvesting 

complexes is impaired in those lines. 

Chloroplast Ultrastructural Changes 

As a membrane integrase, Alb3 is responsible for the biogenesis of thylakoid membrane 

proteins and therefore can influence chloroplast ultrastructure. Furthermore, if Alb3 impacts 
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chloroplast ionomics, the change in osmolarity of the stroma or thylakoid lumen could disrupt 

membrane organization. The chloroplast ultrastructure of MdALB3ΔN(tr) and AtALB3 plants 

was examined. In contrast to the well-stacked thylakoid grana with tightly-appressed membranes 

in wildtype, both MdALB3ΔN(tr) and AtALB3 had severe but distinct phenotypes (Figure 10). 

In MdALB3ΔN(tr) plants, thylakoid membranes were tightly-appressed and stacked to similar 

depths as wildtype, but the thylakoid lumens appeared to be inflated and rippled especially when 

exposed to the stroma, adopting an almost Golgi-like appearance. Furthermore, some isolated 

membranes formed circular vesicle-like structures appearing to be derived from the thylakoids 

and stromal lamellae rather than plastoglobules. Stromal lamellae were poorly visible, and when 

present were severely thickened. AtALB3 plastids had extremely elongated grana stacks that 

were swollen, but not to the same severity as MdALBΔN(tr). Grana stacks were more organized 

and seemed similar to wildtype except stromal lamellae, which were the most swollen and had 

distinctive triangular vesicles (see marked structures in Figure 10).  

TEM was also performed on the additional MdALBΔN truncations to observe at what 

point a similar phenotype to MdALB3ΔN(tr) appeared (Figure 11). The chloroplast ultrastructure 

of MdALBΔN(1-1) lines was identical to wildtype plants, but in contrast, MdALBΔN(1-3) and 

to a lesser degree MdALBΔN(1-4) exhibited the same type of thylakoid and stromal lamellae 

inflation as MdALB3ΔN(tr). Of these, the most severe was MdALBΔN(1-3)b, which exhibited 

nearly-identical chloroplast ultrastructure compared with MdALBΔN(tr). Inflated grana and 

lamellae appeared in 90% of plastids for the MdALBΔN(1-3) lines and in 55% of MdALBΔN(1-

4) plastids, but in only 10% of plastids from MdALBΔN(1-1). Wildtype, by comparison, had no 

plastids exhibiting abnormal thylakoid structure. A similar phenotype has been observed in 

literature for mutants of calcium-sensing receptor (CAS) grown with high calcium 
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supplementation and in high light (Huang et al., 2012). Thylakoid swelling and grana 

destabilization are associated with osmotic stress, but may also occur as a photoprotective 

mechanism to promote repair of photosystem II (Kirchhoff, 2013; Zhang et al., 2012; Zhao et al., 

2017). Indeed, the microscopy phenotypes somewhat correlate to but do not fully match the 

photoinhibitory quenching component (qI) observed in the chloroplast transgenic lines (Figure 

6). Plastoglobule proliferation is also commonly observed in mutants with defective thylakoid 

membrane biogenesis, and are correlated with oxidative damage (Bédard et al., 2017; Bréhélin 

and Kessler, 2008; Takechi et al., 2000). Plastoglobule density for the lines in this study was 

calculated as the average number of plastoglobuli per µm2 to test for membrane destabilization 

and degradation. Plastoglobuli were often highly clustered but averaged out to similar values in 

each line. The MdALBΔN(1-3) lines had 2-fold higher plastoglobuli per µm2, but this difference 

was not significant in either line.  

Perturbations in Ionic Composition  

To test the hypothesis that ALB3 overexpression affects ion homeostasis in chloroplasts 

and in leaves, bulk leaf tissue was collected from transgenic and wildtype plants and levels of 

Na+, K+, Ca2+, and Mg2+ were quantified using inductively-coupled plasma mass spectrometry 

(ICP-MS) (Figure 12). The sodium content of the leaf tissue was largely stable, suggesting that 

their ion exclusion was normal. Wildtype and empty vector expression plants had Na+ levels 

close to 1mM, and almost all assessed lines were between 1-2 mg/g dry weight. Potassium levels 

exhibited much more variation in the chloroplast transgenic lines. Wildtype and empty vector 

expressing plants were found to be near 10 mg/g K+, while nearly 3-fold higher levels were 

found in MdALB3ΔN(tr) plants, and between 2-fold to 5-fold higher in the AtALB3 lines. The 

MdALB3ΔN(1-3) lines showed a slightly higher potassium content. Divalent cations were also 
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significantly affected. Magnesium content was found to be between 3.5-4 mg/g in wildtype and 

empty vector lines. Slightly higher levels of Mg2+ were found in MdALB3ΔN(1-3) and 

MdALB3ΔN(tr), with higher levels found in only one AtALB3 line and neither of the 

MdALB3ΔN(1-4) lines. The highest Mg2+ concentrations were measured in MdALB3ΔN(1-3)a, 

which averaged about 5.5 mg/g. Calcium also showed a general increase in chloroplast 

transgenic lines. Ca2+ levels had a baseline concentration of 10-14 mg/g in wildtype and empty 

vector lines but reached above 20 mg/g for MdALB3ΔN(tr)a and AtALB3. MdALB3ΔN(1-3) 

and MdALB3ΔN(1-4) trended slightly higher than wildtype but were not significantly different 

except in MdALB3ΔN(1-3)b. The lack of a distinct Na+ phenotype suggests that transgenic lines 

are not experiencing a systemic loss of ion homeostasis, but rather a specific perturbation to ions 

known to be enriched in the chloroplast thylakoid lumen. As the N-terminus of ALB3 

translocates to the lumen in vivo, the observed increases in K+, Ca2+, and Mg2+ content of leaf 

tissue suggests that chloroplasts overexpressing ALB3 are accumulating abnormal levels of these 

ions, leading to higher overall levels in the leaf.  

Aequorin 

Chloroplast-transformed lines were pollinated with an N. tabacum line with nuclear-

expressed stromal-targeted aequorin. Seeds of double-transformed lines were germinated on 

media containing low CaCl2 (100µM) and a Ca2+ response was stimulated by exogenous 

application of NaCl to a final concentration of 200mM (Figure 13). Both of the MdALB3ΔN(1-

3) lines displayed aberrant Ca2+ signatures. MdALB3ΔN(1-3)-a showed a nearly 100% increase 

in peak height, increasing from average measurement height of 268nM to 384nM whereas 

baseline was 150nM in both lines. MdALB3ΔN(1-3)-b was slightly elevated at 312nM, but this 

was not significant. However, its baseline was higher at 196nM. This observation agrees with the 
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ionomics data, which demonstrated line ‘b’ to have significantly higher total Ca2+ in comparison 

to wildtype, while line ‘a’ was higher, but not significantly so. Why the stimulation peak heights 

differ is not clear, but as calcium response phenotype appears to be extremely dependent on the 

specific line, there may be differences in the developmental stage or initial growth rate. The 

MdALB3ΔN(1-4) lines did not have a significantly higher baseline or peak Ca2+ levels, although 

this result is consistent with what was observed in TEM.  

MdALB3ΔN Phenotype is Linked to the Thylakoid-Transfer Domain 

The overexpression constructs could also affect the folding and activity of mature 

NtALB3. The only known portion of the ALB3 N-terminus likely to be part of the mature 

protein structure is the LH-1 amphipathic helix in the fourth conserved region of Alb3. However, 

both MdALB3ΔN(1-3) and MdALB3ΔN(1-4) had similar phenotypes, suggesting this helix is 

not responsible for the phenotypes observed in this study. This result is surprising given that the 

third conserved region is hypothesized to contain the thylakoid-transfer domain of ALB3 and is 

probably cleaved and degraded in vivo. Multiple mechanisms could be at play. First, 

overexpression of the N-terminal domain could inhibit endogenous ALB3 or SecY translocase 

activity. If this was the case, the integration of LHCP and core photosystem proteins and the 

resulting levels of chlorophyll would be expected to be impacted (e.g., Bellafiore, 2002; 

Urbischek et al., 2015). However, the only changes observed in transgenic lines were found for 

lines overexpressing the AtALB3 full protein, whereas overexpression of the MdALB3 N-

terminus did not significantly affect chlorophyll levels or the ratio of chlorophyll-a to 

chlorophyll-b (Figure 9). Alteration to chlorophyll in the AtALB3 lines suggests that the full 

protein impacts translocase activity when overexpressed, while expression of the truncated 

protein does not. As a second test of whether protein translocation was affected in the 
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overexpression lines, total soluble protein of leaf tissue was evaluated by SDS-PAGE gel 

electrophoresis. The concentration of major proteins was not affected relative to total leaf protein 

(Additional File 1), and thus it is unlikely that the chloroplast transgenes affected folding or 

abundance of thylakoid membrane proteins. Furthermore, the possibility that overexpression of 

transgenes from the chloroplast genome disrupted expression of endogenous NtALB3 in the 

nuclear genome was disproven with qRT-PCR using primers specific to NtAlb3; expression of 

NtALB3 remains stable in all transgenic lines and equivalent to wildtype expression (Additional 

File 2).  

Another potential explanation is that overexpression of the MdALB3 transit peptide 

causes cytotoxicity. Transit peptides form toxic aggregates which can destabilize membranes if 

they are not proteolyzed, thereby disrupting membrane gradients and uncoupling redox enzymes 

(Kmiec et al., 2014; Zhang and Glaser, 2002). This is deemed unlikely, as lines expressing 

MdALB3ΔN(1-1), comprising much of the transit peptide, are indistinguishable from wildtype in 

all tests. Interestingly, no transgenic events were obtained for MdALB3(1-2) despite several 

attempts. It was shown that MdALB3(1-2) is the shortest sequence capable of targeting GFP to 

the chloroplast (Figure 5). The SPP cleavage site may be somewhat downstream of the second 

domain, in which case overexpressed protein may not be processed correctly and could 

accumulate to toxic levels. In contrast, the shorter MdALB3ΔN(1-1) is small enough to be 

efficiently processed by presequence protease or organellar oligopeptidases without initial 

processing by SPP (Kmiec et al., 2014; Teixeira et al., 2017). A third potential mechanism is that 

overexpression of MdALB3ΔN constructs disrupts thylakoid membrane permeability, causing 

osmotic or redox stress. The swollen thylakoid phenotype that was observed in TEM is 

characteristic of osmotic stress in the thylakoids (Kirchhoff, 2013; Zhang et al., 2012). Whole-
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tissue ICP-MS uncovered moderately increased levels of K+ in MdALB3ΔN(tr) lines, and 

slightly increased levels in the MdALB3ΔN(1-3) and MdALB3ΔN(1-4) lines (Figure 12). K+ is 

thought to provide a counterbalance for H+ ions in the thylakoid lumen by dissipating trans-

thylakoid membrane potential and balancing osmotic stress (Checchetto et al., 2016; Kunz et al., 

2014), but the energy-dependent quenching component qE was lower in MdALB3ΔN lines, 

suggesting a decreased ΔpH gradient, while the photoinhibitory component qI was much higher. 

Furthermore, Na+ levels were not significantly different in most of the transgenic lines, 

suggesting that Na+-inducible K+ transporters such as CHX17, KUP6, KUP11, KOR, and 

AKT2/3 are not responsible for the increase in leaf K+ content (Adams and Shin, 2014; Cellier et 

al., 2004; Kunz et al., 2014; Maathuis, 2013). Though the current data support the hypothesis 

that the ΔpH is lower in lines expressing MdALB3ΔN, such an observation could also be due to 

loss of membrane integrity. Confirming the ΔpH change with electrochromic shift measurements 

would more definitely link MdALB3ΔN with disruption membrane permeability, while 

immunodetection of soluble lumenal proteins such as plastocyanin could determine whether 

competition at the Sec translocase is indirectly impacting protein abundance and electron 

transport capacity.  

Based on the available evidence, the Alb3ΔN phenotype is hypothesized to be caused by 

disruption to thylakoid ion regulation in a mechanism dependent on thylakoid localization, rather 

than on disruption to native translocase activity or interaction with ion channels. If this is the 

case, the more severe phenotype of MdALB3ΔN(tr) compared to MdALB3ΔN(1-4) is curious 

because the protein coding sequences are identical. qRT-PCR analysis using primers specific for 

MdALB3 was conducted, and it was found that MdALB3ΔN(tr) displayed much higher 

expression levels than either MdALB3ΔN(1-3) or MdALB3ΔN(1-4), likely due to increased 
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transcript stability (Additional File 2). These results indicate that the mechanism is likely the 

same between these lines, but MdALB3ΔN(tr) has an exacerbated phenotype due to its higher 

expression.  

Chloroplast transformations with the complete MdALB3 protein were attempted but no 

successful transgenic events were obtained. Additionally, several chloroplast-transgenic lines 

expressing the full NtALB3 protein were generated, but all were extremely weak, had a bleached 

phenotype in moderate light, required an external carbon source, and failed to set seed. These 

results could indicate problems with overcrowding of the thylakoid membrane space or 

disruption of endogenous binding partners that could have prevented the capture of stable 

transplastomic plants. For instance, overly abundant ALB3 could lead to increased binding to 

ribosomes, SecY, and components of the SRP pathway, which could disrupt native translocase 

activity enough to cause lethality. Interestingly, expression of the full AtALB3 protein was 

successful, demonstrating that this is likely not the case. Furthermore, it was possible to 

successfully express both MdALB3 and NtALB3 if the C-terminal domains were truncated, but 

none of the plants thus generated exhibited significant phenotypes (Additional File 1). Of the 

three proteins, NtAlb3 and MdAlb3 are more closely related to each other (~72% sequence 

identity) than either is to AtALB3 (~63% sequence identity), and AtALB3 is more unique at the 

N- and C-termini (Additional File 1). Because of the higher homology between MdAlb3 and 

NtAlb3 proteins, both may interact strongly with endogenous proteins, which could cause 

toxicity when overexpressed. In contrast, the binding sites at the C-terminus of AtALB3 may be 

different enough to have weaker interaction with endogenous proteins, but its overexpression 

still causes significant phenotypes. While speculative at this point, it would be interesting to test 
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this hypothesis by constructing chimeras of either MdALB3 or NtALB3 with the C-terminus of 

AtALB3.  

Alb3 and SecY likely form an ion-permeable channel in the thylakoid membrane 

The data suggest that osmotic stress and membrane destabilization is occurring in 

MdALB3ΔN chloroplast transgenic lines and that this phenotype is dependent on the putative 

thylakoid transfer domain of ALB3. This implicates that translocation at the thylakoid 

membrane, rather than any functional or structural role in the MdALB3 N-terminus, is 

responsible for the observed phenotypes. Preventing ion leakage at the translocases is crucial, 

especially for energy-generating membranes such as the thylakoid. Translocases have pores large 

enough to permit amino acids, causing smaller ions to rapidly diffuse without compensatory 

mechanisms. The functional channel of the Twin Arginine Translocase (TAT) only oligomerizes 

transiently to transport its substrates, thus preventing constitutive permeability to ions (reviewed 

in Frain et al., 2016). SecY is arranged in two lobes which surround the central pore, but two 

cooperative countermeasures prevent major ion permeability: a ring of hydrophobic residues on 

the interior surface of the channel acts as a gasket to seal against ion leakage during 

translocation, while a short helical segment of SecY plugs the channel while it is inactive (Park 

and Rapoport, 2011; Van den Berg et al., 2004). While Alb3 lacks an intrinsic channel, Alb3, 

Oxa1, and YidC have all been observed to be capable of dimerization upon interaction with 

ribosomes and could be ion-permeable in this state (Dünschede et al., 2011; Kohler et al., 2009). 

Interestingly, Oxa1 in mitochondria has voltage-gated potassium transport activity which 

is stimulated by a substrate peptide, preCox2 (Krüger et al., 2012). In bacteria, a heterotetrameric 

channel of SecY and YidC has voltage-gated ion channel activity caused by YidC reorienting in 

a hinge-like mechanism to allow transmembrane domains to escape the SecY pore (Figure 3B) 
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(Sachelaru et al., 2017, 2013). Alb3 is capable of functionally complementing YidC (Jiang et al., 

2002) and the cpSecE component of cpSec translocase is capable of functionally complementing 

EcSecE (Fröderberg et al., 2001), so it is likely that this voltage-gated channel activity in 

chloroplasts is similar to bacteria. Several observations were made that lead to a hypothesis that 

preALB3 is a substrate of the Alb3/SecY heterodimer and generates the MdALB3ΔN phenotype 

by the constitutive opening of the cpSecY/Alb3 heteromeric channel.  

First, the bacterial homolog YidC is dependent on a heteromeric YidC/SecAYEG 

translocon for its biogenesis, and its high homology to ALB3 suggests that a similar mechanism 

could lead to ALB3 biogenesis (Koch et al., 2002; Urbanus et al., 2002). Secondly, most Alb3-

independent proteins have Nin-Cin topology, and proteins with odd numbers of transmembrane 

domains tend to have ALB3-dependency (Woolhead et al., 2001). ALB3 has five transmembrane 

domains, and thus fits the overall trend for ALB3-dependent insertion. Length of soluble 

translocated domains has also been suggested as a determinant of YidC/Alb3-dependency, as 

preproteins with soluble translocated domains greater than 100 residues are less sensitive to 

YidC depletion in E. coli (Wickström et al., 2011). After removal of the primary transit peptide 

in the stroma, all translocated segments are shorter than 100 amino acids. Insertion of charged 

residues, especially positively charged residues, in translocated domains requires YidC-SecY 

heterodimers (Gray and Henderson-Frost, 2011; Zhu et al., 2013). Two of the soluble lumenal 

domains of Alb3 are highly charged, including the N-terminal tail with an overall charge of -5 

not including the cleaved stromal peptide, and lumenal loop 1, which has an overall charge of -1 

(Figure 3A). The lumenal N-terminus also contains ten basic residues, while lumenal loop 1 has 

one basic residue. Finally, charged residues in transmembrane helices (TMH’s) require YidC-

SecY heterodimers in bacteria (Price and Driessen, 2010; Zhu et al., 2013). TMH1, THM3, and 
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THM4 of ALB3 all have conserved charged residues, including the essential lysine/arginine in 

TMH1. It is important to note that all soluble loops and transmembrane domains had conserved 

charge between AtALB3 and MdALB3 sequences. However, a minor difference was noted in 

LH-1, which had an overall charge of -1 in MdALB3 but was neutral in AtALB3. Based on 

Alb3’s fulfillment of all these criteria, it is most likely inserted by a heteromeric Alb3/SecY 

channel and thus can cause ion-permeability of the thylakoid membrane during translocation 

consistent with the mechanism observed previously (Sachelaru et al., 2017). Interaction with an 

overexpressed substrate such as preALB3 could increase the frequency and duration of 

translocon opening, causing somewhat constitutive membrane permeability. In turn, increased 

permeability of the thylakoid membrane may allow for unrestricted movement of ions including 

calcium, which would be attracted to neutralize negative charges at the lumenal face of the 

bilayer and in lumenal proteins (Anderson et al., 2008). Outwardly, this mechanism may appear 

to be an active antiport mechanism, thus explaining the apparent Ca2+/H+ antiport activity found 

in thylakoid membranes (Enz et al., 1993; Ettinger et al., 1999; Sai and Johnson, 2002). Sec-

dependent translocation is driven by the ATPase activity of SecA (Andersson and von Heijne, 

1993), and thus membrane permeability would be tied to ATP consumption even without ALB3 

performing as a true antiporter. It was also observed that the qI component of NPQ was 

substantially lower than wildtype, indicating a higher lumen pH. This observation suggests that 

proton leakage through empty ALB3/cpSec heterodimers could also contribute to the observed 

Ca2+/H+ antiport activity.  
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Conclusions and Future Directions 

The role of PPF1/ALB3 in calcium homeostasis has been previously documented in the 

literature but has lacked a proposed mechanism. ALB3 is homologous to PPF1, so chloroplast 

transgenic overexpression lines of MdALB3 and AtALB3 were generated to determine if 

calcium-dependent phenotypes were observed. Chloroplast transgenic lines expressing full-

length AtALB3 were generated, but MdALB3 was serendipitously truncated by a transposon, 

eliminating the conserved integrase domains yet generating a more severe phenotype. As the 

endogenous NtALB3 is unaffected by this event, it was determined that an unidentified 

physiological role of the soluble N-terminus containing the transit peptide, thylakoid transfer 

domain, and an amphipathic lumenal helix must be responsible for the unique phenotype. A 

series of stepwise truncation mutants representing four regions of conserved homology in the 

ALB3 N-terminus of N terminus were expressed via the chloroplast genome to characterize this 

further. It was found that regions 1 and 2 comprised the stromal transit peptide sequence, while 

regions 3 and 4 resulted in a similar phenotype to the transposon-truncated MdALB3. Using 

ICP-MS and stromal-targeted aequorin, it was shown that calcium levels are impacted in these 

plants, linking calcium homeostasis to thylakoid translocation activity in general. These results 

suggest that the observed phenotype is caused by the thylakoid transfer domain and is thus tied to 

the translocation of the overexpressed N-terminus fragment into the thylakoid lumen, rather than 

to folding or regulation of mature ALB3. Translocation of soluble proteins or loop regions of 

transmembrane proteins creates transient ion permeability, and constitutive expression of a 

translocated protein may cause membrane depolarization as a result. To test the hypothesis that a 

SecY/Alb3 heterodimer is responsible for the phenotypes observed in MdALB3ΔN lines, 

subsequent work could test additional presequences containing thylakoid transfer domains and 
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specificity for Alb3, SecY, or SecY/Alb3. Additionally, the use of improved aequorin constructs, 

calcium-sensitive dyes, or ionomic analysis of isolated chloroplasts would greatly improve the 

hypothesized role of Alb3 in calcium homeostasis.  

 Further research is necessary to resolve the lack of viable plants expressing full-length 

MdALB3 and NtALB3, as well as the second truncated N-terminal domain of MdALB3. It is 

possible that chloroplast transformation with these fragments proved lethal. One way would be to 

ectopically express these from the nuclear genome or under control of an inducible promoter to 

obtain viable plants. Additionally, it would be beneficial to generate knockdown or knockout 

mutants of the endogenous NtALB3 to determine if heterologous expression from the chloroplast 

can functionally complement the loss of the nuclear copy.  

 

Materials and methods 

Multiple sequence alignment 

 Sequences used for the multiple sequence alignments included EcYidC (NC_000913.3) 

and ALB3 sequences from Arabidopsis thaliana (NP_001189626.1, Brassica oleracea 

(CDX77209.1), Glycine max (XP_003537999.1, XP_003539682.1), Medicago truncatula 

(KEH30130.1), Pisum sativum (Q9FY06.2), Fragaria vesca (XP_004294570.1), Prunus persica, 

Malus x domestica (XP_008357463.1, XP_008385136.1), Cucumis sativus (XP_004150182.1), 

Cucumis melo (XP_008457492.1), Solanum lycopersicum (XP_004250966.1), Citrus trifoliata 

(ABU75304.1), Populus trichocarpa (XP_002313443.2, XP_002298365.2), Theobroma cacao 

(XP_007016461.1), Vitis vinifera (XP_002284077.1), Nicotiana tabacum (XP_016481228.1), 

and Ricinus communis (XP_002531362.1). All sequenced PCR products for AtALB3 showed an 

insertion compared to the inferred mRNA sequence for locus NP_001189626, and the translated 
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protein sequence for the cloned cDNA instead matched the alternative protein product 

AAM64642.1. Sequences were aligned in T-Coffee Version_11.00.d625267 (2016-01-11 

15:25:41 – Revision d625267 - Build 507 (Di Tommaso et al., 2011; Notredame et al., 2000) and 

visualized with Boxshade 3.21 (available online at embnet.vital-it.ch/software/BOX_form.html) 

GFP fusion localization 

MdALB3 truncations and full-length MdALB3.1, MdALB3.2, AtALB3, and NtALB3 

were cloned from cDNA from the appropriate species, incorporating Nco1 and Apa1 restriction 

enzyme sites into the primer 5’ termini (see Additional File 1 for primer sequences). PCR 

products were digested with these enzymes (New England Biolabs, Ipswich, MA) and ligated 

into ‘pRWC3’ containing an in-frame C-terminal soluble modified GFP (Davis and Vierstra, 

1998), a 2x35S-CaMV promoter, and a nopaline synthase terminator. For MdALB3 and 

MdALB3ΔN(1-4), a hetero-stagger technique (Liu, 1996; Xie and Xie, 2011) was used in an 

enzyme-free cloning strategy to avoid internal restriction sites and enable the use of the same 

restriction sites. Briefly, two complementary PCR’s with staggered 5’ and 3’ ends were 

conducted, then mixed, heat-denatured, and gradually cooled to generate a mixture of products. 

Only 25% of annealed products with compatible cohesive ends to the restriction sites used in the 

plasmid backbone ligate with high efficiency. 

Sequence of cloned fragments was confirmed with Sanger sequencing using M13 primers 

(SMS_103 and SMS_104). Plasmids lacking mutations were digested with HindIII (New 

England Biolabs) and inserted into HindIII-digested pCambia2300 binary vector treated with 

FastAP thermosensitive alkaline phosphatase (Thermo Fisher Scientific, Waltham, MA).  An 

unmodified smGFP was also cloned to serve as a localization control. Each vector was then 

transformed into Agrobacterium tumefaciens GV3101-PMP90 using electroporation at 2500V, 
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25µF, 200Ω with a GenePulser XcellTM (Bio-Rad Laboratories, Hercules, CA) and 1mm Gene 

Pulser®/MicroPulser™ cuvettes. Electroporated cells were incubated for 3 hours in LB medium 

without selectable markers before plating on YEP (10g Bacto Peptone, 5g NaCl, 10g Bacto 

Yeast Extract, 15g Bacto Agar, pH 7.0) media containing 25 mg/L rifampicin, 50 mg/L 

gentamycin, and 100 mg/L kanamycin.  Colonies were verified by PCR and bacterial cultures 

were infiltrated into Nicotiana benthamiana leaves via the protocol of Li, 2011. Positive colonies 

were grown overnight in 5 mL of YEP containing 25 mg/L rifampicin and 50 mg/L kanamycin.  

Bacteria were spun down and resuspended in 10 mM MgCl2 to a final O.D.600 of 0.2. 

Acetosyringone was added to bacterial solutions to a final concentration of 100μM and left to 

incubate at room temperature for 2 hours.  Nicotiana tabacum ‘Petit Havana’ leaves were 

infiltrated with Agrobacteria.  After 48 hours, fluorescence and GFP localization was inspected 

by confocal microscopy. Full protein chimeras of MdALB3.1, MdALB3.2, and AtALB3 were 

imaged using a Zeiss Confocal LSM 510 Meta Laser Scanning Microscope, while imaging of 

MdALB3ΔN lines was done using a Leica TCS SP-8 X Confocal Laser Scanning Microscope.   

Chloroplast transformation 

MdALB3 truncations and full-length AtALB3 were cloned from cDNA prepared from 

Malus × domestica and Arabidopsis thaliana tissue, respectively, and restriction sites for Nco1 

and Xba1 were cloned into the 5’ ends. NtALB3, MdALB3.1, MdALB3.2, AtALB3, and 

MdALB3 truncations were initially cloned into the shuttle vector pADct50a to incorporate the 

psbA promoter and psbA 5’UTR. As with GFP constructs, hetero-stagger techniques were used 

for MdALB3 and MdALB3ΔN(1-4), while restriction enzyme cloning was used for the other 

constructs. The sequence of the cloned fragments was confirmed with Sanger sequencing 

(Eurofins MWG Operon, Eurofins Genomics, Louisville, Kentucky) using M13 forward and 
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reverse primers (SMS_103, SMS_104). Sequences were aligned using SeqManPro (DNASTAR, 

Madison, Wisconsin) to detect any mutations. Correct cloned fragments were digested with Kpn1 

and Xba1 and cloned into the chloroplast expression vector pADCt44 containing psbA 3’UTR, 

spectinomycin resistance marker aadA (Prrn promoter, TrbcL 3’UTR), and right and left 

flanking regions homologous to the inverted repeat region of the tobacco chloroplast genome 

between trnV and rrn23.  Chloroplast transformation was performed using biolistic bombardment 

of leaf tissue as described previously (Dhingra et al., 2004) with a PDS-1000/He™ system (Bio-

Rad, Hercules, California). Briefly, leaves from Nicotiana tabacum ‘Petit Havana’ were 

bombarded with each construct using particle bombardment and subsequently transferred to filter 

paper placed on RMOP media.  After incubation in the dark for 48 hours, leaves were cut into 

small ~1.5 cm sections and placed on RMOP (MS basal media plus 1.5 mg/L 6-

Benzylaminopurine (BAP) and 0.05mg/L 1-Naphthaleneacetic acid (NAA)) media containing 

500mg/L of spectinomycin.  Primary transgenic events were excised from the original leaf and 

maintained on selection.  Leaves from these were excised for a second round of regeneration on 

selective media from each line to obtain homoplasmic lines. Transgene presence was confirmed 

using ADctP36 and ADctP39 to detect chloroplast integration at the site-specific locus, and 

gene-specific primers for sequencing. Tissue culture ingredients and antibiotics were purchased 

from Phytotech Laboratories, Shawnee Mission, KS 

Phenomics 

Wildtype and transplastomic N. tabacum were germinated on the respective selection 

antibiotic media and transferred to 4” pots in the soil after 30 days. Plants were grown at 

greenhouse conditions (16hr daylength, 25°C day/20°C night) for 21 days, then transferred to the 

Phenomics facility for three days of acclimation. Phenomics measurements were recorded for 
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one week by a FluorCam XYZ outfitted on a movable scaffold to measure fluorescence at 

multiple points throughout the growth chamber. Excitation was performed using 455nm and 

618nm LEDs, and fluorescence was captured by a FluorCam 2701 LU camera with a 

fluorescence filter. Chamber conditions were kept at 12-hour daylength with 200µmol/m2/s 

illumination, with temperature held at 21°C in the dark and 23°C in the light. Measurements 

were performed once daily after at least 5 hours of darkness. Images were analyzed using 

FluorCam Version 7 (Photon Systems Instruments, Drasov, Czech Republic) and parameters 

including Fv/Fm, Phi II, qL, NPQ, qI, and qE were calculated. Organization of data and data 

analysis were performed using custom R and Python scripts.  

Physiology: Time to Flowering and Chlorophyll Content 

After completion of phenomics, plants were moved back to greenhouse conditions. Leaf 

punches of 1.825cm2 were collected from the youngest fully-expanded leaf (typically 3rd position 

from the apical tip) of 65-day old plants and flash-frozen in liquid nitrogen for chlorophyll 

analysis and stored at -80°C. Days to flowering and stem height at flowering were recorded for 

each plant. Bulk leaf tissue was collected and flash frozen in liquid nitrogen. Samples were 

processed in a 6770 Freezer/Mill® (Spex SamplePrep, Metuchen, New Jersey) and stored at -

80°C. 

Chlorophyll quantification 

N,N-Dimethylformamide (DMF)-extractions of chlorophyll were performed (Porra et al., 

1989). Two flash-frozen leaf discs stored at -80°C with a combined area of 3.65cm2 were placed 

in disposable 15 mL Falcon tubes and 5mL of DMF was added. Samples were incubated at 

incubated at 4°C overnight with shaking, then 1 mL of the supernatant was measured in quartz 
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cuvettes at 647, 664,  and 750 nm in a Genesys 20 Spectrophotometer. Chlorophyll contents 

were calculated as follows: 

ChlA (nmol/ml)= 13.43(A664-750)-3.47(A647-750) 

ChlB (nmol/ml)= = 22.90(A647-750)-5.38(A664-750) 

ChlTotal (nmol/ml)= = 19.43(A647-750)+8.05(A664-750) 

ChlA (ug/ml) = 12.00(A664-750)-3.11(A647-750) 

ChlB (ug/ml) = 20.78(A647-750)-4.88(A664-750) 

ChlTotal(ug/ml) = 12.67(A647-750)+7.12A(664-750) 

Protein Analysis 

 Total leaf protein was extracted from milled tissue using a modified Laemmli buffer 

extraction protocol. Briefly, frozen tissue was weighed and 2 volumes of 2x Laemmli buffer (4% 

SDS, 20% glycerol, 0.125 M Tris HCl pH 6.8 plus 50µl/ml 2-mercaptoethanol (5%) and 10µl/ml 

Sigma Plant Protease Inhibitor Cocktail (Product P9599, MilliporeSigma, St. Louis, MO)) were 

added immediately and vortexed. Samples were incubated at 95°C for 5 minutes, then 

centrifuged at 13,900 x G for 5 minutes at room temperature. Protein concentrations were 

measured twice independently using the RC DCTM Protein Assay kit (Product #5000121, Bio-

Rad, Hercules, CA) and a Genesys 20 Spectrophotometer (Thermo Fisher Scientific, Waltham, 

Massachusetts); protein quantity was calculated as the average of these measurements. Protein 

samples were diluted to 2.5mg/ml and stored at -80°C.  

ICP-MS 

Ionomics was performed at the Analytical Chemistry lab at Washington State University 

using inductively-coupled plasma mass spectrometry. Bulk leaf tissue was collected following 

completion of the chlorophyll phenomics experiments, dried at 60°C for 24 hours, and 
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pulverized using a mortar and pestle. Samples were treated according to (Grusak, 1994), in 

which dried and pulverized samples are wet-digested with nitric acid and heated to 150-200°C 

for 1 hour, or until dry. Digests were resuspended in 0.5mL of 12M HCl, incubated for 1 hour, 

and volume was adjusted to 10mL with MilliQ H2O. Samples were analyzed for K+, Na+, Ca2+, 

and Mg2+ using an Agilent LC/GC-ICP-MS (Santa Clara, California).  

Aequorin 

pBINU-CHYA(K), a vector expressing stromal-localized aequorin (Mehlmer et al., 2012) 

was used to transform wildtype N. tabacum ‘Petit Havana’ using agrobacterium cocultivation. 

Transgenic plants were generated using agrobacterium-mediated transformation of wildtype 

‘Petit Havana’ tobacco as per (Gallois and Marinho, 1995). Agrobacterium cultures grown to 

OD600 = 0.4 were pelleted and resuspended in 2MS media (MS basal salts, 20g/L sucrose), then 

incubated with 1cm2 Nicotiana tabacum ‘Petit Havana’ leaf explants for 48 hours, rinsed with 

sterile water 3x, with a final rinse of sterile water plus 200mg/L cefotaxime. Explants were 

selected on RMOP plus 200mg/L cefotaxime, 100mg/L timentin, and 100mg/L kanamycin. 

Plants were rooted in the equivalent media without added hormones, then transitioned to soil. 

DNA was extracted from leaves using CTAB/Phenol-Chloroform-Isoamyl alcohol (25:24:1, v/v) 

extractions and tested for the transgene using PCR with pRWC348/pRWC350 for pBINU-

CHY(K). Expression level and plastid localization was confirmed using a Zeiss LSM 510 META 

confocal microscope to detect C-terminally fused YFP (Additional File 1). The line with the 

highest YFP signal was selected as a pollen donor for outcrossing to each of the chloroplast-

transformed MdALB3 truncation lines to create dual chloroplast-nuclear transgenic lines. Seeds 

of confirmed dual-transgenic lines were sterilized (3 minutes of 70% ethyl alcohol followed by 

10 minutes of 20% bleach (1.25% sodium hypochlorite), and 3 rinses with sterile water), then 
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plated on MS media with appropriate selection antibiotic  (200mg/L kanamycin for aequorin 

parent lines, 200mg/L kanamycin and 500mg/L spectinomycin for doubled-transformed aequorin 

x transplastomic lines). Fourteen days after sowing, seedlings were transferred to a 96-well 

CELLSTAR® white fluorescence plate (Greiner Bio-One, Kremsmünster, Austria). 50µl of 

pretreatment media (5mM MES, 1.4mM CaCl2, 20mM KCl, 10 µM native coelenterazine 

(NanoLight Technologies, Pinetop, Arizona), pH 5.8) was added to each well, and plates were 

incubated in total darkness for 24 hours. Aequorin kinetics were measured on a GloMax® 

Navigator (Promega, Madison, Wisconsin) for 12 seconds (5 readings per second) following the 

addition of 50ul of stimulant solution (400mM NaCl, 0.1% Silwet-77). 100ul of discharge 

solution (2M CaCl2 dissolved in 20% (v/v) ethanol) was then added and measured for 2 minutes 

to quantify total coelenterazine and data was normalized to nM using the calculations of (Knight 

et al., 1996; Stephan et al., 2016). 

Microscopy 

Plants were grown in greenhouse conditions at the WSU Plant Growth Facilities, and 

fresh, young leaves were collected from the distal end of the first fully-expanded leaf (typically 

position 3 from the meristem). Samples were fixed in 2% formaldehyde/2% glutaraldehyde in 

50mM cacodylate buffer overnight, washed three times with 50mM cacodylate buffer for 10 

minutes each, and postfixed with 1% osmium tetroxide at 4°C overnight. Resin exchange was 

performed using a gradient of 30-100% ethanol, then infiltrated in propylene oxide and 

embedded in Spurr’s resin. Thin sections of roughly 50nm thickness were taken on a Leica 

Reichert Ultracut R microtome. Sections were stained with 5 µl potassium permanganate and 

2mL of 4% uranyl acetate (aq), then stained with Reynold’s lead citrate buffered with carbonate-

free sodium hydroxide. Finally, grids were stained with 1% uranyl acetate and rinsed three times 
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with sterile water. Sections were imaged from the palisade cell layer on an FEI Tecnai G2 20 

Twin Transmission Electron Microscope.  

PCR confirmation 

Transgene presence was initially performed via PCR amplification using RWCP_322 and 

RWCP_323 (1st), RWCP_324 (2nd), RWCP_325 (3rd), RWCP_345 (4th), and RWCP_359 (Full). 

Integration into the chloroplast genome was confirmed using ADctP_36/ADctP_39 (Left flank) 

and ADctP_35/ADctP_38 (right flank). Insert size was determined using ADctP36/ADctP38. 

qRT-PCR Analysis 

 RNA was extracted from milled leaf tissue of wildtype and transgenic plants using Plant 

RNA Isolation Kit (Agilent Technologies, Agilent, CA). Extracted RNA was treated with Turbo 

DNA-free™ Kit (Invitrogen, Carlsbad, CA). Quality was checked on 0.8% agarose gel, and 

RNA was quantified using Qubit™ RNA HS Assay Kit (Thermo Fisher Scientific, Waltham, 

MA). First-strand cDNA synthesis was performed on 200ng of RNA from each sample using 

SuperScript™ VILO™ III (Invitrogen, Carlsbad, CA). cDNA was quantified using Qubit™ 

ssDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA) and diluted to 25ng/µl. Real-time 

quantitative PCR was performed on 25ng of cDNA for selected genes using iTaq™ Universal 

SYBR® Green Mastermix (Bio-Rad Laboratories, Hercules, CA) and run on a Mx3005® real-

time PCR machine (Stratagene California, San Diego, California). PCR conditions were 

performed using a 2.5 minute second denaturation at 94°C followed by 50 cycles of 20-second 

denaturation at 94°C, 20-second annealing at 60°C, and 20-second extension at 72°C. A melt 

curve was performed with denaturation at 95°C for 30 seconds, annealing at 57°C for 30 

seconds, and a final denaturation step at 95°C for 30 seconds. Isoform-specific SNP-anchored 

primers were used for each ALB3 homolog, with SNPs at the 3’ end of the primer. AtALB3 was 
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tested using RWCP_604 and RWCP_605, NtALB3 using RWCP_608 and RWCP_609, and 

MdALB3.1 using RWCP_610 and RWCP_611. Elongation factor 1-α was used as a reference 

gene, and was amplified using RWCP_612 and RWCP_613.  
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Figure 1: Multiple Sequence Alignment of Alb3 against YidC. The position of the 

periplasmic/lumenal amphipathic helix is indicated in yellow, while transmembrane helices are 

indicated in red. Both types of secondary structure are inferred by alignment against EcYidC and 

BhYidC, for which crystal structures have been solved. TMH: transmembrane helix. 
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Figure 2: Alignment of the N-Terminal Domain of Plant Alb3 Homologs. Major regions of 

homology are indicated in gray, while the first transmembrane helix is indicated in red. Sites for 

each of the truncation constructs generated in our study are indicated with white arrows. Note 

that for the fourth conserved domain, the truncation construct is slightly before the 

transmembrane helix because the original transposon-generated MdAlb3ΔN(tr) caused a 

nonsense mutation slightly upstream of the first transmembrane helix. CR: conserved region, 

TMH: transmembrane helix. 
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Figure 3: Models of Alb3 Topology and Interaction. (A) Topology as determined by alignment against the bacterial YidC 

crystal structure and known plant Alb3 homologs. Overall charges of each segment are indicated to support that Alb3 is inserted 

by heterodimerized Alb3 and cpSecY. *The charge of the N-terminal domain is downstream of the putative SPP cleavage site 

(position 40 in MdALB3, position 55 in AtALB3), and includes the LH1 charge. **The charge of LH1 is -1 in MdALB3 and 

neutral in AtALB3. (B) Model of ALB3 and cpSec interaction in thylakoids. When the channel is empty or actively loading a 

nascent protein chain, the SecY channel is relatively closed to ion permeability. However, as ALB3 moves outward to chaperone 

a transmembrane segment into the membrane, the channel is left exposed and permeable to ion flux. Adapted from Sachelaru et 

al., 2017.
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Figure 4: Subcellular Localization of Full-Length ALB3 Homologs. smGFP control (A), 

MdAlb3.1 (B), MdAlb3.2 (C), and NtAlb3 (D) fusion proteins after agroinfiltration.  Quadrants 

in each inset figure depict (clockwise from top left): GFP fluorescence, autofluorescence of 

chloroplasts, a hybrid stack, and a brightfield image. Merged images reveal that all three Alb3 

homologs are plastid-localized in Nicotiana benthamiana, while unmodified smGFP control has 

signal throughout the cytoplasm and does not accumulate in chloroplasts.  

 



 

 

341 
 

 

Figure 5: Subcellular Localization of MdAlb3 N-Terminus Truncations. Localization 

patterns of MdAlb3ΔN(1-1) (A), MdAlb3ΔN(1-2) (B), MdAlb3ΔN(1-3) (C), and MdAlb3ΔN(1-

4) (D) fusion proteins after agroinfiltration.  Quadrants in each inset figure depict (clockwise 

from top left): GFP fluorescence, autofluorescence of chloroplasts, a hybrid stack, and a 

brightfield image. Diffuse localization in A indicates that MdAlb3ΔN(1-1) is insufficient for 

chloroplast targeting, while longer truncation constructs restore chloroplast targeting to GFP.  
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Figure 6: Chlorophyll Fluorescence Parameters of Wildtype and Transgenic Lines. Five 

plants of each line were monitored for one week and images were analyzed in FluorCam. Each 

parameter was averaged across all timepoints for each individual plant. Error bars represent 

standard deviation. MdALB3ΔN(1-1) showed generally wildtype-like levels of chlorophyll 

fluorescence, but downstream truncations and full-length AtALB3 exhibited abnormal 

fluorescence. (A) includes maximum quantum yield of photosynthesis and its components, Fv 

and Fm. (B) represents nonphotochemical quenching (NPQ) as well as energy-dependent 

quenching (qE) and photoinhibitory quenching (qI). (C) represents photosystem II operating 

efficiency (PhiII), fraction of open photosystem II centers (qL), and fluorescence in a dark-

adapted state (Fo). Both full-length AtALB3 and truncated MdALB3 lines had altered 

fluorescence phenotypes in comparison to wildtype, empty vector, and MdAlb3ΔN(1-1). 

However, phenotypes were not identical between full-length AtALB3 and truncated MdALB3 

lines.  
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Figure 7: False-Color Chlorophyll Fluorescence Raw Images. Images representing maximum 

quantum yield Fv/Fm (A-B) and minimal fluorescence in a dark-adapted state Fo (C-D) are 

represented with 12 individual plants each. Significantly altered fluorescence in AtALB3, 

MdALB3ΔN(1-3), MdALB3ΔN(1-4), and MdALB3ΔN(tr) were discovered, but empty vector 

and MdALB3ΔN(1-1) were indistinguishable from wildtype. Insets A & C and B & D are 

separate positions within the growth chamber and colorization appears slightly different because 

images are normalized individually.  
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Figure 8: Flowering Phenotype of AtAlb3 and MdAlb3ΔN Constructs. Time to first 

flowering is depicted in graph A, height at first flowering in graph B, and composites between 

these variables in graphs C and D. For clarity, the AtAlb3 full protein overexpression lines and 

MdAlb3ΔN(tr) lines are separated in graph C, while the synthetically-constructed MdAlb3 ΔN 

lines are represented in graph D. Wildtype-like lines and transgenic lines with aberrant 

senescence phenotypes are emphasized with red circles. Time and height of flowering is 

increased by an average of 15 days and nearly 20 cm in the most severe lines (graph C), but 

MdAlb3ΔN(1-3) and MdAlb3ΔN(1-4) mutations still show significant changes (graph D).  
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Figure 9: Chlorophyll Quantification and Chlorophyll A/B Ratio. Leaf samples were 

collected after completion of chlorophyll phenomics experiments and quantified via DMF 

extraction and spectrometry. Graph A summarizes chlorophyll-A, chlorophyll-B, and total 

chlorophyll as measured by µg/g, graph B summarizes these variables as measured by µg/cm2, 

and graph C indicates ratio of chlorophyll-A to chlorophyll-B. In Graphs A and B, solid shading 

(top series) indicates total chlorophyll, while striped shading (middle series) indicates 

chlorophyll B and dotted shading (bottom series) indicates chlorophyll B. Chlorophyll was 

largely unchanged in MdAlb3ΔN truncation lines but was significantly lower in AtAlb3 lines. 

Furthermore, AtAlb3 overexpression resulted in higher chlorophyll-b, indicating an 

overabundance of PSI and possibly indicating defects in insertion of LHCB proteins.  
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Figure 10: Plastid Ultrastructure of Wildtype, MdALB3ΔN(tr), and AtALB3 

Overexpression Lines. Plastid ultrastructure of palisade mesophyll chloroplasts in young leaves 

was observed using transmission electron microscopy. Starch granules (SG), stromal lamellae 

(SL), plastoglobuli (Pg), vesicles (Ve), and triangular thylakoid structures (Tr) are emphasized 

with arrows. In contrast to the flattened and tightly-appressed thylakoid grana in wildtype, 

MdALB3ΔN(tr) exhibited significant swelling of granal and lamellar thylakoids, while AtALB3 

exhibited unusually swollen stromal lamellae and blunt triangular structures in thylakoids 

exposed to the stroma. 
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Figure 11: Thylakoid Architecture of Wildtype and MdALB3ΔN Overexpression Lines. 

Plastid ultrastructure of palisade mesophyll chloroplasts in young leaves was observed using 

transmission electron microscopy. Arrows indicate areas of thylakoid swelling consistent with 

photoinhibition and osmotic stress. In wildtype and MdALB3ΔN(1-1) lines, thylakoid grana 

were well-stacked and clearly differentiated, with little to no swelling of the thylakoid lumen. In 

contrast, MdALB3ΔN(1-3) and MdALB3ΔN(1-4) had significantly swollen thylakoid lumens 

and disaggregation and distortion of both granal thylakoids and stromal lamellae. Even when 

well-stacked, grana stacks were thinner and comprised fewer layers than in wildtype.  
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Figure 12: Bulk Tissue Ionomics. Levels of Na+ (A), K+ (B), Mg2+ (C), and Ca2+ (D) were 

determined by ICP-MS analysis of dried, powdered leaf tissue collected after completion of 

chlorophyll phenomics experiments. Na+ was significant in several lines, but the absolute 

difference was small; all lines were between 1-2 mg/g (dry weight), suggesting that transgenic 

lines were not experiencing a major defect in ion regulation. Mg2+, K+, and Ca2+ in contrast all 

experienced significant increases in affected transgenic lines, most notably in MdAlb3ΔN(1-3)a, 

MdAlb3ΔN(tr), and AtAlb3. Note that scales for graphs A and B are the same, while scales for 

graphs C and D are approximately 10-fold higher. 

 

 

 

 



 
 

 

358 
 

 

Figure 13: Calcium Response as Measured by Stromal-Targeted Aequorin. (A) wildtype 

compared to MdAlb3ΔN(1-1), and (B) wildtype compared to MdAlb3ΔN(1-3) and 

MdAlb3ΔN(1-4). All lines were crossed with the same nuclear-transformed stromal aequorin 

line. The first conserved domain in the MdALB3 N-terminus did not substantially change 

calcium dynamics, but peak Ca2+ was up to 20mM higher in MdAlb3ΔN(1-3)b and up to 100mM 

higher in MdAlb3ΔN(1-3)a. Additionally, resting Ca2+ was 25-50mM higher in MdAlb3ΔN(1-

3)b. 
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Additional Files 

Additional File 1 – Supplemental Figures and Tables 

Word document containing additional information. Supplementary Table 1 includes primer 

sequences utilized for cloning, sequencing, and qRT-PCR. Supplementary figures include a full 

ALB3 sequence alignment, PCR genotyping, SDS-PAGE gels of protein extracted from wildtype 

and transgenic lines, stomatal imaging and analysis, microscopy imagine and analysis, and 

phenomic analysis of additional transgenic lines.  

 

Additional File 2 – qRT-PCR Analysis of ALB3 Homologs 

Excel file summarizing qRT-PCR results of AtALB3, MdALB3.1, and NtALB3 run against 

representative samples of wildtype, empty-vector, and transgenic lines. Elongation factor-1α is 

used as a reference gene control.  
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SUMMARY AND FUTURE DIRECTIONS 

This dissertation establishes a foundation work for expanding the knowledge of plastid 

biology beyond chloroplasts and which is unconstrained by technical experimental constraints. 

We describe an updated description of the TOC and TIC translocases of the chloroplast outer and 

inner envelope membranes, summarize the literature research on both canonical and 

noncanonical chloroplast transit peptides, and establish a working model for translocation 

through the canonical route which is responsible for the majority of imported proteins. 

Comprehensive testing of subcellular localization prediction algorithms revealed a wide range in 

accuracy for biologically-validated sequences, and also revealed that a combination of TargetP 

and Localizer achieves 80.7% specificity and 61.1% sensitivity, a significant improvement 

compared to the use of TargetP alone. These observations are immediately useful to plant 

researchers aiming to analyze large datasets for plastid localization, or to more accurately predict 

plastid targeting for single sequences. We also developed two contrasting techniques for gene 

family prediction, including both an accurate prediction method based on reciprocal best-BLAST 

hit approaches, and a modified version of UCLUST (Edgar, 2010) which is more efficient and 

faster at analyzing larger datasets. Application of these methods to the predicted proteomes of 15 

higher plant genotypes revealed that roughly 10% of proteins are likely to be plastid-targeted in 

most plants, and between 628-828 protein families maintain conserved plastid targeting. 

However, at least 6-fold more plastid-targeted sequences had only semi-conserved or species-

unique chloroplast targeting, which likely influences plastid morphology, gene expression, and 

biochemistry in different species. However, significant work remains to functionally characterize 

these proteins, starting with biological validation. A current Ph.D. student is currently working 

on validating the gene expression of potential semi- and non-conserved plastid-targeted proteins 
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in Malus × domestica throughout the growing season, and this work will link gene expression to 

stages of plastid ultrastructural changes observed in our previous publication “Comparative 

ultrastructure of fruit plastids in three genetically diverse genotypes of apple (Malus × domestica 

Borkh.) during development” published in Plant Cell Reports. Furthermore, methods 

development is in progress to isolate chromoplasts and amyloplasts from apple fruit peel with the 

goal of conducting high-throughput proteomics to biologically validate both protein abundance 

and plastidial localization. The investigation of evolutionary mechanisms of chloroplast transit 

peptide evolution in Chapter 4 provides a much-improved model of transit peptide structure and 

sequence, as well as providing newfound insights into differences between Monocot and Eudicot 

transit peptides. We found that sequence insertions and deletions were responsible for a majority 

of novel chloroplast transit peptides, and many of these were the result of alternative start sites. 

This work provides a framework to begin searching for novel chloroplast-targeted proteins in 

both in-paralogs and in alternative gene isoforms. Finally, our work in overexpressing portions 

of the ALB3 translocase from the chloroplast genome in Chapter 5 provided preliminary 

evidence that thylakoid translocation rate has indirect effects on ion homeostasis, photosynthetic 

efficiency, and chloroplast ultrastructure. Ongoing work aims to optimize Western blot 

procedures to more accurately determine the levels of endogenous ALB3. Furthermore, future 

experiments using electrochromic shift to determine membrane potential and integrity, and 

Western blotting to examine abundance of thylakoid lumen proteins will continue to test the 

hypothesis that we have proposed. As we work to replicate this work using other thylakoid 

transfer domains, we expect to solidify the proposed link between ALB3/PPF-1 and calcium 

homeostasis as a membrane depolarization phenotype, which could lead to development of crop 

varieties with delayed senescence or resistance to calcium-related physiological disorders.  
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Altogether, this dissertation improves on current understanding of plastid proteomics and 

provides novel tools for improving annotation of high-throughput sequencing data. We also hope 

that our results will bring greater awareness to the scale of variation of the plastid proteome and 

lead to renewed research efforts on the plastids of non-model species, as well as more careful 

interpretation of model systems research. 
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