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Abstract 

Plastids originated from the endosymbiosis of a cyanobacterium by a eukaryotic cell 

approximately 1.5 billion years ago. Since then, their genome has undergone substantial 

reduction, with present day plastids retaining less than 5% of genes found in their 

cyanobacterial ancestor. Many of these remaining genes are essential for photosynthesis, 

including components of the photosystems, NAD(P)H dehydrogenase-like complex, 

cytochrome b6f complex and rubisco. While previous comparative analyses have shown that 

the plastid genome has evolved exceptionally slowly, it is unknown why this slow evolution 

occurs and whether adaptation has occurred given this constraint. This thesis seeks to 

address both of these questions through an investigation of the constraints on plastid gene 

evolution and a search for hallmarks of adaptive evolution that may have been previously 

overlooked. I reveal that there is significant variation in the rate of molecular evolution between 

the plastid-encoded genes, with those involved in energy production evolving notably slower 

than those involved in information processing (i.e., transcription and translation). Additionally, 

I discover that three key factors – gene position, level of gene expression and the encoded 

protein’s composition – collectively account for >50% of the variation in the rate of sequence 

evolution. Thus, contrary to expectations, factors unrelated to the molecular function of a gene 

are the major determinants its evolvability. A novel computational approach, herein named 

RECUR, was subsequently developed to identify hallmarks of adaptive evolution in the plastid 

genome. In combination with conventional methods for detecting selection, I identified 

evidence of adaptive evolution at 7% of the residues in genes encoding components of the 

photosystems. Through the use of various in silico approaches, I predicted the impact of these 

evolutionary changes on the photosystems and revealed that evolution has repeatedly 

influenced the interaction between photosystem II and its D1 subunit, potentially reducing the 

energetic barrier for D1 turnover and enhancing photosystem II repair. In conclusion, this 

thesis has leveraged millions of years of natural selection experiments to identify plausible 

engineering targets for enhancing photosynthesis. Moreover, the development of RECUR 

enables the broader scientific community to explore recurrent evolution, facilitating new 

discoveries and aiding evolutionary guided protein engineering.  
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Chapter 1: General Introduction 

 

General Introduction 

 

1.1 Introduction 

Photosynthesis is the process by which solar energy is converted into chemical energy which 

can then be used to fuel life. Primitive forms of photosynthesis first evolved at least 3.5 billion 

years ago (Ga) (Noffke, et al. 2013) and have helped sustain life on Earth for ~80% of its 4.5 

Ga history (Hazen 2010). It is thought that early photosynthetic organisms carried out a form 

of photosynthesis known as anoxygenic photosynthesis (Hohmann-Marriott and Blankenship 

2011). In this process, electrons are donated from a variety of different sources including 

sulphur containing molecules, molecular hydrogen or reduced iron (Oliver, et al. 2023). As 

water is not the source of electrons molecular oxygen is not produced, hence the name 

anoxygenic photosynthesis. Although this form of photosynthesis is evolutionary ancient, it is 

still found in multiple different bacterial phyla today, including Chlorobi (green sulphur 

bacteria), Chloroflexi (green filamentous autotrophs), Proteobacteria (purple bacteria), 

Acidobacteria and Firmicutes (Heliobacteria) (Raymond 2008).  

 

At the heart of photosynthesis are the pigment binding multiprotein complexes called 

photosystems. The photosystem complexes have two main regions, the light-harvesting 

antenna and the reaction centre (Croce and van Amerongen 2014). The light-harvesting 

antenna region is packed with pigments whose role is to absorb and funnel light energy to the 

reaction centre. Once there, a highly organised array of pigments and other cofactors in the 

reaction centre use this energy to catalyse charge separation (Nelson and Junge 2015). In 

turn, this instigates a series of electron transfer reactions that generate an electrochemical 

gradient that can be used to produce carbohydrates, lipids, amino acids and other essential 

molecules that fuel metabolism and growth (Johnson 2016). 
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Although all extant photosystems are thought to be derived from a single ancestral 

photosystem (Nitschke and Rutherford 1991), over the course of their 3.5 Ga history they have 

diverged to form two discrete types, known as Type I and Type II (Sánchez-Baracaldo and 

Cardona 2020). Organisms that carry out anoxygenic photosynthesis can possess either of 

these two photosystem types. For example, Chlorobi, Firmicutes and Acidobacteria possess 

a Type I photosystem, whereas Proteobacteria and Chloroflexi have a Type II photosystem 

(Raymond 2008).  

 

A major landmark in the evolution of life on Earth was the establishment of oxygenic 

photosynthesis through the combination of both photosystem types in a single cell (Sánchez-

Baracaldo and Cardona 2020). This pivotal event is thought to have occurred only once in a 

bacterial phylum known as the Cyanobacteria (Cavalier-Smith 1982; Bhattacharya and Medlin 

1995; Keeling 2010). In contrast to anoxygenic photosynthesis, oxygenic photosynthesis 

requires the sequential action of both photosystem types, named photosystem I and 

photosystem II, respectively (Hohmann-Marriott and Blankenship 2011). Photosystem II 

evolved an oxygen-evolution complex responsible for splitting water, and photosystem I was 

incorporated into the electron flow pathway (Oliver, et al. 2022).  

 

This landmark event changed the course of evolution of life on Earth. It enabled electrons to 

be stripped from water to produce molecular oxygen, facilitating the rise in molecular oxygen 

in the atmosphere known as the Great Oxidation Event, estimated to have occurred 2.3 – 2.4 

Ga (Bekker, et al. 2004; Lyons, et al. 2014). This turning point allowed the subsequent 

evolution of aerobic metabolism and advanced life forms (Nursall 1959; Canfield, et al. 2007).  

 

In this introduction, I will first discuss the rise and spread of oxygenic photosynthesis in the 

eukaryote lineage which began from the imprisonment of a single cyanobacterium. I will then 

go on to discuss the diverse roles of the endosymbiont in land plants focussing on 

photosynthesis. Finally, I will review the evolution of the endosymbiont’s genome – the topic 

of this thesis. Specifically, I will highlight its pivotal role in photosynthesis and discuss current 

views of its limited evolvability.  

 

1.2 The rise and spread of oxygenic photosynthesis in eukaryotes 

1.2.1 The rise: Primary endosymbiosis 

Eukaryotes are one of the three domains of life alongside archaea and bacteria. The name 

eukaryote derives from the Greek ‘eu’ meaning true and ‘karyon’ meaning kernel and 
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describes their defining feature – the nucleus, a membrane-bound compartment housing the 

majority of the cell’s DNA. Meanwhile, archaea and bacteria are collectively termed 

prokaryotes, from the Greek meaning before kernel referring to their lack of a nucleus. The 

increased intracellular complexity of eukaryotes has been proposed to have arisen from a 

single primary endosymbiosis of an -proteobacterium by an Asgard archaea approximately 

~2 billion years ago (Ga) (Sagan 1967; Spang, et al. 2015; Wang and Wu 2015; Zaremba-

Niedzwiedzka, et al. 2017). Over time, the -proteobacterium endosymbiont evolved into the 

mitochondria, often termed the ‘powerhouse’ of the cell. This development enabled more 

efficient production of adenosine triphosphate (ATP) to power biochemical and cellular 

processes (Lane and Martin 2010).  

 

A second primary endosymbiosis event occurred later (approximately 1.5 Ga (Hedges, et al. 

2004)) whereby a phototrophic bacterium, specifically a cyanobacterium, was engulfed by a 

eukaryotic cell conferring the ability of photosynthesis to eukaryotes (Sagan 1967; McFadden 

2014). Over time this cyanobacterium was domesticated into the organelle known as the 

plastid which involved several major steps. An early step was the host acquired the ability to 

tap photosynthate via inserting phosphate translocators, which exchange photosynthate for 

orthophosphate, into the endosymbiont’s inner membrane (Weber, et al. 2006). Next, 

extensive endosymbiotic gene transfer (discussed in detail later) to the host nucleus rendered 

the endosymbiont dependent on the host for essential functionals, including primary metabolic 

pathways, regulation of gene expression and endosymbiont division (McFadden 2014). This 

necessitated the development of a plastid protein import machinery (translocon at the inner 

chloroplast membrane and translocon of the outer chloroplast membrane complexes, 

abbreviated to TIC/TOC, which are embedded in the inner and outer plastid membranes, 

respectively) to get nuclear encoded proteins into the plastid where they can carry out their 

function (Richardson and Schnell 2019). Furthermore, obtaining control over plastid replication 

was a critical step so that the rate can be tuned to avoid being too fast, which would cause 

plastids to take over the cell, or too slow, which would prevent both daughter cells from 

inheriting a plastid (McFadden 2014). Collectively, these developments have resulted in the 

plastid being a semi-autonomous organelle whose metabolism is intricately interwoven with 

that of the host. 

 

The direct descendants from this first phototrophic eukaryote comprise the monophyletic 

group known today as the Archaeplastida, containing the glaucophytes, red algae and green 

algae (Figure 1) (Adl, et al. 2005). The glaucophytes are believed to be the earliest-diverging 

and consist of a small group of unicellular algae (Keeling 2010). Their plastids contain 
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chlorophyll a and are distinguished by a residual peptidoglycan layer surrounding the plastid 

(Steiner and Löffelhardt 2002). Meanwhile, red algae (also called Rhodophyta) are a large and 

diverse lineage with ~7,000 species identified to date, most of which are multicellular 

organisms (Borg, et al. 2023). Like glaucophytes, red algal plastids also contain chlorophyll a 

but are distinguished by their production of the red protein-pigment complex known as 

phycoerythrin, from which they get their name (Borg, et al. 2023). Lastly, the green algae (from 

which plants arose and thus the lineage is also called the Viridiplantae) contain plastids with 

chlorophyll a and b (Lewis and McCourt 2004). Unlike both red algae and glaucophytes which 

contain the ancestral phycobilisome light-harvesting antennae that lie on top of the thylakoid 

membrane, green algae contain elaborate pigment-filled light harvesting complexes that are 

lie in the membrane (Liu, et al. 2013; Croce and van Amerongen 2014).  
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Figure 1. The major endosymbiotic events that led to the origin and spread of oxygenic 

photosynthesis across eukaryotes. At the top is the primary endosymbiosis event, where a 

cyanobacterium was engulfed by a eukaryotic cell, giving rise to the Archaeplastida lineage. 

The glaucophytes (middle left) are the earliest diverging lineage, consisting of unicellular 

algae. The green algae (middle right) gave rise to land plants and have also undergone two 

independent secondary endosymbiosis events, giving rise to the euglenids and 

chlorarachniophytes. In the middle is the red algal lineage, whose number of secondary 

endosymbiosis events is still debated (indicated by red dashed lines). Further endosymbiotic 

events have occurred in the dinoflagellates, including one serial secondary endosymbiosis 

event (resulting in Lepidodinium) and multiple tertiary endosymbiosis events. In the bottom 

right is the only other known instance of a second primary endosymbiosis involving a 

cyanobacterium, which led to Paulinella chromatophora. Figure from (Keeling 2013). 
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The primary endosymbiosis events described above giving rise to the mitochondria and plastid 

were thought to be unique events. However, recently an independent primary endosymbiosis 

of a cyanobacterium was discovered in the euglyphid amoeba Paulinella chromatophora 

(Marin, et al. 2005). Molecular clock analysis of the 18S rRNA dates the divergence of the 

autotrophic P. chromatophora from heterotrophic Paulinella species approximately 90 – 150 

million years ago (Mya) (Delaye, et al. 2016). The cyanobacterial endosymbiont in P. 

chromatophora is referred to as a chromatophore and has been shown to demonstrate 

important endosymbiont characteristics, including regulated division and transfer of 

photosynthetic product to the host cell (Kies and Kremer 1979). Further comparative analyses 

will be required to probe the question as to whether this second acquisition of a 

cyanobacterium by a eukaryotic cell is on a similar evolutionary trajectory already taken by the 

plastid.  

  

1.2.2 The spread: Secondary and tertiary endosymbiosis 

Although the endosymbiosis of the plastid occurred only once, the plastid spread from the 

Archaeplastida to other eukaryotic lineages through multiple secondary (and tertiary) 

endosymbiosis events (Keeling 2013). These processes are thought to proceed via one 

eukaryotic cell engulfing a second eukaryotic cell that has already undergone primary (or 

secondary) endosymbiosis. This is followed by the degradation of the eukaryotic features of 

endosymbiont, presumably after the endosymbiont’s nuclear plastid-targeted genes having 

been transferred to the secondary (or tertiary) host’s nucleus. What remains is a four-

membrane bound plastid with membranes having derived going out-to-in from the host plasma 

membrane, the plasma membrane of the endosymbiont (although this can be lost) and the 

two membranes of the endosymbiont’s plastid (Keeling 2010). Occasionally, a drastically 

reduced remnant of the endosymbiont’s nucleus is retained, called a nucleomorph, as 

observed in cryptomonads and chlorarachniophytes (Archibald 2007). Arguably, these are the 

most complex cells in existence with four separate genomes found in a single cell - the 

nucleus, nucleomorph, mitochondria and plastid genomes, respectively. 

 

Secondary and tertiary endosymbiosis has occurred multiple times. In the green lineage, it is 

widely accepted to have occurred twice, in the euglenids and chlorarachniophytes (Figure 1) 

(Rogers, et al. 2007). Meanwhile, deciphering the serial endosymbiotic events involving the 

red algae has been more challenging. It was originally proposed that there was a single 

secondary endosymbiosis event involving a red algal lineage that gave rise to the 

Chromalveolata supergroup, including the haptophytes, cryptomonads, stramenopiles, 
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apicomplexans and dinoflagellates (Cavalier-Smith 2003). However, more recent 

phylogenomic studies do not support monophyly of these secondary endosymbionts, and it 

remains an active area of research (Burki, et al. 2016). 

 

In addition to secondary endosymbiosis, additional layers of complexity are required to fully 

capture the evolution of the plastid in red algae. For example, in multiple lineages 

photosynthetic capacity has been lost resulting in a highly reduced cryptic plastid such as in 

ciliates and many apicomplexans (McFadden and Reith 1996; Keeling 2010). Alternatively, 

although rare, the plastid can be lost all altogether as observed in Cryptosporidium 

(Abrahamsen, et al. 2004; Xu, et al. 2004). Furthermore, tertiary endosymbiosis and serial 

secondary endosymbiosis have occurred within the dinoflagellates (Figure 1) (Keeling 2013). 

Tertiary endosymbiosis occurs when a cell engulfs another cell that has already undergone 

secondary endosymbiosis. Examples include the engulfment of a cryptomonad, haptophyte 

and diatom by a dinoflagellate in the Dinophysis, Karlodinium and Durinskia genera, 

respectively (Dodge and Crawford 1969; Schnepf and Elbrächter 1988; Tengs, et al. 2000). 

Serial secondary endosymbiosis occurs when a cell that has already undergone secondary 

endosymbiosis engulfs a cell that has undergone primary endosymbiosis. The only known 

case of serial secondary endosymbiosis is in the Lepidodinium genus (Watanabe, et al. 1990; 

Matsumoto, et al. 2011).  

 

This section has provided an overview of the complicated history of the spread of the plastid 

in eukaryotes through a myriad of acquisitions, transfers, and losses. From here onwards, this 

introduction will focus specifically on the evolution of the land plant plastid. In contrast to the 

tangled web above, the land plant plastid has the relatively straight forward history of a single 

primary endosymbiosis event followed by diversification of function and form during the 

radiation of the Viridiplantae. 

 

1.3 The role of plastids in higher plants 

1.3.1 Plastid diversity 

The plastid is a ubiquitous organelle found in plant cells and is a hub for biosynthetic reactions 

involved in primary and secondary metabolism. However, plastids have additional functions 

depending on the type and developmental stage of the tissue (Choi, et al. 2021). To perform 

these various functions developmental and environmental cues induce plastid differentiation 

which is detected through changes in colour, morphology and ultrastructure (Wise 2006). 

From this ability to transform is how the plastid got its name, from the Greek ‘plastikos’ 
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meaning capable of being moulded. The types of plastids (proplastid, etioplast, chloroplast, 

chromoplast, leucoplast and gerontoplast) and their interconversions are shown in Figure 2.  

 

 

 

 

Figure 2. Plastid types and their interconversions. The process by which various plastids such 

as proplastids, etioplasts, chromoplasts and leucoplasts transition into chloroplasts is referred 

to as ‘greening’ and is primarily triggered by light. In senescing leaves, chloroplasts transition 

into gerontoplasts. Meanwhile, developmental signals initiate the plastid transition to 

leucoplasts (and the amyloplast, proteinoplasts and elaioplast subtypes) and chromoplasts. 

Interconversions between plastid types are shown with arrows. Figure adapted from (Choi, et 

al. 2021).  

 

Proplastids are the undifferentiated form from which all other types of plastids are derived. 

They are ~1 um in diameter and found in dividing meristem and reproductive tissue (Pyke 

2007). In photosynthetic tissue the proplastid primarily differentiates into the chloroplast, the 

most well-known form of plastid for its role in being the site of photosynthesis. There are ~80 

– 120 chloroplasts per mesophyll cell (Crumpton-Taylor, et al. 2011), although this number can 

vary, and each are ~4-6 um in diameter. Their name comes from the Greek ‘chloros’ meaning 

green resulting from their high chlorophyll content (Choi, et al. 2021). However, chloroplasts 

also contain high levels of carotenoid pigments which expand the wavelengths of harvestable 

light and play an important role in photoprotection (Sun, et al. 2018). Furthermore, chloroplasts 

contain highly specialised inner membrane structures called thylakoids that encase the 

thylakoid lumen. The thylakoid membrane has stacked regions called grana which are 
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connected by flat stromal lamellae (Ostermeier, et al. 2024). Within this membrane structure 

the photosynthetic apparatus is non-uniformly distributed with photosystem II (Type II) and 

photosystem I (Type I) being primarily situated in the grana and lamellae regions, respectively 

(Andersson and Anderson 1980).  

 

If photosynthetic tissue develops in dark conditions, such as a dark grown seedling, 

chloroplast differentiation is arrested forming etioplasts (Armarego-Marriott, et al. 2020). 

Etioplasts are equipped for the rapid conversion to the chloroplast with prothylakoid 

membranes and para-crystalline prolamellar bodies which contain high levels of lipid and 

NADPH: protochlorophyllide oxidase (POR) enzyme which catalyses the light-dependent last 

step of chlorophyll biosynthesis (Gabruk and Mysliwa-Kurdziel 2015; Kowalewska, et al. 

2016). The lack of chlorophyll is how etioplasts got their name from the French ‘étioler’ 

meaning to bleach. Meanwhile, during leaf senescence chloroplasts terminally differentiate to 

gerontoplasts (‘geront’ meaning old man in Greek) whose primary role is to safely dismantle 

the photosynthetic machinery and recycle their component atoms (including nitrogen, 

phosphate and carbon) back to the plant (Zentgraf, et al. 2022).  

 

In tissues with storage functions, such as those in the seed and roots, leucoplasts are present 

(Choi, et al. 2021). The lack of pigment production in leucoplasts is where they get their name 

from the Greek ‘leukos’ meaning white. Leucocytes can be subdivided by the macromolecule 

they store. Specifically, amyloplasts store starch, proteinoplasts store protein and elaioplasts 

store lipids (Choi, et al. 2021). Lastly, chromoplasts are non-photosynthetic colourful plastids 

resulting from their high carotenoid content and are found primarily in fruits and flowers, 

although they are also present in colourful roots such as carrots (Marano, et al. 1993; 

Rodriguez-Concepcion and Stange 2013). Their main function is to attract insects and animals 

for pollination and seed dispersal. 

 

In summary, land plants have evolved a high degree of plastid functional diversity to aid them 

throughout their life cycle. This includes managing resources, optimising growth, adapting to 

fluctuating environments, and increasing chances of reproductive success.  

 

1.3.2 The role of the chloroplast: Photosynthesis 

Photosynthesis is carried out in the chloroplast and has two main stages, the light dependent 

reactions and the light-independent (or dark) reactions (Johnson 2016). The light-dependent 

reactions take place in the thylakoid membrane and use light energy to catalyse a series of 

redox reactions (outlined in detail below) that generate ATP and NADPH and release 
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molecular oxygen as a byproduct (Figure 3). The ATP and NADPH is then used to fuel the 

Calvin Benson cycle, a series of enzymatic steps where carbon dioxide is fixed into 

glyceraldehyde-3-phosphate (G3P) which can then be used to synthesize all other compounds 

required for growth. 

 

 

Figure 3. The light dependent reactions in the thylakoid membrane. Electrons derived from 

the splitting of water by photosystem II are shuttled to NADP+ through the electron transfer 

chain generating a proton-motive force used to generate ATP. Lightning bolts indicate light 

requirement in photochemical steps. Blue arrows indicate electron movement, red arrows 

indicate proton movement and green arrows indicate molecule/protein movement. 

Abbreviations: b, haem; Chl, chlorophyll a; f, cytochrome f; FeS/F iron-sulphur clusters, Fd, 

ferredoxin; FNR, ferredoxin-NADP reductase; LHC, light harvesting complex; PC, 

plastocyanin; Pheo, pheophytin a; Q, quinone binding site, Y, tyrosine residue. 

 

1.3.2.1 The light dependent reactions 

The first step of the light dependent reactions is catalysed by photosystem II (Figure 3). Light 

energy is absorbed by accessory pigments in the light harvesting complex II (LHCII) and 

funnelled via resonance energy transfer to the photosystem II reaction centre (Croce and van 

Amerongen 2014). Here, the excitation energy excites the P680 chlorophyll pair bound at the 

luminal side of the interface between the pseudo-symmetric D1-D2 heterodimer to form P680* 

(Müh and Zouni 2020). An electron is then relinquished from P680* and migrates through a 

molecular wire that terminates on the stromal side of the membrane (Ferreira, et al. 2004; Müh 
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and Zouni 2020). This molecular wire is composed of a pheophytin a (Phe), a tightly bound 

plastoquinone (QA) and a mobile plastoquinone (QB). For efficient electron transfer between 

QA and QB a non-haem iron is required (Fe2+) and is coordinated by a bicarbonate ion and two 

histidine residues, one from D1 and one from D2, respectively. Two electrons and two protons, 

the latter acquired from the stroma, are required to fully reduce plastoquinone to plastoquinol 

which has a lower affinity for the QB binding site and thus dissociates into the milieu of the 

thylakoid membrane. Meanwhile, on the luminal side of the membrane the strongly oxidising 

P680+ energetically drives the splitting of water into dioxygen, protons and electrons (Johnson 

2016). This reaction is catalysed by the oxygen evolving complex which contains a Mn4CaO5 

cluster (Li, et al. 2024). A tyrosine residue at position 161 in the D1 protein (Arabidopsis 

thaliana accession: NP_051039) acts as an intermediary sequentially passing the electrons 

from the oxygen evolving complex to P680+ after each excitation event (Barry and Babcock 

1987). Notably, the electron movement described above results in two protons being removed 

from the stroma and two protons being released in the lumen per plastoquinol molecule 

produced (Johnson 2016). 

 

Diffusing plastoquinol in the thylakoid membrane can bind the QO site located toward the 

luminal side of the thylakoid membrane in the cytochrome b6f complex (Malone, et al. 2019). 

The two-electron oxidation of plastoquinol liberates two protons that are released into the 

luminal space and two electrons that follow a bifurcated path within the cytochrome b6f 

complex (Figure 3) (Mitchell 1976). The first electron flows into the high potential path, 

constituting the Rieske iron-sulphur cluster and cytochrome f, before being donated to 

plastocyanin bound at the luminal surface which is then released and replaced with an 

oxidised plastocyanin (Malone, et al. 2019). The second electron flows into a low potential 

path constituted of two haems prior to being donated to an oxidised plastoquinone at the Qi 

site at the stromal side of the thylakoid membrane (Malone, et al. 2019). After two sequential 

reductions, reduced plastoquinone at the Qi site acquires two protons from the stroma and 

dissociates back into the membrane where it can rebind at the QO site of cytochrome b6f 

complex. This mechanism allows for two protons to be translocated to the lumen from the 

stroma per electron transferred to plastocyanin. 

 

The next step is the transfer of electrons from plastocyanin in the lumen to ferredoxin in the 

stroma by photosystem I. Analogous to photosystem II, this reaction requires the harvesting 

of light energy by antennae regions (Croce and van Amerongen 2014). This excitation energy 

is then funnelled to the P700 chlorophyll pair at the interface of the PsaA-PsaB heterodimeric 

core of the photosystem I reaction centre (Mazor, et al. 2017). Excitation of the P700 to P700* 

is followed by charge separation which can occur along (although not evenly) two quasi-
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symmetrical molecular wires converging at an iron-sulphur cluster on the stromal side of the 

PsaA-PsaB interface (Klukas, et al. 1999). The electron then migrates via two more iron-

sulphur clusters, FeSA and FeSB, before being passed to the soluble ferredoxin protein in the 

stroma (Guergova-Kuras, et al. 2001). The P700+ on the luminal side of the membrane is 

reduced by an electron donated from a reduced plastocyanin generated by cytochrome b6f 

complex. The final step of electron flow is then carried out in the stroma where the sequential 

reduction of NADP+ by ferredoxin-NADP reductase (FNR) using reduced ferredoxin as an 

electron donor is used to produce NADPH, a reducing agent required for a vast array of cellular 

processes including the Calvin Benson cycle (Johnson 2016).  

 

The movement of electrons from water to NADP+ described above produces an 

electrochemical proton concentration gradient across the thylakoid membrane where the 

lumen is acidified. This concentration gradient is used by the chloroplast-ATP synthase to 

catalyse the formation of ATP from adenosine diphosphate (ADP) and inorganic phosphate 

(Boyer 1997). To do this, protons flow down their concentration via a channel in the integral 

membrane region (cF0) of the chloroplast-ATP synthase inducing its mechanical rotation. This 

kinetic energy is transmitted up the stalk and into the catalytic head of the ATP synthase (cF1) 

inducing rotatory catalysis (Hahn, et al. 2018). The translocation of fourteen protons through 

the ATP synthase is required for one revolution of the c-ring in the cF0 domain forming three 

molecules of ATP, and thus 4.67 protons is required to produce one ATP molecule (Hahn, et 

al. 2018). 

 

The linear electron flow pathway shown in Figure 3 does not generate enough ATP to power 

the Calvin Benson cycle (Allen 2002). To account for this disparity an alternative electron 

pathway is employed called cyclic electron flow (Allen 2003a). Here, electrons are redirected 

from ferredoxin back to plastoquinone enabling a greater number of protons to be transferred 

into the thylakoid lumen per electron donated from water. Cyclic electron flow occurs through 

two pathways, the major pathway is proton gradient regulation 5 (PGR5)/PRG5-like 

photosynthetic phenotype 1 (PGRL1) dependent (DalCorso, et al. 2008) and the minor 

pathway is the NAD(P)H dehydrogenase-like dependent (Joët, et al. 2001). In addition to 

adequately fuelling the Calvin Benson cycle the ability to tune the ATP/NADPH ratio allows 

plants to better cope with a wide variety of stress (Huang, et al. 2010; Joliot and Johnson 

2011).  

 

1.3.2.2 Dealing with excess light 

The photosynthetic apparatus has a maximum capacity for the rate it can convert light energy 

to chemical energy (Guidi, et al. 2019). This capacity is determined by how quickly 
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downstream metabolism can utilise the generated NADPH. If the rate of NADPH production 

is much greater than its subsequent oxidation, i.e., the NADPH/NADP+ ratio gets larger, the 

insufficient pool size of the final electron acceptor NADP+ causes the over-reduction of the 

photosynthetic apparatus (Gururani, et al. 2015). Over-reduction can prevent quick transfer of 

excitation energy between cofactors and lead to reactive oxygen species (ROS) production 

which can then irreversibly damage proteins, membranes or nucleic acids (Juan, et al. 2021). 

The major generation sites of ROS are the photosystem reaction centres and their subsequent 

damage can reduce the photosynthetic capacity in a process known as photoinhibition 

(Moustakas 2022).  

 

In the photosystem II reaction centre, a saturated reduced plastoquinone pool results in the 

formation of triplet state chlorophyll (3Chl*) which can react with ground state molecular 

oxygen to form singlet oxygen (1O2) (Pospíšil 2012; Li and Kim 2022). The primary site of 1O2 

formation is in the D1 protein and thus results in D1 being a hub of oxidative damage (Mattoo, 

et al. 1981; Aro, et al. 1993). However, efficient photosystem II repair processes exist such 

that as long as the rate of damage does not exceed the rate of repair, photoinhibition does not 

occur. This repair pathway involves photosystem II migration to non-appressed regions of the 

thylakoid membrane, proteolytic digestion of damaged D1 and its replacement with a newly 

synthesized functional copy (Järvi, et al. 2015). Meanwhile, when the acceptor side of 

photosystem I is highly reduced the iron-sulphur clusters donate electrons to alternative 

electron acceptors (Asada 2006). When this alternative electron acceptor is molecular oxygen 

the superoxide anion (O2
-) is produced, which can then react with the iron-sulphur clusters 

resulting in their inactivation (Sonoike, et al. 1995; Erling Tjus, et al. 1998). Unlike photosystem 

II, repair of photosystem I is extremely slow and can take days to weeks to fully recover 

photosynthetic capacity (Bernhard Teicher, et al. 2000; Kudoh and Sonoike 2002). 

 

Plants have evolved intricate mechanisms to cope with excess light and prevent damage to 

the photosynthetic apparatus. A primary mechanism is non-photochemical quenching (NPQ) 

where excess light can be dissipated as heat (Murchie and Ruban 2020). NPQ is triggered by 

over-acidification of the thylakoid lumen which signals the stress response to excess light. 

This signal can be further amplified by activating the cyclic electron pathway to move electrons 

away from the acceptor side of photosystem I and prevent its photoinhibition. The acidification 

of the lumen is sensed by the integral membrane protein PsbS through protonation of two 

lumen-exposed glutamate residues (Li, et al. 2000; Li, et al. 2002). The protonated form of 

PsbS undergoes conformational changes allowing it to act as a seeding site for LHCII 

aggregation causing dissociation from the photosystem II reaction centre (Correa-Galvis, et 

al. 2016). Thus, the LHCII transitions from a light-harvesting to a dissipative state. 



  22 

Furthermore, the acidification of the thylakoid lumen activates the violaxanthin de-epoxidase 

enzyme to convert violaxanthin to zeaxanthin via an antheraxanthin intermediate (Yamamoto, 

et al. 1962; Demmig-Adams 1990). These de-epoxidated xanthophyll pigments aid thermal 

dissipation of excess light energy absorbed by light-harvesting proteins (Gilmore and 

Yamamoto 1993). It is important that induction and removal of NPQ is a highly dynamic 

process and tuned such that the trade-off between photosynthetic efficiency and prevention 

of photoinhibition is optimal. 

 

1.4 The plastid genome 

1.4.1 Architecture of the plastid genome 

The land plant plastid contains its own genome which is generally thought to be a circular 

molecule (Figure 4), although linear and branched forms have been observed (Deng, et al. 

1989; Oldenburg and Bendich 2004; Oldenburg and Bendich 2016). The size of the genome 

is ~120 – 180 kb in size, although plant species with significant deviations have been identified 

(Kolodner and Tewari 1975a; Chumley, et al. 2006; Daniell, et al. 2016). Although small in 

size, the plastid houses multiple copies of its genome and can make up significant proportions 

of cellular DNA. For example, in light-grown spinach leaves plastid DNA can reach 23% of 

total cellular DNA resulting from ~900 genome copies in each of the ~65 plastids (Lawrence 

and Possingham 1986; Bendich 1987). However, genome copy number is highly variable 

depending on tissue type and developmental stage (Oldenburg and Bendich 2015). 
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Figure 4. Map of the Arabidopsis thaliana plastid genome (accession: NC_000932). The inner 

concentric circle highlights the quadripartite structure consisting of the large single copy region 

(LSC) and small single copy region (SSC) separated by two inverted repeat regions (IRA and 

IRB). The GC content is shown in dark grey shading and the complementary AT content in 

light grey. The outer circle shows gene positions which are coloured by their function. Figure 

generated using OGDRAW (Greiner, et al. 2019).  

 

Comparison of plastid genomes between different land plant species has uncovered a highly 

conserved quadripartite structure made up of a large single copy region and a small single 

copy region separated by two inverted repeat regions (Figure 4) (Kolodner and Tewari 1979; 

Palmer 1985; Daniell, et al. 2016). In most plant species these inverted repeat regions are 

identical (or near identical) and are ~20 – 25 kb in size (Palmer 1985; Mohanta, et al. 2020). 

Expansions and contractions of the inverted repeats are a reasonably common occurrence 
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(Wang, et al. 2008; Zhu, et al. 2016). More rarely, the inverted repeat can be lost altogether 

such as in the Fabaceae clade of legumes (Palmer, et al. 1987). After loss, subsequent large 

structural rearrangements to the plastid genome ensue which led to belief that inverted 

repeats protect plastid genome stability (Palmer and Thompson 1982). Furthermore, the rate 

of nucleotide substitution of genes in the inverted repeats is three times lower than in the 

single copy regions (Wolfe, et al. 1987; Perry and Wolfe 2002; Zhu, et al. 2016). However, 

loss of the inverted repeat results in elevation of the rate of nucleotide substitution to that 

found in the single copy regions (Perry and Wolfe 2002). This is thought to be the result of 

increased error correction in the inverted repeats, specifically through homologous 

recombination mediated repair and gene conversion mechanisms (Birky and Walsh 1992; 

Khakhlova and Bock 2006). Although these mechanisms can occur in single copy regions 

between plastid genome molecules, the inverted repeat has twice as much template and thus 

is likely to occur more frequently resulting in lower rates of nucleotide substitution over time.  

 

1.4.2 Gene content 

The gene content of the plastid genome in land plants is also highly conserved and consists 

of ~120 genes (~80 of which are protein coding) and are predominantly involved in 

photosynthesis, transcription or translation (Table 1) (Wicke, et al. 2011). Genes are organised 

into operons that are transcribed as polycistronic mRNA (Stern, et al. 2010). The 

photosynthetic genes include subunits of photosystem I, photosystem II, cytochrome b6f 

complex, NAD(P)H dehydrogenase-like complex, ATP synthase and the large subunit of 

rubisco. Transcription related genes include the subunits of the plastid-encoded RNA 

polymerase (PEP). Translation related genes include the plastid-encoded ribosomal proteins 

and various structured RNAs (ribosomal RNA and transfer RNA). A handful of genes do not fit 

into these categories and have functions in photosystem assembly, RNA maturation, protein 

degradation and fatty acid synthesis (Table 1). 
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Table 1. Highly conserved genes in land plant plastid genomes 

Function Functional category Genes 

Photosynthesis 

Photosystem I psaA, psaB, psaC, psaI, psaJ 

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, 

psbH, psbI, psbJ, psbK, psbL, psbM, psbN, 

psbT, psbZ 

Cytochrome b6f 

complex 

petA, petB, petD, petG, petL, petN 

ATP synthase atpA, atpB, atpE, atpF, atpH, atpI 

NAD(P)H 

dehydrogenase-like 

complex 

ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, 

ndhG, ndhH, ndhI, ndhJ, ndhK 

Rubisco rbcL 

Transcription RNA polymerase rpoA, rpoB, rpoC1, rpoC2 

Translation 

Ribosomal small 

subunit 

rps2, rps3, rps4, rps7, rps8, rps11, rps12, 

rps14, rps15, rps16, rps18, rps19 

Ribosomal large 

subunit 

rpl2, rpl14, rpl16, rpl20, rpl22, rpl23, rpl32, 

rpl33, rpl36 

Ribosomal RNAS rrn16, rrn23, rrn4.5, rrn5 

Transfer RNAs Typically around 30 genes 

Miscellaneous 

Miscellaneous accd (fatty acid synthesis), ccsA 

(cytochrome c assembly), clpP (protein 

degradation), cemA, matK (intron 

maturation), ycf3 and ycf4 (both 

photosystem I assembly factors), ycf1 and 

ycf2 (function unknown) 

 

1.4.3 Plastid genome replication 

Multiple mechanisms for the replication of the plastid genome have been proposed. Initially, 

the discovery of bacterial-like origins of replication in the inverted repeat regions led to the 

belief that replication proceeded by double displacement loop and rolling circle mechanisms 

(Kolodner and Tewari 1975b; Kolodner and Tewari 1975c; Kunnimalaiyaan and Nielsen 1997). 

However, deletion of the origins of replication in Nicotiana tabacum showed that they were not 

essential for plastid genome replication suggesting additional mechanisms of replication exist 

(Scharff and Koop 2006). Since then, the discovery of branched plastid genome structures 

and the requirement of plastid targeted RecA to maintain plastid genome copy number have 

led to the proposal of recombination mediated replicative mechanisms (Bendich 2004; 

Oldenburg and Bendich 2004; Rowan, et al. 2010). Together, these findings suggest multiple 
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mechanisms of plastid genome replication exist, but further research is required to understand 

how these mechanisms are coordinated. 

 

1.4.4 Evolution of the plastid genome 

1.4.4.1 Genome reduction 

One of the most striking features of plastid evolution is the dramatic reduction of its genome 

content. The closest identified relative to the ancestral endosymbiont is Gloeomargarita 

lithophora that has a genome size of 3 Mb and contains ~3000 genes (Ponce-Toledo, et al. 

2017). However, extensive gene loss and transfer to the nuclear genome via endosymbiotic 

gene transfer has resulted in land plant plastids having lost ~95% of genes from the ancestral 

cyanobacterial genome (Figure 5) (Timmis, et al. 2004). More extreme genome reduction has 

occurred in parasitic plants due to loss or pseudogenisation of the non-essential 

photosynthetic machinery (Krause 2008). 

 

 

 

Figure 5. Number of genes encoded in cyanobacterial genomes and in the plastid genome of 

several groups of the Archaeplastida lineage. N indicates the sample size of each group. Data 

from (Timmis, et al. 2004). 

 

The favoured model of endosymbiotic gene transfer is the uptake of free plastid DNA into the 

host nucleus after organelle rupture (Timmis, et al. 2004). Here, plastid derived DNA can be 

integrated into the host genome at chromosomal breaks via the non-homologous end-joining 

repair pathway (Wang and Timmis 2013). Endosymbiotic gene transfer occurs frequently (and 

continues to do so) and has had large impacts on host nuclear genome composition (Stern 

and Lonsdale 1982; Ayliffe, et al. 1998; Huang, et al. 2003; Stegemann, et al. 2003). For 
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example, 18% of the A. thaliana nuclear protein coding genes have endosymbiont origin 

(Martin, et al. 2002). Furthermore, plastid DNA insertions can be large as found in rice with a 

130 kb plastid-derived DNA chunk inserted into the nuclear genome (The Rice Chromosome 

10 Sequencing 2003). Endosymbiotic gene transfer has been observed to occur more 

frequently in land plants, which have multiple plastids per cell, compared to algae which 

contain a single plastid (Lister, et al. 2003). This led to the development of the ‘limited transfer 

hypothesis’ which states that cells with more endosymbionts are more likely to successfully 

transfer genes to the nucleus (Lister, et al. 2003; Smith, et al. 2011). In part, this is simply 

because there are more potential DNA donors. However, host cell survival is more likely after 

organelle rupture if the cell contains multiple endosymbionts compared to a catastrophic 

rupture in a cell that contains a single endosymbiont.  

 

Once transferred to the nucleus, genes can follow several evolutionary paths (Martin and 

Herrmann 1998). The simplest and probably most frequent fate is that the transferred gene 

cannot be expressed, or a useful function for the expressed gene is not identified prior to the 

rapid accumulation of mutations, leading to its decay. Alternatively, if the successfully 

expressed donated gene is better than existing nuclear homologues it can replace their 

function, as seen extensively in the glycolytic pathway (Martin and Herrmann 1998). 

Furthermore, donated genes may evolve new functions through genetic innovation as seen in 

the TIC/TOC chloroplast protein import machinery (Bölter, et al. 1998; Reumann and Keegstra 

1999). Finally, the donated gene might acquire an amino terminal transit peptide that targets 

the gene product to the plastid compartment where it can carry out its original function. This 

alleviates the selection pressure acting on the plastid gene which can lead to gene loss or 

pseudogenization (Millen, et al. 2001; Park, et al. 2020; Shrestha, et al. 2020). 

 

Several explanations as for why organelle gene transfer to the nucleus is beneficial have been 

proposed. One hypothesis is that endosymbiotic gene transfer increases host control over the 

endosymbiont and can aid its integration into cellular metabolism (Martin and Herrmann 1998). 

Another hypothesis is that endosymbiotic gene transfer removes organelle genes from a 

hostile environment where ROS induced damage could lead to a high mutational burden (Allen 

2003b). This is exacerbated by the uniparental inheritance of the plastid genome preventing 

the removal of deleterious mutations through recombination that would occur in sexual 

reproduction. This phenomenon is known as Muller’s ratchet (Muller 1964). However, moving 

organelle genes to the nucleus, where sexual recombination does occur, would allow escape 

from Muller’s ratchet. Paradoxically, nucleotide substitution rates of plant organelles are 

significantly lower than the nuclear genome (Wolfe, et al. 1987; Smith 2015). Thus, a 

compensatory mechanism preventing the accumulation of mutations must exist. This 
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mechanism is proposed to be gene conversion enabled by the high copy number of the plastid 

genome and presence of homologous recombination machinery (Birky and Walsh 1992; 

Khakhlova and Bock 2006). Lastly, it was recently proposed that gene transfer and re-import 

of proteins into organelles is more energetically efficient for the cell than maintaining the high 

copy numbers of organelle genomes (Kelly 2021).  

 

Given the benefits of organelle gene transfer to the nucleus, the question arises as to why 

some genes have remained in the plastid. A leading theory is the Co-location for Redox 

Regulation (CoRR) hypothesis (Allen 1993, 2015; Allen 2017). This states that there is a 

selective advantage for rapid and direct redox-mediated regulation of gene expression of the 

redox-sensitive components of photosynthesis. Thus, even if transfer of these redox-sensitive 

genes to the nucleus occurred by chance, the plastid located gene copy remains beneficial 

and would be selected over the nuclear copy. A second theory for organelle gene retainment 

is the hydrophobicity hypothesis (Johnston and Williams 2016). This poses that the integral 

membrane proteins encoded by the plastid genome may encounter difficulties being 

retargeted back to the plastid compartment. For example, they may aggregate in the cytosol 

or be mistargeted to the endoplasmic reticulum (Björkholm, et al. 2017). Protein translation in 

close proximity to their target membrane may increase the chance of proper folding and thus 

complex assembly. Furthermore, the high copy number of the plastid genome may aid the 

production of plastid genes in the quantity they are required (Bendich 1987). For example, 

rubisco is the most abundant enzyme on the planet and makes up to 50% of the soluble protein 

found in the leaf (Carmo‐Silva, et al. 2015). Thus, while there are the benefits of ploidy, 

recombination and purifying selection for genes being housed in the nucleus, factors including 

rapid regulation of gene expression, successful protein folding and adequate expression level 

underscore the functional importance of maintaining a small set of genes in the plastid 

genome. 

 

1.4.4.2 The sudden appearance of RNA editing 

RNA editing is the post-transcriptional conversion of a nucleotide base that occurs in an RNA 

transcript. Intriguingly, RNA editing is not present in algae but found in all land plants (with the 

exception of Marchantiales) suggesting it evolved during the transition from water to land 

(Groth-Malonek, et al. 2007; Small, et al. 2020). In plants, RNA editing is limited to the 

organelles and does not occur in the nucleus and is dominated by cytosine to uracil 

conversions. Furthermore, edit sites are concentrated in coding regions and correct missense 

mutations to restore highly conserved amino acids (Takenaka, et al. 2013). Thus, RNA editing 

may provide a mechanism to overcome Muller’s ratchet. For example, the RNA edit that gives 

rise to a serine to phenylalanine substitution at position 26 in PsbF prevents defects in 
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photosystem II function (Bock, et al. 1994). Interestingly, despite their rapid emergence RNA 

edit sites are seemingly disappearing from the plastid genome. In basal land plants hundreds, 

and occasionally thousands, of RNA edits have been identified in the plastid genome 

(Oldenkott, et al. 2014). However, in the more recently diverging flowering plants 

(angiosperms) RNA edit sites have been much reduced such that plastid genomes contain 

~30 – 40 sites (Tsudzuki, et al. 2001; Gao, et al. 2023). 

 

1.4.4.3 Evolvability of plastid genome 

Evolvability describes the capability of a system to evolve, and multiple factors contribute to 

the prevailing view that the evolvability of genes encoded in the plastid genome has been 

severely limited. First, given that the majority of plastid-encoded genes are single copy (except 

those encoded in the inverted repeat) there is no genetic redundancy to protect against 

deleterious mutations. Therefore, if a beneficial allele requires multiple evolutionary steps with 

worse performing intermediates, the intermediate alleles are likely to be quickly removed by 

purifying selection before the accumulation of subsequent mutations that collectively result in 

adaptation. Consequently, the sequence space required for complex adaptations is likely to 

remain unexplored. Secondly, the plastid has highly efficient DNA repair and mutation removal 

mechanisms (the latter being gene conversion) that supress genetic variation (Birky and 

Walsh 1992; Khakhlova and Bock 2006). This is evident from the exceptionally low rate of 

nucleotide evolution observed in plastid genes (Bendich 1987; Smith 2015). These repair 

mechanisms, while important for maintaining genome integrity, limit the pool of genetic 

variation that could fuel adaptive evolution. Thirdly, the transmission of the plastid genome via 

uniparental inheritance prevents recombination, effectively resulting in each gene having 

100% linkage disequilibrium. Consequently, beneficial alleles arising in one plastid genome 

cannot be shared with others in the community, but rather each lineage must ‘reinvent’ its own 

beneficial alleles, further reducing the likelihood of adaptive evolution occurring in plastid-

encoded genes. Moreover, the absence of recombination prevents the separation of beneficial 

substitutions from deleterious ones, reducing the likelihood that advantageous substitutions 

become fixed in the population, and thus limiting the adaptive potential of the plastid genome.  

 

As a consequence of the belief that the evolvability of the plastid genome is highly constrained, 

there has been little effort in investigating adaptation during the evolution of the plastid-

encoded genes. The exception to this is the large subunit of rubisco where extensive efforts 

have been made to understand its evolution in the hope of making it a better enzyme to 

improve crop yields (Kapralov and Filatov 2007; Prywes, et al. 2023; Bouvier, et al. 2024).  
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1.5 Aims of the thesis 

The overall aim of this thesis was to explore the evolutionary potential of the plastid-encoded 

genes by investigating both the constraints on their evolution and search for signatures of 

adaptation that may have been previously overlooked. Identifying such adaptive changes in 

genes vital for photosynthesis, and hence growth, could offer valuable insight for precision 

edits. Although these adaptive changes may not naturally combine due to the uniparental 

inheritance of the plastid genome, they could be artificially integrated into a single plastid 

genome, potentially enhancing crop productivity and resilience. The specific aims of the 

three results chapters in this thesis are outlined below: 

 

Chapter 2: The aim of this chapter was to investigate constraints on the molecular evolution 

of the plastid-encoded genes during the radiation of the angiosperms. This involved curating 

a dataset of ~800 angiosperm genomes and measuring the rates of molecular evolution of 

their highly conserved genes. Multiple factors such as gene position, amino acid composition, 

nucleotide composition, levels of gene expression, transcript biosynthesis cost and 

translational efficiency were then examined to see whether they could explain any of the 

observed variation in the rate of molecular evolution. The main results of this chapter have 

been published in the journal Genome Biology and Evolution (Robbins and Kelly 2023).  

 

Chapter 3: The aim of this chapter was to search for adaptive evolution in the plastid genome’s 

slowest evolving genes, the photosystem genes. To do this, a new method for identifying 

recurrent evolution, which is a hallmark of adaptation, was developed. This method was used 

in combination with positive selection tests and uncovered widespread signatures of adaptive 

evolution in the photosystem genes. The impact of the evolutionary changes at these sites 

was investigated through in silico modelling on protein structures, providing insights to the 

adaptive benefit they confer. The work presented in this chapter has been accepted for 

publication in The Plant Cell.  

 

Chapter 4: The aim of this final results chapter was to develop a software package, called 

RECUR, to detect recurrent evolution, and was based on the methodology established in 

Chapter 3. An exemplary analysis using RECUR on all non-redundant SARS-CoV-2 surface 

glycoprotein sequences is provided. The SARS-CoV-2 surface glycoprotein protein was 

chosen given the general interest of its evolution as it may impact effectiveness of COVID 

vaccines or transmissibility of the SARS-CoV-2 virus. The results presented in this chapter 

show RECUR is fast, easy to use and scalable to thousands of sequences. 
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The results chapters described above are three independent bodies of work and are presented 

as three manuscripts, each with an abstract, introduction, results, discussion and methods 

section. Additionally, author contributions are provided at the end of each chapter and 

supplementary material is provided in the Appendices. The final chapter, Chapter 5, discusses 

the discoveries and work in this thesis within the wider literature and highlights avenues for 

future work.  
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Chapter 2: The evolutionary constraints on angiosperm chloroplast adaptation 

 

The evolutionary constraints on angiosperm chloroplast adaptation  

 

Elizabeth HJ Robbins and Steven Kelly 

 

 

 

2.1 Abstract 

The chloroplast (plastid) arose via the endosymbiosis of a photosynthetic cyanobacterium by 

a non-photosynthetic eukaryotic cell approximately 1.5 billion years ago. Although the plastid 

underwent rapid evolution by genome reduction, its rate of molecular evolution is low and its 

genome organisation is highly conserved. Here, we investigate the factors that have 

constrained the rate of molecular evolution of protein coding genes in the plastid genome. 

Through phylogenomic analysis of 773 angiosperm plastid genomes we show that there is 

substantial variation in the rate of molecular evolution between genes. We demonstrate that 

the distance of a plastid gene from the likely origin of replication influences the rate at which 

it has evolved, consistent with time and distance dependent nucleotide mutation gradients. In 

addition, we show that the amino acid composition of a gene product constrains its substitution 

tolerance, limiting its mutation landscape and its corresponding rate of molecular evolution. 

Finally, we demonstrate that the mRNA abundance of a gene is a key factor in determining its 

rate of molecular evolution, suggesting an interaction between transcription and DNA repair 

in the plastid. Collectively, we show that the location, the composition, and the expression of 

a plastid gene can account for >50% of the variation in its rate of molecular evolution. Thus, 

these three factors have exerted a substantial limitation on the capacity for adaptive evolution 

in plastid-encoded genes, and ultimately constrained the evolvability of the chloroplast. 
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2.2 Introduction 

The chloroplast (plastid) is a membrane bound organelle that arose from the endosymbiosis 

of a photosynthetic cyanobacterium by a non-photosynthetic eukaryotic cell approximately 1.5 

billion years ago (Schwartz and Dayhoff 1978; Martin and Kowallik 1999; Hedges, et al. 2004). 

Early in the transition from cyanobacterium to organelle, the plastid underwent a substantial 

genome reduction whereby thousands of genes were either lost or transferred to the nucleus 

(Blanchard and Schmidt 1995; Martin, et al. 2002; Kelly 2021). As a consequence, modern-

day plastid genomes in plants contain fewer than 5% of the genes found in their free-living 

bacterial relatives, with the majority of plant plastids containing only ~80 protein-coding genes 

(Palmer 1985; Timmis, et al. 2004). As a result, despite comprising over 80% of the protein 

(Makino and Osmond 1991; Li, et al. 2017) and 80% of the mRNA (Forsythe, et al. 2022) in a 

plant cell, the combined forces of gene loss and endosymbiotic gene transfer mean that 

plastids typically contain fewer than 0.5% of the genes found in a typical plant cell.  

 

Although the plastid underwent rapid evolution by genome reduction, the rate of molecular 

evolution of the plastid-encoded genes has been markedly slow and the organisation in the 

plastid chromosome has been highly conserved. Comparisons between plant species has 

revealed that the plastid genome has a mutation rate that is an order of magnitude lower than 

that of the nuclear genome (Wolfe, et al. 1987; Smith 2015). The finding that the mutation rate 

of the plastid was low in comparison to the nuclear genome was initially unexpected given that 

the plastid genome is predominantly uniparentally inherited (Birky 1995; Mogensen 1996), 

where an absence of sexual recombination is thought to lead to an accumulation of deleterious 

mutations in a phenomenon known as Muller’s ratchet (Muller 1964). Accordingly, it was 

proposed that gene conversion in the presence of a high genome copy number per plastid 

(~900 per plastid (Bendich 1987)) acts to counteract the effect of Muller’s ratchet to prevent 

accumulation of mutations (Birky and Walsh 1992; Khakhlova and Bock 2006). However, it is 

unclear whether other factors intrinsic to the plastid genome itself, also act to limit the rate of 

molecular evolution of plastid genes. 

 

One factor that could differentially impact the rate of molecular evolution of plastid-encoded 

genes is their position in the chromosome relative to the point of replication initiation. Most 

plant species contain a plastid genome that has a quadripartite structure (Palmer 1985; 

Daniell, et al. 2016) composed of two single-copy regions (the large single-copy region and 

the small single-copy region) separated by two inverted repeat regions. Although multiple 

replicative mechanisms have been hypothesised (Kolodner and Tewari 1975; Takeda, et al. 

1992; Kunnimalaiyaan and Nielsen 1997; Oldenburg and Bendich 2004; Oldenburg and 
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Bendich 2016), the origin(s) of replication have been repeatedly proposed to be located in the 

inverted repeat regions, and both the replication mechanism and position relative to these 

origins are thought to impact the evolution of the nucleotide sequence along the plastid 

genome (Wolfe, et al. 1987; Smith 2015). For example, adenine to guanine deamination 

gradients disseminate away from the inverted repeat regions, and mutation rates in the single-

copy regions are much higher than in the inverted repeats (Wolfe, et al. 1987; Krishnan and 

Rao 2009). The formation of the deamination gradients is thought to be attributable to the 

differential length of time in which the regions of the plastid genome are single-stranded during 

DNA replication, and the difference in mutation rate between the single-copy and inverted 

repeat regions is thought to be due to enhanced frequency of homologous recombination 

mediated repair in the inverted repeat (Khakhlova and Bock 2006). Other context and location 

dependent effects on mutation in the plastid genome have been described which also alter 

the rate and type of mutations that occur along the plastid chromosome (Wolfe, et al. 1992; 

Kelchner 2000; Jansen, et al. 2007; Zhu, et al. 2016; Niu, et al. 2017). However, it is unknown 

whether these position-dependent effects have influenced the rate of molecular evolution of 

plastid gene sequences, or how these phenomena interact with other factors to modulate the 

rate of molecular evolution of plastid-encoded genes.    

 

Here, we present an analysis of the molecular evolution of the single-copy plastid-encoded 

protein-coding genes from 773 species of angiosperms. We show that there is substantial 

variation in the rate of molecular evolution between genes, with genes whose products 

function in energy production having evolved more slowly than those whose products function 

in information processing (transcription and translation). We then perform an analysis of 

multiple factors that could contribute to the variation in the rate of molecular evolution between 

genes, including gene position, amino acid composition, nucleotide composition, levels of 

gene expression, transcript biosynthesis cost, and transcript translational efficiency. In doing 

so, we reveal that the level of mRNA abundance of a gene, its position relative to the inverted 

repeat region, and its amino acid composition each significantly constrain the rate of evolution 

of plastid-encoded genes. Thus, the combined action of compositional factors and production 

requirements impose a severe constraint on the molecular adaptation of the chloroplast.   

 

2.3 Results 

2.3.1 There is a large variation in rate of molecular evolution between plastid-

located genes 

To understand the factors that have influenced the rate of molecular evolution of plastid-

encoded genes, a dataset of fully sequenced plastid genomes was compiled. To do this, the 
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full set of sequenced plastid genomes was downloaded from NCBI (Wolfsberg, et al. 2001) 

and subjected to filtration to remove genomes that did not contain a full set of the genes 

typically found in angiosperms. This resulted in a dataset comprising complete plastid 

genomes from 773 species of angiosperms, each containing 69 single-copy protein-coding 

genes that are ubiquitously present and in all species. Gene trees were inferred from 

nucleotide multiple sequence alignments for all ubiquitously conserved genes (see Methods) 

and the phylogenetic trees were used to evaluate and compare the gene wide rates of 

synonymous (dS) and non-synonymous substitution (dN). The synonymous substitution rate is 

computed from mutations that do not alter the encoded protein and thus informs the 

background substitution rate to which the gene is exposed. In contrast, the non-synonymous 

substitution rate is computed from mutations that alter the encoded protein sequence and 

shows the rate at which the protein is evolving. Moreover, the ratio of the rate of non-

synonymous substitution to synonymous substitution (dN/dS) indicates the strength of selection 

to which a gene is subject, whereby genes with smaller values encode proteins subject to 

greater purifying selection due to increased functional constraint.  

 

The total length of each gene tree, i.e., the sum of all the branch lengths in the gene tree, was 

used as the estimate for the rate of synonymous substitution and the rate of non-synonymous 

substitution for each gene, respectively. This measure accounts for differences in alignment 

length between genes because the branch lengths in the tree are estimates of the number of 

substitutions per sequence site (Figure A.1). This measure is also not affected by species 

sampling, variation in model of sequence evolution, or variation in topology of the underlying 

tree, as each of these factors was held constant in all analyses that were conducted. 

Specifically, all 773 plant species are in each gene tree, and each gene is inferred from a 

strictly single-copy gene in each species. Furthermore, the topology of each gene tree was 

constrained to the consensus topology inferred from a concatenation of all genes (see 

Methods), and the model of codon evolution was held constant across all individual tree 

inferences using parameters that allow for comparison of branch lengths between trees. Thus, 

this analysis removes any potential phylogenetic bias that could occur from variation in these 

factors.  

 

Comparison of the rates of synonymous substitution between genes revealed that there was 

a 3-fold difference between the genes with the fastest and slowest background substitution 

rate, corresponding to ndhF and psbF, respectively (Figure 1A, Table A.1). In contrast, the 

rate of non-synonymous substitution varied much more substantially with a 47-fold difference 

between genes with the fastest and slowest evolving encoded proteins, rpl22 and atpH, 

respectively (Figure 1B, Table A.1). Moreover, although all gene wide values of dN/dS were 
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small (<0.5), there was still a 23-fold difference between genes subject to the weakest and 

strongest purifying selection, matK and psaC, respectively (Figure 1C, Table A.1). Thus, even 

though the plastid genome has evolved slowly in comparison to the nuclear genome (Wolfe, 

et al. 1987; Smith 2015), there is still substantial variation in rate of background substitution, 

rate of protein evolution and functional constraint between plastid-encoded genes.  

 

 

Figure 1. The rates of molecular evolution for 69 single-copy protein-coding plastid genes. A-

C) Frequency distributions of the rates of synonymous substitution (dS), non-synonymous 

substitution (dN), and strength of selection (dN/dS), respectively. dS has the units of number of 

synonymous substitutions per synonymous sequence site and dN has the units of the number 

of non-synonymous substitutions per non-synonymous sequence site. 

 

2.3.2 Plastid genes with functions in energy production have evolved slower and 

are more constrained than genes that function in information processing 

Inspection of the rank order of the rate of synonymous substitution, rate of non-synonymous 

substitution and strength of purifying selection (Figure 2A-C) suggested that genes involved 

in energy production (i.e., genes whose products function in photosystem I, II, cytochrome b6f 

complex, ATP-synthase and the NAD(P)H dehydrogenase-like complex or CO2 fixation) had 

lower rates of molecular evolution and were subject to greater purifying selection than those 

involved in information processing (i.e., genes that function in transcription, mRNA maturation, 

translation or protein degradation). Comparison of these two groups revealed that genes with 

functions in energy production had evolved slower and were subject to greater purifying 

selection than those with functions in information processing, with a mean fold difference of 

1.2 in the rate of synonymous substitution (Welch’s t-test, P < 0.01) and median fold 

differences of 3.1 and 2.8 in the rate of non-synonymous substitution and the ratio of non-

synonymous to synonymous substitution (Wilcoxon tests, both P < 0.001) (Figure 2D-F). 

Within each category there was little to no difference in the evolutionary rate or functional 

constraint of genes between multiprotein complexes (Figure A.2). Thus, by all measures 
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considered here genes with functions in energy production have evolved slower and are more 

constrained than genes that function in information processing.   
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Figure 2. Relationship between gene function with rate of molecular evolution and functional 

constraint. A-C) Bar graphs showing dS (A), dN (B) and dN/dS (C) for individual genes in order 

of descending value from left to right. Genes are coloured by their high-level function: green, 

energy production; blue, information processing. The energy production category includes 

genes that function in, or are associated with photosystem I, photosystem II, cytochrome b6f 

complex, ATP-synthase, NAD(P)H dehydrogenase-like complex or rubisco. The information 

processing category includes genes involved in mRNA maturation in addition to genes that 

encode subunits of the 70S ribosome, the plastid-encoded RNA polymerase and the plastid 

protease system. D-F) The difference in dS (D), dN (E) and dN/dS (F) between genes involved 

in energy production (green, n=47) versus information processing (red, n=22), respectively. 

Statistical significance was assessed using a Welch’s t-test (P < 0.01, indicated by **) for dS 

and a Wilcoxon test for dN and dN/dS (both P < 0.001, indicated by ***). 
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2.3.3 The location of a gene in the plastid genome has influenced its rate of 

molecular evolution 

As noted in the introduction, the rate and type of mutation along the plastid genome is non-

uniform. Therefore, it is likely that the position of a gene in the plastid genome could influence 

its rate of molecular evolution. Given that all the genes analysed here are in the single-copy 

regions of the plastid genome, gene position was assessed by calculating the average 

distance from each gene’s midpoint to the closest border of an inverted repeat region in all 

773 species. This distance was then compared with the rate of synonymous substitution, non-

synonymous substitution and functional constraint of each gene. This revealed that the further 

away a gene is located from the inverted repeat, the lower its rate of synonymous substitution 

(Figure 3A). In total, distance to the inverted repeat border could explain ~30% of the variance 

the rate of synonymous substitution between genes (R2 = 0.30, P < 0.001). A similar effect 

was observed for the rate of non-synonymous substitution (R2 = 0.13, P < 0.01) (Figure 3B). 

In contrast, a significant association was not observed between average distance to the 

inverted repeat border and the strength of selection acting on the encoded protein (Figure 3C). 

Similar relationships were observed if the rates of molecular evolution and strength of 

selection of individual genes were aggregated at the level of operons (Figure A.3). Thus, all 

locations in the plastid genome are not equal, and the rate at which a plastid gene has evolved 

during the radiation of the angiosperms is dependent on how distant that gene is positioned 

from the inverted repeat in the plastid genome. 

 

 

Figure 3. The relationship between the average distance of a gene to the closest inverted 

repeat border and the rate of molecular evolution of 69 single-copy plastid-encoded genes. 

Scatter plots showing the average distance of each gene’s midpoint to the closest inverted 

repeat border measured in nucleotides (nt) versus the rate of synonymous substitution (A), 

non-synonymous substitution (B) and functional constraint (C). Where appropriate, linear 

models are shown in blue with their associated R2 and P-values. 
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2.3.4 Physicochemical constraints on amino acid substitution have modulated 

the strength of purifying selection acting on plastid-encoded genes 

Given that the functional constraint of a protein was independent of any genome position 

effects, we sought to determine whether any component of this constraint was attributable to 

compositional differences between the encoded protein sequences. Such a compositional 

effect may arise from the biochemical differences and similarities between amino acid 

monomers found in a given protein sequence. This is because amino acids are not all equally 

dissimilar to each other, and many share similarities in their size, charge, and reactivity of their 

side chains. The extent of similarity between amino acids varies such that each different amino 

acid monomer has a different tolerance to substitution in protein sequences (Sneath 1966; 

Epstein 1967; Grantham 1974; Henikoff and Henikoff 1992). Accordingly, variation in 

constraint on the rate of non-synonymous substitution could arise simply from compositional 

differences between genes. A substitution tolerance can be effectively described using 

substitution frequency data summarised in the BLOSUM62 amino acid substitution matrix 

(Henikoff and Henikoff 1992). We hypothesised that proteins containing a higher proportion of 

amino acids that were less tolerant to substitution would have slower protein sequence 

evolution and would be subject to stronger purifying selection because mutations would be 

more likely to be deleterious to the encoded protein sequence. To investigate this, a 

substitution tolerance score was calculated for each gene (see Methods) and compared to the 

rate of synonymous substitution, rate of non-synonymous substitution and strength of purifying 

selection of that gene. While there was no association between the substitution tolerance of 

an encoded protein with the rate of synonymous substitution (Figure 4A), there were 

significant associations between substitution tolerance and the rate of non-synonymous 

substitution (R2 = 0.20, P < 0.001) (Figure 4B) and the strength of purifying selection acting on 

the gene (R2 = 0.22, P < 0.01) (Figure 4C). Here, genes with lower substitution tolerance 

scores had lower rates of non-synonymous substitution and were subject to stronger purifying 

selection. Thus, all sequences are not equal, and the rate at which a plastid gene has evolved 

during the radiation of the angiosperms is dependent on the amino acid composition of that 

gene. 
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Figure 4. The effect of gene composition on the rate of molecular evolution for plastid-encoded 

genes. The nucleotide composition of a gene was determined by analysing the GC content at 

the 3rd codon position (GC3). Meanwhile, amino acid composition of the encoded protein was 

summarised in a substitution tolerance score based on the BLOSUM62 matrix, where a lower 

value corresponds to proteins with a composition less tolerant to substitution. A-C) Scatter 

plots showing protein substitution tolerance scores versus the rate of synonymous 

substitution, rate of non-synonymous substitution and the ratio of non-synonymous 

substitution to synonymous substitution, respectively. D-F) Scatter plots showing GC content 

at the 3rd codon position (GC3) versus the rate of synonymous substitution, rate of non-

synonymous substitution and the ratio of non-synonymous substitution to synonymous 

substitution, respectively. Where appropriate, linear models are shown in blue with their 

associated R2 and P-values. 

 

2.3.5 The intrinsic nucleotide composition has only weakly influenced the rate 

of background substitution 

Given that the composition of the encoded amino acid sequence has contributed significantly 

to the rate at which the underlying molecular sequence of a gene has evolved, it was next 

determined whether similar composition-based constraints were manifest at the level of the 

nucleotide sequence. There is some precedent for hypothesising that this might occur, as 
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genes encoded in the inverted repeat regions have higher guanine-cytosine (GC) contents 

and have evolved more slowly than genes located in the single-copy regions (Li, et al. 2016), 

and accordingly similar effects may be apparent at the level of an individual gene. To prevent 

re-detecting differences in amino acid composition at the nucleotide level, only the GC content 

of the third codon position (GC3) was investigated, excluding amino acids that have no 

degeneracy at this position. Comparison of the GC3 content of a gene to its rate of 

synonymous substitution, non-synonymous substitution and strength of purifying selection 

revealed that the GC3 could explain ~13% of the variance in the rate of synonymous 

substitution (R2 = 0.013, P < 0.01), where genes with higher GC3 contents have evolved more 

slowly (Figure 3D). Meanwhile, no significant relationships were identified between GC3 and 

the rate of non-synonymous substitution and strength of purifying selection (Figure 3E and F). 

This latter result was not surprising given that there was no relationship between GC3 and the 

GC content of the first two codon positions, i.e., the positions that are major determinants of 

residue identity (Figure A.4). Thus, while genes that have higher GC3 contents had slower 

evolving nucleotide sequences, this interaction is weak and GC3 has not had an impact on the 

rate of protein evolution or strength of protein functional constraint. 

 

2.3.6 mRNA abundance is a determinant of plastid gene evolutionary rate 

High gene expression has been previously linked to low rates of molecular evolution in multiple 

systems (Pál, et al. 2001; Subramanian and Kumar 2004; Wright, et al. 2004; Seward and 

Kelly 2018). To investigate whether this phenomenon was also true of genes encoded in the 

plastid genome, the rate of molecular evolution and strength of purifying selection of a plastid 

gene was compared to both the mRNA and protein abundance of that gene. In agreement 

with previous analysis in other systems, genes with high mRNA abundance had low levels of 

molecular evolution and vice versa (Figure 5). Specifically, variance in mRNA abundance 

could explain 29% of the variation in the rate of synonymous substitution (R2 = 0.29, P < 0.001) 

(Figure 5A), 32% of variation in the rate of non-synonymous substitution (R2 = 0.32, P < 0.001) 

(Figure 5B) and 25% of variation in the strength of purifying selection (R2 = 0.25, P < 0.001) 

(Figure 5C), respectively. In contrast, there was no significant relationship between protein 

abundance and rate of molecular evolution or strength of purifying selection (Figure 5D-F). 

This suggests that the constraint on the evolutionary rate is mediated via an interaction with 

transcription rather than through the requirement for protein production. Furthermore, 

previously detected interactions between mRNA abundance and gene evolutionary rate have 

been manifest in part through selection acting on transcript biosynthesis cost (the number and 

type of atoms contained within the transcript and the number of high-energy phosphate bonds 

required biosynthesis) and transcript translation efficiency (a function of the number of tRNAs 

that can translate that codon encoded in the plastid genome) (Seward and Kelly 2016, 2018). 
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However, there was no evidence for an interaction between these two factors and variation in 

the rate of molecular evolution or the strength of purifying selection of genes encoded in the 

plastid genome (Figure A.5 and A.6). Thus, the extent to which a transcript accumulates in the 

chloroplast has constrained the evolutionary rate of its corresponding gene, and this is 

independent of selection acting to preserve the biosynthetic cost, or translational efficiency of 

the coding sequence, or the abundance of the encoded protein.  

 

 

 

Figure 5. Relationship between the rate of molecular evolution and gene expression for 

plastid-encoded protein-coding genes. A-C) Scatterplots of mRNA abundance (data from 

(Forsythe, et al. 2022)) versus the rate of synonymous substitution, rate of non-synonymous 

substitution and the ratio of non-synonymous substitution to synonymous substitution, 

respectively. Linear regressions are shown as blue lines with their associated R2 and P-values. 

D-F) Scatterplots of protein abundance (data from (Wang, et al. 2012)) versus rate of 

synonymous substitution, rate of non-synonymous substitution and the ratio of non-

synonymous substitution to synonymous substitution, respectively. 
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2.3.7 Covariate models can explain >50% of the variance in the rate of molecular 

evolution of plastid-encoded genes 

Given that several factors were identified that could each explain a significant component of 

variation in the rate of molecular evolution of plastid genes in isolation, we next sought to 

identify the cumulative variance attributable to all factors while accounting for 

interdependencies (Figure 6A) which may deflate the explained variance observed when 

single variables are considered. To do this, regression tests were conducted for all possible 

subsets of the set of independent variables described above. This revealed that gene position 

and mRNA abundance could explain 52% of the variation in the rate of synonymous 

substitution (Figure 6B, Figure A.7). Relative importance metrics showed gene position and 

mRNA abundance were similarly important covariates, contributing to 51% and 49% of the 

total variance explained, respectively (Figure 6B). A similar proportion of variance in the rate 

of non-synonymous substitution could be explained by the same factors above with the 

addition of the protein’s substitution tolerance (Figure 6C, 53% variance explained, Figure 

A.8). Specifically, mRNA was the most important covariate (48% variance explained), followed 

by protein substitution tolerance (32% variance explained) and then gene position with respect 

to the inverted repeat border (19% variance explained) (Figure 6C). Although protein 

sequence constraint is independent of gene position, mRNA abundance and protein 

substitution tolerance together explained 43% of the variation in purifying selection between 

genes, contributing 53% and 47% of the explained variance, respectively (Figure 6D, Figure 

A.9). Thus, in total >50% of the variance in the rate of molecular evolution and >40% of the 

variance in strength of purifying selection is attributable to compositional factors and 

production requirements. In all cases, the weak associations between GC3 content and the 

rates of molecular evolution and strength of purifying selection (Figure 6) were rendered 

insignificant when other factors above were accounted for. 
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Figure 6. Relative importance of covariates in the best linear models identified to explain the 

rates of molecular evolution. A) A correlation heatmap of all continuous variables used in this 

study. Red, Pearson correlation coefficient (r) = 1; white, r = 0; blue, r = -1. B-D) The relative 

importance (given as a percentage) of mRNA abundance, gene distance to the inverted repeat 

and protein substitution tolerance in explaining 52%, 53% and 43% of the variance in the rate 

of synonymous substitution, rate of non-synonymous substitution and the purifying selection, 

respectively. 
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To ensure model space was effectively explored, random forests were also run on the 

complete set of factors to determine if there were alternative models that could explain the 

variance in the rate of molecular evolution of the strength of purifying selection (Supplemental 

File A.1). None of the random forest models outperformed the linear regression analyses 

shown above, despite including more parameters (Supplemental File A.1). Thus, mRNA 

abundance, gene position and protein tolerance to substitution together account for >50% of 

the variance in the molecular evolution and >40% of the variance in protein sequence 

constraint in the plastid genome, and have substantially constrained the capacity for adaptive 

evolution in the chloroplast genome. 

 

2.4 Discussion 

The endosymbiosis of the bacterial progenitor of the chloroplast is a landmark event in the 

evolution of eukaryotes. It first enabled oxygenic photosynthesis in eukaryotes and helped 

direct the Earth on a continued trend of decreasing atmospheric CO2 and increasing O2 over 

the subsequent ~1.5 billion years (Holland 2002; Canfield 2005). Following this endosymbiosis 

there was a dramatic reduction in the gene content of the plastid genome, such that it now 

harbours fewer than 5% of the genes found in its free-living bacterial relatives (Palmer 1985; 

Timmis, et al. 2004). These remaining genes have been trapped in the same genome and 

inherited in the absence of sexual recombination throughout their evolution (Birky 1995; 

Mogensen 1996). Here, we investigate the factors that have contributed to the variation in 

evolutionary rate of plastid-encoded genes over the last 125 million years during the radiation 

of the angiosperms. We show that the rate of molecular evolution has been governed by 

factors extrinsic to gene function, specifically, the position of the gene in the plastid genome, 

the substitution tolerance of the encoded protein and the level of gene expression. Combined, 

these production requirements and compositional factors explain >50% of the variation in the 

rates of synonymous and non-synonymous substitution, moreover they also explain >40% of 

the variation in the rate of purifying selection. Thus, the capacity for molecular evolution of a 

plastid-encoded gene has been determined to a large extent by the location, composition, and 

expression level of that gene. 

 

The finding that genes which are positioned further from the inverted repeat border, and hence 

the likely origin of replication, are evolving more slowly than genes that are closer has two of 

important implications. First, this finding is compatible with models of chloroplast DNA 

replication where replication initiates at origins located in the inverted repeat, and where DNA 

closer to the inverted repeat border spends more time in a single-stranded state than DNA 

that is more distant to the origin. This is because single-stranded DNA is more susceptible to 
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base deamination which can result in increased likelihood of mutation and therefore elevated 

rates of evolution (Lindahl 1993; Krishnan, et al. 2004). Thus, if DNA closer to the origin of 

replication spends more time single-stranded during replication, this could lead to a positional 

effect where genes closer to the inverted repeat have elevated rates of molecular evolution. 

One model of plastid genome replication that satisfies both these criteria is the bi-directional 

dual displacement loop mechanism (Kolodner and Tewari 1975). However, there is increasing 

evidence that plastid genome replication proceeds via a recombination dependent mechanism 

(Oldenburg and Bendich 2004; Oldenburg and Bendich 2016), and while these mechanisms 

have also been proposed to initiate in the inverted repeat, it is difficult to conceptualise how 

DNA would spend differential time single-stranded in these models. Therefore, our findings 

are consistent with the bi-directional dual displacement loop mechanism and lend further 

support to analyses of intergenic regions and the third codon position that indicate the wide-

spread operation of this form of plastid DNA replication in angiosperms (Krishnan and Rao 

2009). Second, the fact that origin-proximal genes are evolving faster than origin-distal genes 

means that all locations in the plastid genome are not equal in terms of their capacity to 

generate genetic diversity. Accordingly, the genes located further from the inverted repeat 

have had the capability to explore more sequence space, and have generated more diversity 

on which natural selection can act, during angiosperm evolution. Thus, the position of a gene 

and the structure of the plastid genome has constrained the evolvability of adaptive changes 

in the chloroplast. 

 

The 20 amino acids that are used to build proteins vary in the physical and chemical properties 

of their side chains: some are hydrophobic, some are charged, some are large, and some are 

small. Consequently, a mutation that results in the substitution of one amino acid for another 

with similar physicochemical properties is more likely to have a smaller impact on the structure 

and function of a protein than substitution with an amino acid with substantially different 

properties (Sneath 1966; Epstein 1967; Henikoff and Henikoff 1992; Bohórquez, et al. 2017). 

As there are different numbers of similar amino acids in each physicochemical category, and 

each amino acid can occupy different physicochemical categories, each amino acid therefore 

has a different tolerance to substitution. We estimated the substitution tolerance of each 

protein sequence encoded in the plastid genome and found that the aggregate substitution 

tolerance of a protein sequence is a major component of variation in its evolutionary rate. This 

means that the evolvability of novel adaptive phenotypes arising from variation in plastid-

encoded genes is limited by the identity of the encoded amino acids in that gene.  

 

In agreement with previous analyses in other systems, we observed that plastid genes with 

high expression levels had lower rates of molecular evolution (Pál, et al. 2001; Subramanian 



  49 

and Kumar 2004; Wright, et al. 2004; Seward and Kelly 2018). However, in contrast to 

previous studies, this phenomenon was not attributable to selection acting to maintain a low 

transcript biosynthesis cost or a high translational efficiency, nor was it attributable to the 

requirement for high protein abundance. The lack of association with protein abundance could 

be due to increased noise in the data as it is an integrated dataset, or alternatively, protein 

abundance is not a good proxy for protein production as protein turnover is not accounted for. 

Nevertheless, the results presented here raise the question as to what phenomenon could 

give rise to a strong interaction between mRNA abundance with the rate of molecular evolution 

that is not attributable to transcript biosynthetic cost, translational efficiency or protein 

abundance. One mechanism that could potentially explain this dependency is the presence of 

transcription mediated DNA repair, whereby increased transcriptional activity directly 

enhances DNA repair. This would give rise to a phenomenon whereby the more highly 

transcribed a gene, the more likely DNA damage is repaired in that gene and the lower its 

mutation rate. Interestingly, this potential explanation is supported by the presence of a 

nuclear-encoded, chloroplast-targeted ortholog of mutation frequency decline protein (Mfd), 

alternatively named transcription-repair coupling factor (TRCF) (Hays 2002). In bacteria, Mfd 

facilitates DNA repair at stalled RNA polymerase complexes by recruiting the nucleotide 

excision repair machinery (Selby and Sancar 1993). Additionally, it is proposed to play a role 

in promoting homologous recombination mediated repair (Ayora, et al. 1996). While plants 

lack orthologs of other nucleotide excision repair genes (Hays 2002), they contain orthologs 

of the recombination mediated repair factors (Maréchal and Brisson 2010) and recombination-

based repair is a primary DNA repair mechanism in the plastid (Cerutti, et al. 1995; Khakhlova 

and Bock 2006; Maréchal and Brisson 2010). Thus, it is possible that Mfd in plants functions 

to promote recombination-based repair in response to DNA damage-stalled RNA 

polymerases. This effect would likely arise from Mfd’s ability to form R-loops by distorting the 

DNA around the stalled polymerase (Portman, et al. 2021). This, in turn, is known to lead to 

recruitment of plastid homologous recombination machinery to facilitate DNA repair (Wang, et 

al. 2021). Thus, although it is impossible to prove the existence of transcription-coupled DNA 

repair from the data presented here, it is consistent with the well-described phenomenon. 

Furthermore, it will be interesting to determine whether loss of function of Mfd in plants leads 

to increased mutation in the chloroplast genome in a manner that is consistent with a reduction 

in transcription mediated DNA repair, and thus can provide a mechanistic explanation for the 

transcription dependent constraint on the rate of molecular evolution of plastid genes. 

 

Our finding that the expression, location, and amino acid composition of a gene impose 

significant constraints on rate of molecular evolution of plastid-encoded genes is important. It 

means that factors other than the function of the encoded protein have been important in 
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constraining the evolvability of plastid genes. In this context, it is noteworthy that the 

constraints identified here help provide a mechanistic explanation for the strong phylogenetic 

constraints that have limited the adaptation of rubisco enzyme kinetics (Bouvier, et al. 2021) 

and why rubisco is one of the slowest evolving enzymes on earth (Bouvier, et al. 2022). 

Specifically, evolutionary constraints intrinsic to the location, mRNA abundance and amino 

acid composition of rubisco (in addition to functional constrains on the protein) may help to 

explain why it has been so slow to adapt to changing atmospheric conditions, and 

consequently why it is poorly suited to the O2-rich, CO2-poor atmosphere of the present day. 

Furthermore, it is tempting to speculate that endosymbiotic gene transfer to the nuclear 

genome allowed other plastid-encoded genes to escape some of these evolutionary 

constraints, facilitated more rapid adaptation of chloroplast proteins, and provided a further 

advantage for migration of organellar genes to the nuclear genome. 

 

In summary, the molecular adaptation of the land plant chloroplast has been constrained by 

the location, composition and expression of its genes. The presence of these evolutionary 

constraints limits the evolvability of adaptive phenotypes arising from chloroplast encoded 

genes, and thus motivates strategies to improve photosynthesis in synthetic biology contexts 

by circumventing these evolutionary barriers to optimisation. 

 

2.5 Methods 

2.5.1 Dataset curation 

The complete set of fully sequenced plastid genomes was downloaded from the National 

Center for Biotechnology and Information (NCBI) (https://www.ncbi.nlm.nih.gov/) in July 2021. 

Those genomes that did not contain a full set of canonical plastid-encoded photosystem I, 

photosystem II, ATPase, NAD(P)H dehydrogenase-like, cytochrome b6f complex, ribosomal 

and RNA polymerase genes were discarded. All other plastid-encoded genes were not 

included as they were missing from a large number of angiosperm plastid genomes (Table 

A.2). The full set of genes included in the analysis and their accession numbers are provided 

in Supplemental File A.2. The protein sequences encoded by these genes were aligned using 

MAFFT L-INS-I (Katoh and Standley 2013), and visually checked in AliView (Larsson 2014).  

 

2.5.2 Phylogenetic tree inference 

The protein multiple sequence alignments were used to guide codon alignment using Pal2Nal 

(Suyama, et al. 2006) so that there were no inconsistencies between the protein and 

nucleotide alignments. Nucleotide and protein multiple sequence alignments were trimmed to 

remove columns containing >90 % gaps using trimAl (Capella-Gutiérrez, et al. 2009). All 69 

https://www.ncbi.nlm.nih.gov/
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trimmed nucleotide multiple sequence alignments were concatenated together and used to 

identify the best-fitting model of sequence evolution using the inbuilt ModelFinder function in 

IQ-TREE (Kalyaanamoorthy, et al. 2017). In total, 243 models of sequence evolution were 

tested and the best-fitting model according to the Bayesian information criterion (BIC) was 

GTR+F+R7. A maximum-likelihood phylogenetic tree was then inferred from the concatenated 

nucleotide alignment and the best-fit model GTR+F+R7 using IQ-TREE’s ultrafast 

bootstrapping method with 1000 replicates (Hoang, et al. 2018). The resulting tree was then 

rooted manually in Dendroscope using the Nymphaeales species as the outgroup as they 

were the most basal-branching clade in the tree (Huson and Scornavacca 2012).  

 

2.5.3 Substitution rates and selection pressure 

To estimate the non-synonymous and synonymous substitution rates for each individual gene, 

synonymous and non-synonymous gene trees were inferred from the trimmed gene nucleotide 

multiple sequence alignments and the MG94+F3X4 codon substitution model using HYPHY’s 

FitMG94 method (Muse and Gaut 1994; Pond, et al. 2004). Here, the topology of the trees 

was constrained to that identified from the concatenated alignment above. This was done as 

this is the topology that is most likely to be the true topology for all genes given the uniparental 

inheritance of the plastid in the absence of sexual recombination – i.e. all gene trees should 

have the same topology. For each non-synonymous and synonymous gene tree, the total tree 

length, which is the sum of all branch lengths, was extracted from the HYPHY output and used 

as a measure of gene wide non-synonymous (dN) and synonymous substitution (dS) rate. 

These values were then used to calculate a gene wide ratio of the rate of non-synonymous to 

synonymous substitution (dN/dS) which is a measure of selection pressure. Due to the high 

species sampling and low rate of molecular evolution of the plastid genome, all per-branch 

estimated values of dS and dN were less than 0.88 and 0.32, respectively (Table A.1). Thus, 

saturation did not occur on any branch in any tree and therefore could not have influenced the 

results presented in this study. There were too few indels to facilitate an analysis of indel 

evolution (Supplemental File A.3).  

 

2.5.4 Protein tolerance to substitution 

Protein tolerance to substitution scores were calculated using the BLOSUM62 matrix (Henikoff 

and Henikoff 1992). BLOSUM62 was chosen as it is the most widely used substitution matrix 

the biological sciences, being used in BLAST (and related sequence search methods) and 

nearly all protein multiple sequence alignment methods. Here, the odds ratios for all 

substitutions were back calculated from the log-odds scores provided. Each residue was then 

given a substitution tolerance by calculating the geometric mean of the odds ratios of its 
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substitution to the remaining 19 common residues. Then, for each of the 69 proteins analysed, 

the average residue substitution tolerance was calculated by taking the arithmetic mean of the 

concatenated protein sequence (composed from all 773 species sequences for that protein).  

 

2.5.6 Gene position and GC3 content 

Although the plastid genome is a highly conserved structure in the angiosperm lineage, its 

size, and thus gene position, varies between species. Since all of the genes included in this 

analysis are in the single-copy region, the average genetic distance of a gene’s midpoint to 

the closest inverted repeat border was used as a measure of gene position relative to the 

putative origin of replication (the inverted repeat). To do this, the positions of the inverted 

repeat regions were identified for each species by searching for large-duplicated regions using 

BLASTN (Altschul, et al. 1990; Camacho, et al. 2009). Then, the distance between the gene’s 

midpoint (obtained from the GenBank file for each species’ plastid genome) and the closest 

inverted repeat border was calculated. An average distance was then determined and this 

average for each gene was used in the analysis of gene position. Positional effects were also 

analysed at the level of operons. To do this, operon maps were obtained from (Shahar, et al. 

2019) for six diverse species in our dataset. The operon’s distance to the closest inverted 

repeat border was determined by averaging the distances of its encoded genes.  

 

The average GC content of the 3rd codon position (GC3) for all 773 species was calculated for 

each gene. The GC3 excluded methionine and tryptophan codons as these amino acids are 

encoded by a single codon, and thus have no flexibility in base identity at the 3rd position.   

 

2.5.7 mRNA abundance and protein abundance  

mRNA abundance data were obtained from (Forsythe, et al. 2022) and values were available 

for all 69 genes analysed in this study. The whole organism integrated (3702-

WHOLE_ORGANISM-integrated.txt) protein abundance estimates for Arabidopsis thaliana 

were obtained from the Protein Abundance Database (PaxDb) (Wang, et al. 2012). 

Abundance data was available for 56/69 genes included in this analysis.  

 

2.5.8 Transcript biosynthetic cost and translational efficiency 

The strength of selection acting to reduce transcript cost, increase translational efficiency and 

the trade-off between these two forces was inferred for each species using CodonMuSe 

(Seward and Kelly 2018). The tRNA copy numbers required by CodonMuSe were inferred for 

each species by inputting the species plastid genome to tRNAscan-SE 2.0 (Chan, et al. 2021).  
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2.5.9 Statistical analysis and modelling 

All statistical analysis and linear regressions were calculated in R. Identification of the best 

subset of variables for multiple linear regressions was determined using the olsrr package. 

Relative importance metrics were generated using the reliampo package (Groemping 2006). 

Random forests were using the randomForest package (Svetnik, et al. 2003).  
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3.1 Abstract 

Oxygenic photosynthesis generates the initial energy source which fuels nearly all life on 

Earth. At the heart of the process are the photosystems, pigment binding multi-protein 

complexes that catalyse the first step of photochemical conversion of light energy into 

chemical energy. Here, we investigate the molecular evolution at single residue resolution of 

the plastid-encoded subunits of the photosystems across 773 angiosperm species. We show 

that despite an extremely high level of conservation, 7% of residues in the photosystems, 

spanning all photosystem subunits, exhibit hallmarks of adaptive evolution. Through in silico 

modelling of these adaptive substitutions we uncover the impact of these changes on the 

predicted properties of the photosystems, focussing on their effects on co-factor binding and 

the formation of inter-subunit interfaces. Through analysis of these cohorts of changes we 

reveal that evolution has repeatedly altered the interaction between photosystem II and its D1 

subunit in a manner that is predicted to reduce the energetic barrier for D1 turn-over and 

photosystem repair. Together, these results provide new insight into the trajectory of 

photosystem evolution during the radiation of the angiosperms. 
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3.2 Introduction 

Oxygenic photosynthesis is the process that converts sunlight and carbon dioxide into sugars 

and oxygen and fuels nearly all life on Earth. Although it remains unclear exactly when 

oxygenic photosynthesis first arose, there is evidence to suggest it had already evolved by ~3 

billion years ago (Planavsky, et al. 2014; Fournier, et al. 2021), and subsequently facilitated 

the rise of molecular oxygen in the atmosphere and the evolution of aerobic organisms 

(Eigenbrode and Freeman 2006; Koch and Britton 2008). At the heart of oxygenic 

photosynthesis are the two photosystem complexes, photosystem I and photosystem II 

(Blankenship and Hartman 1998). Both photosystems are large multi-subunit protein 

complexes made up of two parts, the light-harvesting antenna and the reaction centre (Gao, 

et al. 2018). The function of the antenna complex is to scaffold pigments that absorb and 

funnel light energy to the reaction centre core (Gao, et al. 2018). The reaction centre uses this 

light energy for charge separation which ultimately fuels the generation of ATP and NADPH 

which in turn drive downstream cellular metabolic processes. 

 

The first step of the light-dependent reactions is catalysed by photosystem II, whereby water 

is oxidised in the thylakoid lumen and the liberated electrons are shuttled through a variety of 

cofactors to plastoquinone on the stromal side of the thylakoid membrane (Barber 1998). 

Meanwhile, photosystem I catalyses a later step where reduced plastocyanin from the 

cytochrome b6f complex is oxidised in the thylakoid lumen and the liberated electron is shuttled 

across the thylakoid membrane to reduce ferredoxin in the stroma (Chitnis 2001). During 

periods of high light, over-reduction of the internal electron transport chain can result in the 

formation of reactive oxygen species that damage the photosynthetic apparatus (Hideg, et al. 

2002; Asada 2006; Pospíšil 2016). While several subunits in the photosystem are damaged 

by excess light (Yao, et al. 2012), a specific target of this damage is the D1 protein, conferring 

protective effects by reducing the extent of damage on the rest of the photosystem II complex 

(Mattoo, et al. 1981; Aro, et al. 1993). In particular, a frequently damaged region of D1 is the 

~40 amino acid long stroma-exposed loop between transmembrane helices D and E, aptly 

termed the DE-loop (Greenberg, et al. 1987; Aro, et al. 1993; Frankel, et al. 2013). As a result 

of continuous photodamage, D1 needs to be constantly replaced to maintain photosystem 

function. Accordingly, D1 has the highest turn-over rate of all photosystem proteins and one 

of the highest expression levels found in nature (Kettunen, et al. 1997; Li, et al. 2017; Forsythe, 

et al. 2022).  
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Eukaryotes gained the capacity for photosynthesis ~1.5 billion years ago when a single celled 

eukaryotic organism engulfed a cyanobacterium (Schwartz and Dayhoff 1978; Martin and 

Kowallik 1999; Hedges, et al. 2004). As the cyanobacterium evolved into the semi-

autonomous organelle known as the plastid, its genome underwent a substantial reduction, 

such that it now harbours <5% of the genes found in its cyanobacterial ancestor (Blanchard 

and Schmidt 1995; Martin, et al. 2002; Kelly 2021). Despite this large reduction, the gene 

content and organisation has been highly conserved across the angiosperm lineage (Palmer 

and Thompson 1982; Jansen, et al. 2007; Zhu, et al. 2016; Robbins and Kelly 2023). Among 

the ~80 protein-coding genes that have remained in the plastid genome many encode core 

photosystem reaction centre proteins. These are single-copy genes, and each has been 

subject to a low rate of evolution experienced by the plastid genome (Wolfe, et al. 1987; Smith 

2015), a direct result of high copy number of the plastid genome and consequently high levels 

of gene conversion eliminating spontaneous mutations (Birky and Walsh 1992; Khakhlova and 

Bock 2006). Variation in gene expression, amino acid composition, and genome organisation 

have further constrained the rate of molecular evolution of genes in the plastid genome 

(Robbins and Kelly 2023). Together, these factors have resulted in the plastid-encoded 

photosystem genes being some of the slowest evolving genes found in nature (Cardona, et 

al. 2019; Oliver, et al. 2021; Oliver, et al. 2023; Bouvier, et al. 2024). Given the low rate of 

molecular evolution it is unknown whether the photosystems have been adaptively evolving 

during the radiation of the angiosperms, which components of the photosystems have 

experienced higher or lower rates of adaptive evolution, and how this change has altered the 

properties of the photosystems themselves. 

 

Here, we present a molecular evolution analysis at the single residue resolution of the plastid-

encoded photosystem genes from 773 angiosperm species. We have focussed on the 

angiosperm clade as it contains the majority of crop plants, including food plants for direct 

human consumption, animal feed, biofuels, textiles, building materials and pharmaceuticals 

(Raskin, et al. 2002; Leff, et al. 2004; Mahapatra, et al. 2021). Consequently, understanding 

the evolution of their photosynthetic apparatus holds most potential to inform future crop 

improvement strategies. We uncover a widespread occurrence of hallmarks of adaptive 

evolution, namely positive selection and recurrent evolution, in all photosystem genes. 

Through analysis of the location and type of adaptive changes that occurred, we reveal how 

these changes are predicted to have had a significant impact on protein-protein interfaces but 

not on cofactor binding within the photosystems. Moreover, we reveal a concerted suite of 

changes that are modelled to destabilise photosystem II interactions with the D1 protein 

thereby reducing the energetic barrier for D1 turn-over and photosystem repair.  
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3.3 Results 

3.3.1 There is substantial variation in extent of evolution between photosystem 

subunits 

The chloroplast genome in angiosperms contains 20 genes encoding photosystem proteins, 

5 from photosystem I (PSI; psaA, psaB, psaC, psaI and psaJ) and 15 from photosystem II 

(PSII; psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT 

and psbZ) (Figure 1A). To analyse the molecular evolution of these genes a robust phylogeny 

was built from a concatenated multiple sequence alignment of all ubiquitously conserved 

protein-coding sequences from 773 complete angiosperm plastid genomes (see Methods). 

For each photosystem gene, ancestral sequence reconstructions were performed for all 771 

internal nodes in the phylogenetic tree, and all non-synonymous substitutions were identified 

and mapped to branches in the tree. 
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Figure 1. Highly conserved regions of the plastid-encoded photosystem proteins in 

angiosperms. A) Schematics of the photosystem I (left) and photosystem II (right) reaction 

centres with the proteins encoded by the 20 genes analysed in this study highlighted in green. 

Proteins in grey were not ubiquitously conserved in the plastid genome among the species 

analysed. B) Bar chart showing the percentage of each protein that was variant (grey) versus 

invariant (black) in the 773 angiosperm species dataset. Genes are ordered by decreasing 

percentage of protein that is variable from top to bottom. C) Crystal structure of the proteins 

analysed in photosystem I with invariant residues highlighted in black. Red, PsaA; blue, PsaB; 

dark green, PsaC; pink, PsaI and teal, PsaJ. For reference, the electron transfer pathway 

pigments are shown as green sticks and iron-sulfer centres as orange/yellow spheres. D) 

Crystal structure of the genes analysed in photosystem II with invariant residues highlighted 

in black. Red, PsbA; light blue, PsbB; salmon, PsbC; blue, PsbD; pale green, PsbE; dark 

green, PsbF; purple, PsbH; teal, psbI; dark blue, PsbK; green, PsbL; orange, PsbM; pale 

yellow, PsbT and pink, PsbZ. Pigments are shown as green sticks and the Fe2+ ion as an 

orange sphere. 
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Although 74% (2850/3870) of all residues exhibited no variation (dN = 0, Figure 1B - D), 6732 

amino acid substitutions were identified at the remaining 1020 residues, with substitutions 

occurring in all 20 photosystem proteins (Figure 2A). Moreover, there was a 17-fold difference 

between the photosystem protein with the largest and fewest amino acid substitutions per 

residue across the 773 species phylogeny, corresponding to 11 substitutions per residue for 

PsaI (encoded by psaI) and 0.65 substitutions per residue for D1 (psbA), respectively (Figure 

2B). Thus, although the plastid-encoded photosystem genes have evolved slowly during 

angiosperm evolution, evolution has occurred and there is significant variation in evolutionary 

rate between photosystem components. 

 

 

 

 

Figure 2. Amino acid substitutions in plastid-encoded photosystem genes during radiation of 

the angiosperms. A) Horizontal bar chart of the raw count of amino acid substitutions inferred 

to have occurred across the phylogeny for each protein. Proteins are ordered by decreasing 

number of amino acid substitutions from top to bottom, respectively. B) Horizontal bar chart 

of the substitution count per residue for each protein. Proteins are ordered as in A. C) Venn 

diagram showing the overlap between invariant residues (yellow) with cofactor binding 

residues (blue). D) Venn diagram showing the overlap between residues that are invariant 

(yellow) with those that are at the protein-protein interfaces between subunits (purple). P-

values shown below Venn diagrams are the results of hypergeometric tests. 
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3.3.2 Despite strong functional constraint there is evidence of widespread 

adaptive evolution in the photosystems of angiosperms 

To gain insight into the functional constraints and adaptive evolution of the photosystems in 

angiosperms we first analysed the sites that exhibited no variation in the 773 species dataset. 

This revealed that there was an enrichment of invariant sites in the cofactor binding residues 

of the photosystems (hypergeometric test, P < 0.001; Figure 2C). Furthermore, there was a 

significant enrichment of invariant sites at subunit interfaces in both photosystems 

(hypergeometric test, P < 0.001; Figure 2D). Thus, the requirement to bind cofactors and form 

inter-subunit interfaces has resulted in severe constraint on the extent of molecular evolution 

of the photosystem genes and can explain 58% of all invariant sites in these complexes.  

 

Although sites involved in cofactor binding and subunit interfaces exhibited strong functional 

constraint, substantial variation is present. This raised the question as to whether this variation 

exhibits evidence of adaptive evolution, and if so, whether this change has altered the 

properties of the photosystems. As recurrent evolution and positive selection are widely 

regarded as signatures of adaptation to common selective constraints (Yang, et al. 2000; 

Wood, et al. 2005; Kapralov and Filatov 2007; Losos 2011; Stern 2013; Ord and Summers 

2015), we sought to determine whether either of these hallmarks could be detected at variable 

sites in photosystem genes. Given that we had precisely mapped all amino acid substitutions 

to specific branches in the angiosperm phylogeny, it was possible to directly address the 

question as to whether any of the amino acid substitutions were recurrent in multiple branches 

of the phylogeny (a recurrent amino acid substitution is here defined as an amino acid 

substitution X → Y, where X  Y, that has occurred more than once at a given site in a protein 

sequence at a frequency greater than expected by chance; see Methods). Remarkably, 54% 

(3620/6522) of all amino acid substitutions were recurrent and unlikely to have evolved by 

stochastic co-occurrence of random mutations in the absence of selection (P < 0.001, Figure 

3A). These recurrent substitutions were located at 275 sites across all 20 proteins and 

comprised 386 unique patterns of amino acid substitution (Figure 3B, Table B.1). Similarly, 

there was strong evidence for pervasive positive selection acting at 35 sites in 13 genes 

(Figure 3C and D, Table B.2). Moreover, 30 of these 35 positively selected sites were also 

identified in the set of recurrent substitutions demonstrating a substantial overlap between 

these two hallmarks of adaptive evolution (hypergeometric test, P < 0.001; Figure B.1). 

Consistent with this, there is a significant depletion of recurrent substitutions at sites that are 

detected as evolving under purifying selection (hypergeometric test, P < 0.001; Figure B.1). 

Thus, there is evidence that 280 sites across all 20 plastid-encoded photosystem genes may 

have evolved adaptively during the radiation of the angiosperms.  



  66 

 

Figure 3. Adaptive evolution in the plastid-encoded photosystem proteins during the radiation 

of the angiosperms. A) Left two bar charts show amino acid substitution counts (left) and 

percentage of substitutions (right) that are single occurrence (orange) or recurrent (blue), i.e., 

a specific amino acid replacement that has occurred more than once at a given residue, 

respectively. Proteins are ordered by decreasing number of substitutions inferred to have 

occurred. Right two bar charts show the proportion of recurrent substitutions that occurred 

more frequently than expected by chance (P < 0.001, dark blue) as compared to those that 

did not (light blue). Raw counts are shown on the left and percentage of recurrent substitutions 

shown on the right. B) Bar charts showing the number (left) and percentage (right) of residues 

under positive selection (red), purifying selection (blue) or subject to neither (grey). Proteins 

are ordered by decreasing number of sites under positive selection from top to bottom. All 

proteins below the dashed line have no sites under positive selection. C and D) Structures of 

photosystem I and photosystem II with modelled sites of recurrent evolution highlighted in blue 

and sites subject to positive selection shown in red, respectively. 



  67 

 

3.3.3 There is no significant difference in the extent of adaptation between 

photosystem complexes during angiosperm evolution 

We next sought to determine whether adaptive evolution had been more prevalent in either 

the proteins of photosystem I or photosystem II during the evolution of the angiosperms. 

Among the 280 adaptively evolving sites, 127 were in photosystem I and 153 were in 

photosystem II. Given the number of adaptively evolving sites in a protein was strongly 

correlated to its length (R2 = 0.67, P < 0.001, Figure B.2), we compared the number of 

adaptively evolving sites per residue between subunits of photosystem I versus photosystem 

II. Although this uncovered a 10-fold difference between the proteins with the highest and 

lowest levels of adaptive evolution corresponding to 0.250 adaptive sites per residue in PsaI 

and 0.026 adaptive sites per residue in PsbF, respectively (Figure 4A), there was no significant 

difference in the level of adaptive evolution between photosystem I and photosystem II 

subunits (t-test, P < 0.05; Figure 4B). Thus, the levels of adaptive evolution experienced by 

photosystem I and photosystem II has been equivalent during the radiation of the 

angiosperms. 
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Figure 4. Analysing regional and structural enrichment of adaptive evolution in the 

photosystems. A) Bar chart showing the number of sites under adaptive evolution in the 20 

photosystem proteins analysed corrected for protein length in decreasing order from left to 

right. Proteins in photosystem I (PSI) and photosystem II (PSII) are in light green and dark 

green, respectively. B) Boxplot showing data in (A) grouped by photosystem complex. Two-

sample t-test, P > 0.05. C) Boxplot showing data in (A) grouped by photosystem region. 

Core proteins included PsaA, PsaB, PsaC, PsbA, PsbD, PsbC, PsbD, PsbE and PsbF. 

Peripheral proteins included PsaI, PsaJ, PsbH, PsbI, PsbJ, PsbK, PsbL, PsbM, PsbN, PsbT 

and PsbZ. P-value shown derived from two-sample t-test. D-F) Venn diagrams showing the 

overlap between adaptively evolving sites (orange) and transmembrane residues (green), 

cofactor binding residues (blue) and inter-subunit residues (purple), respectively. P-values 

shown are the results of hypergeometric tests.  

 

3.3.4 Adaptive evolution has been limited in regions of the photosystems 

required for energy and electron transfer  

Given that the extent of adaptive evolution was comparable between photosystem complexes, 

we next sought to investigate whether there was regional enrichment of adaptation within the 

photosystem structures. Specifically, we wanted to explore whether more adaptation had 

occurred in the core versus accessory proteins of the photosystem reaction centres, 

transmembrane versus extramembrane regions or functional regions such as cofactor binding 

or protein-protein interfaces. To test the former, core proteins were defined as subunits binding 
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the redox cofactors forming the electron transport chain (PsaA, PsaB, PsaC, D1 and D2), 

internal antenna proteins (PsbB and PsbC) and cytochrome b559 (PsbE and PsbF). 

Meanwhile, accessory proteins included the remaining 11 low molecular weight (<10 kDa) 

proteins that are on the periphery of the core reaction centre (PsaI, PsaJ, PsbH, PsbI, PsbJ, 

PsbK, PsbL, PsbM, PsbN, PsbT and PsbZ). This revealed adaptive sites were significantly 

more prevalent in the accessory proteins compared to the core proteins of the photosystem 

reaction centres, with a mean fold difference of 2.2 (t-test, P < 0.01; Figure 4C). Meanwhile, 

there was no significant enrichment of adaptive sites in either the transmembrane or 

extramembrane regions of the photosystem proteins (Figure 4D). Lastly, adaptive sites were 

significantly depleted in both cofactor binding and inter-subunit interface residues 

(hypergeometric test, P < 0.001; Figure 4E and F), making up 29% and 15% of adaptive sites, 

respectively. Thus, adaptive evolution has been constrained in regions of high functional 

constraint including the subunits responsible for energy and electron transfer and residues 

coordinating cofactors and protein-protein interfaces. 

 

3.3.5 Adaptive evolution has weakened D1 protein interfaces during angiosperm 

evolution 

Despite being depleted at cofactor binding and inter-subunit interface residues, we next 

sought to assess the impact of the adaptive substitutions that had occurred within these 

respective regions. To do this, we calculated the change in the interaction energy at the 

protein-cofactor and protein-protein interfaces, respectively, by analysing alterations in 

structural features and empirical energy terms at the interface upon substitution. We found 

none of the 80 adaptive substitutions at cofactor binding sites were predicted to significantly 

affect ligand binding (Table B.1). However, of the 41 sites at inter-subunit interfaces 10 

substitutions were predicted to significantly stabilise their respective inter-subunit interface 

and 9 substitutions were predicted to significantly destabilise their respective inter-subunit 

interface (Table 1 and Table B.1). Of particular note was that all recurrent substitutions at 

protein-protein interfaces involving the D1 protein (psbA) were predicted to be destabilising 

(one-sample t-test, P < 0.05; Figure B.3 and Table B.1), weakening the association of this 

subunit with the remainder of the photosystem complex. Mapping these sites onto the 

photosystem II structure revealed that they were primarily located either in, or in contact with, 

the stromal DE-loop of D1 (psbA), a region of known importance for binding and positioning 

the bicarbonate ion and non-haem iron (Figure 5A). These adaptive changes weakened the 

interface of the core complex with D1 through a variety of mechanisms. For example, in the 

DE-loop the recurrent substitution E235A in D1 (psbA) results in the loss of polar contacts 

between E235 in D1 with N264 and W267 in the D2 (psbD) protein (Figure 5B). Similarly, 
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although it is not located in the DE-loop region, the L36V substitution in D1 (psbA) reduces 

hydrophobic contacts with F15 and F19 in the transmembrane helix of PsbI (psbI) (Figure 5C). 

Together, these results indicate that the photosystems in angiosperms have been adaptively 

evolving to make it easier to dissociate D1 from the core photosystem complex. This finding 

is consistent with D1 being the primary recipient of photodamage in photosystem II (Mattoo, 

et al. 1981; Aro, et al. 1993), having the highest turn-over rate of all subunits in photosystem 

II (Kettunen, et al. 1997; Li, et al. 2017; Forsythe, et al. 2022), and thus a requirement for 

continual removal and replacement of D1 to restore photosystem function.  

 

Table 1. Adaptive substitutions that substantially affect protein-protein interface stability 

(|GPPI|  0.5 kcal.mol-1).  
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Figure 5. The position and impact of adaptive substitutions on inter-subunit interactions with 

the D1 (psbA) protein. A) Schematic mapping the location of substitutions that destabilise 

inter-subunit interactions with D1. The D1 protein is shown in orange for clarity and sites of 

substitutions are marked with a red star. A close-up view of the cluster of destabilising 

substitutions in/around the DE-loop of D1 in the 7OUI photosystem II structure is also 

provided. Residues at sites of destabilising substitutions are shown as red sticks. For 

reference, the two plastoquinones (QA and QB), Fe2+ and HCO3
- involved in electron transfer 

are also shown. B) Loss of hydrogen bonds (dashed cyan lines) upon E → A substitution 

between D1 235 and D2 (psbD) N264 and W267. C) Reduced hydrophobic interactions upon 

L → V substitution at 36 in D1 with F15 and F19 in PsbI. Yellow dashed lines show distance 

between residues given in Å. 

 

3.4 Discussion 

Oxygenic photosynthesis underpins nearly all life on Earth. At the heart of the process are the 

photosystems, the molecular machines that facilitate the first step of photochemical 

conversion of energy from the sun into chemical energy that powers cellular metabolic 

processes. Here, we investigate the molecular evolution the plastid-encoded photosystem 

genes in angiosperms. We show that hallmarks of adaptive evolution, namely positive 

selection and recurrent evolution, are widespread in the photosystem subunits of 

angiosperms. Moreover, we reveal a concerted suite of changes are predicted to have 

destabilised the interaction of photosystem II with its D1 subunit reducing the energetic barrier 

for D1 turn-over and photosystem repair.  
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The finding that all adaptive substitutions at the inter-subunit interfaces with D1 (psbA) were 

predicted to destabilise the protein-protein interactions is consistent with extremely high 

turnover of the subunit (Kettunen, et al. 1997; Li, et al. 2017; Forsythe, et al. 2022), and the 

concomitant requirement to constantly remove and replace damaged D1 protein. Four of the 

five of these substitutions were found to be clustered in or around the stroma-exposed DE-

loop in D1 (D1: E231Q, E235A, E243G and PsbT: K28T), which has been attributed two main 

functions. The first is that it provides two ligands (E244 and Y246) that indirectly coordinate 

the non-haem iron positioned between QA and QB via positioning a bicarbonate ion (Gao, et 

al. 2018). Secondly, the region between residues 238-248 in the DE-loop is a site of cleavage 

during D1 degradation, yielding the 23 kDa fragment (Greenberg, et al. 1987). Moreover, it 

has been postulated that a damage induced increase in mobility of the DE-loop may signal 

photosystem II repair (Forsman 2021). In this context it is interesting to note that three of the 

adaptive substitutions found to destabilise a D1 inter-subunit interface were located in the DE-

loop region of D1, E231Q, E235A and E243G. Interestingly, it was shown that mutagenesis 

at two of these sites (E231D and E243Q) did not affect electron transfer but did substantially 

reduce the half-life of D1 (Mulo, et al. 1997). Given that electron transfer was not affected, the 

bicarbonate ion and non-haem iron must have still been successfully bound to the 

photosystem, suggesting the DE-loop has maintained a mostly correct conformation. If this is 

the case, the reduced half-life cannot be the result of an aberrant DE-loop conformation 

signalling immediate photosystem II degradation. An alternative hypothesis is that these 

substitutions result in less photodamage being required to initiate removal and replacement 

of D1, due to a reduction in the energy required to remove D1 from photosystem II. It is most 

parsimonious to assume that the adaptive substitutions we uncovered here act in a similar 

manner. 

 

We also identified a further adaptive substitution, PsbT K28T, which is located adjacent to the 

DE-loop of D1 and predicted in this analysis to weaken the D1:PsbT protein-protein interface. 

Importantly, this adaptive substitution should not disrupt important hydrophobic interactions 

that occur between the neighbouring residues in PsbT (P27 and I29) with F239 in the DE-loop 

of D1. Without these hydrophobic interactions, the DE-loop has increased flexibility that leads 

to bicarbonate dissociation and slowed electron transfer between QA
- and QB (Forsman and 

Eaton-Rye 2021). This increased flexibility and resultant aberrant conformation of the DE-loop 

is thought to be the cause of an increase in turnover of D1 (Forsman and Eaton-Rye 2021). 

Thus, taken together the findings presented here indicate that the K28T substitution in PsbT 

is adaptive as it weakens the connection between PsbT and D1 without disrupting the DE-

loop conformation, thereby enhancing D1 repair signalling in response to photodamage.  
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The question arises as to why reducing the energetic barrier for D1 turn-over and photosystem 

II repair would lead to an adaptive advantage. At any given time, the proportion of damaged 

photosystems is a function of the incident light, the activity of photoprotective mechanisms, 

and the rate of photosystem repair (Su, et al. 2023). Each of these factors interact to alter the 

proportion of photosystem II containing a non-functional D1 subunit and are thus in a non-

productive photoinhibited state. Evolution by natural selection can act to modulate each of 

these factors to maximise the conversion of incident light energy into chemical energy and 

growth. As repair of photoinhibition is triggered by the detection of non-functional D1, reducing 

the energetic barrier for D1 turn-over would in turn increase the rate at which photoinhibited 

photosystem II complexes can be repaired. Furthermore, as photoinhibition only occurs when 

the rate of repair is unable to keep up with the rate of damage (Prasil 1992), the overall effect 

of reducing the energetic barrier to repair would be to have a lower proportion of non-functional 

photosystem II complexes, thereby increasing the conversion of incident light energy into 

chemical energy and growth.  

 

The recurrent substitutions identified in this study are not uniformly distributed across the 

phylogeny. For example, E235A in D1 was identified in species from 15 different orders 

(Cornales, Arecales, Laurales, Chloranthales, Nymphaeales, Gentianales, Rosales, Poales, 

Ericales, Malvales, Caryophyllales, Zingiberales, Myrtales, Huerteales, and Vitales) while 

E243G in D1 was only observed in four orders (Brassicales, Apiales, Rosales, and Ericales). 

These differences in distribution may allow the effect of these substitutions to be 

experimentally distinguished. In this context, it will be interesting to perform a large-scale 

analysis of photoinhibition on species within these groups to understand how these changes 

have altered the function of photosystem II. Specifically, it will be interesting to determine if 

species harbouring these changes are less subject to photoinhibition across a range of 

different light intensities. Moreover, it will also be interesting to determine if introduction of 

these changes into species in which they have not evolved can result in a reduction in 

photoinhibition.   

 

In this analysis we identified 7% of sites in the plastid-encoded photosystem proteins of 

angiosperms show hallmarks of adaptive evolution. Furthermore, we showed that many of 

these sites are located at regions of known functionality, with 29% of adaptively evolving sites 

involved in cofactor binding and 15% of sites at inter-subunit interfaces. However, while we 

provide biological explanations for substitutions at several adaptively evolving sites, the 

majority remain unexplained. For some of these unexplained sites, in silico prediction of the 

effect of substitution is impossible due to their location in regions that are not modelled in the 
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photosystem structures. Meanwhile, for the currently unexplained sites that are resolved in 

the photosystem structures their beneficial trait is not obvious from analysing the change to 

protein structure. Nonetheless, this study identifies several regions of the photosystems with 

hallmarks of adaptive evolution and further experimental investigation is required to elucidate 

the biological importance of these changes.  

 

The analysis presented here focused on angiosperms as information gained here holds most 

potential to inform future crop improvement strategies. However, the analysis presented here 

will provide a foundation and point of comparison for investigation of adaptive evolution in 

photosystems of other lineages, such as algae or cyanobacteria, in future studies. In this 

context it is interesting to note that there are differences in the repertoire of genes that 

constitute the photosystems in these lineages. For example, the D1 gene is encoded by a 

multi-gene family in cyanobacteria (Mulo, et al. 2009). Here, different family members are 

differentially expressed according to environmental cues to adapt photochemical fitness to 

solar intensity (Vinyard, et al. 2013). Given the sub-functionalisation that has occurred, it may 

be that different gene family members are adapting along different evolutionary trajectories. 

For example, the high light adapted isoform may exhibit an analogous trajectory as described 

here for angiosperms, reducing the energetic barrier for D1 repair, while the low light adapted 

version may exhibit a different trend. Furthermore, comparison between recurrent 

substitutions in different Archaeplastida lineages may provide further insight into global trends 

not detectable through analysis of angiosperms alone.  

 

Computational predictions of structural stability have been used repeatedly to inform the 

rational design and improvement of many proteins, for example (Yang, et al. 2007; Floor, et 

al. 2014; Goldenzweig, et al. 2016; Shirke, et al. 2016). However, these methods are not yet 

perfect (Marabotti, et al. 2021) and future re-evaluation of the data presented here with more 

sophisticated methods may uncover additional changes to the photosystems in angiosperms 

not reported here.    

 

Our findings show that all plastid-encoded photosystem proteins exhibit hallmarks of adaptive 

evolution during the radiation of the angiosperms. By uncovering these past trajectories, and 

identifying key sites that have been altered by natural selection, these findings provide 

substantial new insight into the present and future evolution of the photosystems in 

angiosperms.  
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3.5 Methods 

3.5.1 Phylogenetic tree inference 

The plastid genome dataset and phylogenetic tree used in this study was the same as in 

(Robbins and Kelly 2023). In brief, the full set of sequenced plastid genomes was downloaded 

from the National Center of Biotechnology and Information (NCBI) in July 2021. Genomes 

were filtered so that those that did not contain the full complement of canonical plastid genes 

were removed, resulting in a dataset containing nucleotide, and corresponding protein 

sequences, for 69 plastid genes for 773 angiosperm species. For each of the 69 genes, a 

protein multiple sequence alignment was generated using MAFFT L-INS-I (Katoh and 

Standley 2013) and was used to guide an accurate nucleotide alignment using Pal2Nal 

(Suyama, et al. 2006). The nucleotide alignments were then trimmed to remove columns 

containing >90% gaps and concatenated together and used to identify the best-fit model of 

nucleotide evolution using IQ-TREE’s inbuilt ModelFinder (Kalyaanamoorthy, et al. 2017). The 

best-fitting model of nucleotide evolution identified was GTR+F+R7. IQ-TREEs ultrafast 

bootstrapping method with 1000 replicates was then used to infer a maximum likelihood 

phylogenetic tree using the concatenated nucleotide sequence and GTR+F+R7 model of 

evolution (Hoang, et al. 2018). The tree was than manually rooted on the Nymphaeales clade, 

as they are a sister lineage to the rest of the sampled angiosperms in the dataset. The species 

tree is available to download from Zenodo at https://doi.org/10.5281/zenodo.13750849.  

 

3.5.2 Inferring non-synonymous substitutions and calculating the rate of non-

synonymous substitution 

Among the 69 ubiquitously conserved genes above were 20 genes that encode proteins that 

participate in the photosystem reaction centres, 5 for photosystem I (psaA, psaB, psaC, psaI 

and psaJ) and 15 for photosystem II (psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, 

psbK, psbL, psbM, psbN, psbT, psbZ). Ancestral state reconstructions were generated for 

each of the 20 photosystem genes for every node in the maximum likelihood phylogenetic tree 

using the GTR+F+R7 model of evolution in IQ-TREE (Nguyen, et al. 2014). Non-synonymous 

substitutions at every internal branch in the tree were inferred by assessing all child-parent 

relationships in the phylogeny, excluding the Nymphaeles outgroup, using a bespoke Python 

script. These were translated into amino acid replacements at every residue in the protein 

alignment. Substitutions were tabulated in matrices where columns represent the parent 

residue identity and rows represent the child residue. These matrices are summarised in Table 

B.3. The gene trees, multiple sequence alignments and ancestral state sequences are 

available to download from Zenodo at https://doi.org/10.5281/zenodo.13750849. Site-wise 

https://doi.org/10.5281/zenodo.13750849
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rates of non-synonymous mutation (dN) were determined using the FEL method from HYPHY’s 

software suite (Kosakovsky Pond and Frost 2005).  

 

3.5.6 Identifying cofactor binding and protein-protein interface residues 

Residues involved in cofactor binding and protein-protein interactions were identified using 

the 5L8R photosystem I from Pisum sativum (2.6Å resolution) (Mazor, et al. 2017) and 7OUI 

photosystem II from Arabidopsis thaliana (2.79Å resolution) (Graça, et al. 2021) structures. 

To identify cofactor binding residues, all pigments and cofactors associated with the 20 

subunits analysed were identified in the photosystem structures. For photosystem I this 

included 84 chlorophyll a molecules, 2 phylloquinones, 16 beta-carotenes, 1 (3R,3'R,6S)-4,5-

didehydro-5,6-dihydro-beta,beta-carotene-3,3’-diol, 4 1,2-dipalmitoyl-phosphatidyl-glycerole, 

5 1,2-distearoyl-monogalactosyl-diglyceride, 3 digalactosyl diacyl glycerol, L, 1 Cl-, 1 Ca2+ and 

3 iron-sulfur centres. Meanwhile, for photosystem II this included 35 chlorophyll a molecules, 

4 chlorophyll b molecules, 2 Ca2+, 1 Cl-, 11 beta-carotene, 1 HCO3
-, 4 digalactosyl diacyl 

glycerol, 6 1,2-distearoyl-monogalactosyl-diglycerise, 2 pheophytin, 2 plastoquinone and 4 

sulfaquinovosyldiacylglycerol molecules. Residues coordinating these pigments and cofactors 

were identified by conducting a search for residues with at least one heavy atom <4Å from an 

atom in a pigment or cofactor using the NeighbourSearch function in the Bio.PDB package 

(Hamelryck and Manderick 2003) (Figure B.4 and Table B.4). Protein-protein interface 

residues were identified using the EMPL-EBI PDBsum database (Figure B.5) (Laskowski, et 

al. 2018) (Table B.5).  

 

3.5.7 Recurrent evolution and positive selection 

Recurrent substitutions were defined as amino acid substitutions, i.e., X -> Y, where X  Y, 

that were inferred to have occurred more than once at a specific residue in the phylogeny. 

Given that recurrent substitutions could have arisen from chance a Monte Carlo approach was 

developed to assess whether they were likely to occur by chance given the inferred model of 

sequence evolution and the phylogenetic relationships between species encapsulated by the 

tree. To do this, the best-fitting model of protein sequence evolution was identified from the 

concatenated alignment of all 69 conserved plastid protein sequences and the species tree 

using IQ-TREE’s inbuilt ModelFinder (Kalyaanamoorthy, et al. 2017). The best-fitting model 

identified was JTT+F+R7. Branch lengths for protein trees that were constrained to the 

topology of the species tree were then inferred for each of the 20 photosystem protein 

alignments using the JTT+F+R7 model of protein evolution. Protein sequences for extant 

species were then simulated for each of the 20 photosystem genes from the protein tree and 

ancestral node sequence using IQ-TREE’s alignment simulator, with 1000 replicates. For each 
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of the simulated alignments, ancestral sequences were inferred, and amino acid substitutions 

counted as described above. Only the recurrent substitutions that had not occurred at the 

same or higher frequency in any of the 1000 simulations of protein evolution were deemed 

significant and a hallmark of adaptive evolution. 

 

Sites under positive selection were identified using the FUBAR method from the HYPHY 

software package (Murrell, et al. 2013). Sites with a posterior probability that the rate of non-

synonymous substitution is greater than the rate of synonymous substitution ( > ) of greater 

than 0.9 were defined as under positive selection. Conversely, sites under purifying selection 

were identified as having a posterior probability that  >  greater than 0.9. 

 

3.5.8 Modelling the effect of amino acid substitutions on cofactor binding and 

protein-protein interfaces 

Single amino acid substitutions were introduced into the photosystem I (5L8R) and 

photosystem II (7OUI) structures using PyMol. To estimate the effect of a substitution on 

cofactor binding, the change in Gibb’s free energy of binding (Gbinding) between protein and 

ligand was calculated for the wild-type and mutated structures using the PRODIGY-LIG 

webserver (Vangone, et al. 2018). From these, the change in Gbinding between the mutated 

and wild-type structure (Gbinding) can be calculated, whereby a negative value indicates an 

increased binding affinity, and vice versa. Similarly, to estimate the effect of substitution at a 

protein-protein interface, the change in Gibb’s free energy of interaction (GPPI) was calculated 

using BAlaS for both the wild-type and mutated protein structures (Wood, et al. 2020). As 

before, the change in GPPI upon mutation (GPPI) was then calculated. For both Gbinding 

and GPPI only values <-0.5kcal.mol-1 or >0.5kcal.mol-1 were considered to substantially 

alter interface interactions (Benevenuta, et al. 2022). 
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4.1 Abstract 

Identifying recurrent amino acid substitutions is important to multiple aspects of biological 

research - from understanding the molecular basis of convergent phenotypes, to identifying 

the causative sequence changes that give rise to disease and antibiotic resistance. Here, we 

present RECUR, a method for identifying recurrent amino acid substitutions from multiple 

sequence alignments. It is fast, easy to use, and scalable to thousands of sequences. We 

demonstrate the utility and performance characteristics of the method on a large data set of 

SARS-CoV-2 surface glycoprotein sequences – identifying widespread recurrent evolution 

throughout the protein and significant enrichment of sites undergoing recurrent evolution in 

the region responsible for receptor binding, the S1 subunit. A standalone implementation of 

the algorithm is available under the GPLv3 licence at https://github.com/OrthoFinder/RECUR.  

https://github.com/OrthoFinder/RECUR
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4.2 Introduction 

Recurrent evolution arises when the same biological innovation evolves independently on 

multiple occasions. It is found across the tree of life and can be observed at the phenotypic 

(organismal, physiological, cellular, biochemical, or molecular) or genotypic level (Stern 2013). 

To date, organismal phenotypic recurrence has been the most studied (Maeso, et al. 2012). 

For example, the independent evolution of wings in Pterosaurs, insects, bats, and birds 

(Hunter 2007) and a high-resolution camera-like eye in vertebrates, cephalopods, and 

arthropods (Nilsson 2013). However, the increasing availability of DNA sequence data, and 

advanced phylogenetic software to analyse them, is making the study of recurrence at the 

genotypic level more tractable.  

 

Much attention has been placed on studying recurrent protein evolution in the context of 

adaptation. This has uncovered a plethora of adaptive substitutions that have repeatedly 

evolved to alter protein function to better suit environmental conditions (Bull, et al. 1997; 

Christin, et al. 2007; Christin, et al. 2008; Yokoyama, et al. 2008; Christin, et al. 2009; Liu, et 

al. 2010; Projecto-Garcia, et al. 2013; van Ditmarsch, et al. 2013; He, et al. 2021; Robbins 

and Kelly 2024) and defend against toxic molecules (including antimicrobials, antivirals, 

herbicides and pesticides) (Dobler, et al. 2012; Feldman, et al. 2012; Toprak, et al. 2012; Zhen, 

et al. 2012; Brodie III and Brodie Jr 2015; Ujvari, et al. 2015; Iketani, et al. 2023). Furthermore, 

analyses of recurrent mutations have also helped to elucidate the molecular basis of disease 

(Ingram 1957; Cutting, et al. 1990; Davies, et al. 2002; Olivier, et al. 2010; Jänne, et al. 2022).  

 

Despite the widespread research analysing recurrent substitutions in protein sequences, no 

automated methods exist to identify these substitutions. Here, we present RECUR, a 

phylogenetic tool designed to identify recurrent substitutions that have occurred in a protein 

or codon multiple sequence alignment. Additionally, RECUR simulates sequence evolution to 

assess the probability that the frequency of a recurrent substitution has not occurred by 

chance but rather in the presence of a selective force. We exemplify the use of RECUR on a 

SARS-CoV-2 surface glycoprotein multiple sequence alignment.  

 

4.3 Results 

4.3.1 Workflow and overview of RECUR. 

RECUR was designed to identify recurrent amino acid substitutions that have arisen during 

the evolution of a set of protein sequences. RECUR requires as input a multiple sequence 

alignment of protein sequences or an equivalent codon alignment. The method returns 1) the 

complete set of substitutions observed in the evolutionary history of that alignment. 2) The 
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complete set of substitutions that are recurrent including whether any reversions (from the 

derived back to the ancestral state) have also taken place. 3) A statistical analysis of the 

recurrent substitutions to identify those that are unlikely to have arisen by chance given the 

number of sequences, their phylogenetic relationship, and the underlying model of sequence 

evolution.  

 

An overview of the RECUR workflow is provided in Figure 1. In brief, a phylogenetic tree is 

constructed from the input multiple sequence alignment and ancestral sequences are inferred 

for all internal nodes of the phylogenetic tree. All amino acid substitutions are then identified 

by assessing changes in the protein sequence along every branch in the phylogeny. Simulated 

multiple sequence alignments are then generated using the inferred ancestral sequence, the 

inferred tree, and the best-fitting model of sequence evolution, and then evaluated to identify 

recurrent substitutions that are unlikely to have arisen by chance (see Methods).  
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Figure 1. Overview of RECUR. The input (protein or codon) multiple sequence alignment is 

used to identify the best model of evolution (1), build a maximum likelihood phylogeny (2) and 

construct ancestral sequences (3). A user-defined outgroup is then used to root the tree (3) 

and assess each branch in the phylogeny for amino acid substitutions at each site in the 

protein sequence (4 and 5), from which recurrent substitutions are extracted (6). Sequence 

evolution is then simulated M times (default 1000) using the topology of the inferred phylogeny, 

best model of sequence evolution, and the root sequence of the subtree of interest (*) which 

excludes the outgroup sequences (7). The recurrence of substitutions in the list output in (6) 

is then assessed in each of the simulated alignments (8), and a p-value is calculated from the 

number of times the recurrence in simulations equals or exceeds that observed in the real 

alignment (9).  

 

4.3.2 RECUR is fast and readily scalable to thousands of sequences 

To demonstrate the runtime characteristics of the method we evaluated RECUR’s runtime and 

memory usage across multiple sequence alignments ranging from 8 to 1024 sequences 

(Figure 2). Each alignment comprised a randomly selected set of non-redundant SARS-CoV-

2 surface glycoprotein (S protein) sequences (see Methods). Each alignment was then subject 

to analysis with RECUR using eight threads with multiple different input options: 1) with no 

additional information, 2) with a pre-computed constraint tree, 3) with a pre-computed best-

fitting model of sequence evolution, and 4) with both a pre-computed constraint tree and a 
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pre-computed best-fitting model of sequence evolution. These different input options were 

performed to illustrate the scalability and runtime characteristics of each step. They were also 

performed to illustrate different ways of running RECUR when either the tree or model of 

sequence evolution are known prior to running a RECUR analysis.  

 

 

Figure 2. Analysing runtime and memory usage characteristics of RECUR. A) Line graph 

showing the relationships between runtime and number of sequences in the protein multiple 

sequence alignment. The different lines indicate different input variations; orange, no pre-

computed constraint tree and no pre-defined model of sequence evolution (-CT / -PCMSE); 

pink, a pre-defined model of sequence evolution but no pre-computed constraint tree (-CT / 

+PCMSE); green, a pre-computed constraint tree but no pre-defined model of sequence 

evolution (+CT / -PCMSE) and blue, a pre-computed constraint tree and a pre-defined model 

of sequence evolution (+CT / +PCMSE). B) Line graph showing the relationship between 

maximum proportional set size (PSS) with the number of sequences. Lines coloured as in A.  

 

The runtime is almost entirely consumed by the tree inference step in the analysis (Figure 2A). 

In contrast, the memory usage (proportional set size, PSS) of the internal RECUR algorithm, 

which excludes tree inference, increased linearly with the number of sequences analysed 

(Figure 2B). Furthermore, only when >250 sequences were analysed did tree inference 

significantly increase memory consumption. 
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4.3.3 RECUR identifies widespread recurrent evolution during the evolution of 

the surface glycoprotein of SARS-CoV-2 

To demonstrate the utility of RECUR, we applied RECUR to the complete set of non-redundant 

SARS-CoV-2 S protein sequences derived from human hosts present in NCBI (n = 123,717, 

see Methods). This sequence was chosen as an illustrative example for several reasons. 1) 

There is general interest in the evolution of this protein sequence as it is the focus of many 

vaccines. 2) The surface location and biological role of the protein means that the sequence 

has been subject to selection for promoting transmissibility and immune system evasion 

(Carabelli, et al. 2023) and thus is likely to have experienced recurrent evolution (Korber, et 

al. 2020; Wilkinson, et al. 2022). 3) There is an abundance of sequence data readily available 

in NCBI which can be subject to analysis. Application of RECUR to this large sequence dataset 

identified 135,919 amino acid substitutions to have occurred across 78% (1267/1630) of sites 

during the radiation of the S protein sequences (Supplementary File C1). Of these, 98% 

(132,621/135,919) were recurrent substitutions that occurred across 1181 sites and involved 

6,248 distinct substitution patterns (Supplementary File C2). The locations of these recurrent 

substitutions are mapped onto the domains of the S protein sequence (Figure 3A and B). Thus, 

there has been widespread occurrence of recurrent evolution along the length of the protein 

in all annotated protein domains.  
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Figure 3. Analysing recurrence in the SARS-CoV-2 surface glycoprotein. A) Map showing 

positions of the protein domains (accession: QHD43416.1) and how they relate to alignment 

position. Domains include N-terminal domain (NTD), receptor binding domain (RBD), fusion 

peptide (FP), heptapeptide repeat sequence 1 (HR1), heptapeptide repeat sequence 2 (HR2), 

transmembrane domain (TM) and cytoplasm domain (CT). The position of the larger S1 

(residues 14 - 685) and S2 (residues 686 - 1273) subunits are also shown. B and C) Bar charts 

showing the number of recurrent substitutions and significant recurrent substitutions (those 

not likely the result of stochastic mutation) at each site in the protein alignment. Protein 

domains are highlighted in grey. D and E) Venn diagrams showing the results of 

hypergeometric tests over the overlap between the sites in the S1 and S2 regions with 

significant recurrence sites, respectively. 
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To determine whether these recurrent substitutions were unlikely to occur by chance given the 

number of sequences, the model of sequence evolution, and the underlying phylogenetic 

relationship between the sequences, RECUR performs a Monte Carlo simulation of sequence 

evolution. This analysis revealed that 12% (16,051/132,621) of the recurrent substitutions 

identified above, which occurred across 92 sites and included 130 patterns of substitution, are 

unlikely to have occurred with such frequency by chance, as the same or larger frequency of 

occurrence was not replicated in any of the simulated alignments (Figure 3C).  

 

The top 10 most recurrent significant substitutions are shown in Table 1. Six of these 

substitutions have occurred in the exposed S1 region of the S protein. These include D142G, 

T95I, Q146K, L18F and L176F in the N-terminal domain and F456L in the receptor binding 

domain (Table 1). All of these substitutions have previously been associated with altering viral 

infectivity or immune escape (Table 1). For example, the L18F substitution is known to reduce 

neutralization for multiple antibodies (Harvey, et al. 2021; McCallum, et al. 2021). Notably, the 

most recurrent substitution, L5F, was located in the signal peptide. However, it has been 

suggested that this specific substitution may be the result of recurring sequencing errors (De 

Maio, et al. 2020; Korber, et al. 2020; Grabowski, et al. 2021). 
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Table 1. The top 10 most significantly recurrent amino acid substitutions in the SARS-CoV-2 

surface glycoprotein.  

Substitution* Recurrence Reversion 

frequency** 

Protein 
domain 

Alignment 
position 

Site annotation Refs. 

L5F 2196 409 Signal 
Peptide 

14 May result from 
sequencing 
artefacts 

 (De Maio, et al. 
2020; Korber, et 

al. 2020) 

 

D142G 1761 443 NTD 241 Immune escape 
and increased viral 
load 

 (Shen, et al. 
2021) 

N950D 1037 150 HR1 1286 Membrane fusion  (Furusawa, et 
al. 2023) 

V1264L 708 55 CT 1621 May affect 
subcellular 
trafficking 

 (Yang 2021) 

T95I 630 271 NTD 173 Immune escape 
and increased viral 
load 

 (Shen, et al. 
2021; 

Wilkinson, et al. 
2022) 

V1104L 608 38 - 1444 Protein stability  (Chand, et al. 
2020) 

Q146K 573 26 NTD 267 Immune escape  (McCallum, et 
al. 2021; Wang, 

et al. 2023) 

F456L 529 56 RBD 721 Immune escape  (Dadonaite, et 
al. 2024) 

L18F 490 92 NTD 37 Immune escape  (Gupta, et al. 
2021; 

McCallum, et al. 
2021) 

L176F 450 31 NTD 312 Immune escape  (Wang, et al. 
2023) 

* Position referenced to QHD43416.1 sequence. 

** Reversion frequency is the recurrence that the derived amino acid was substituted to the ancestral amino acid. 
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Finally, we sought to explore the position of these significant recurrent substitutions within the 

S protein. Specifically, we wanted to examine whether there was regional enrichment of 

recurrent evolution in the S1 subunit, which is responsible for receptor binding, compared to 

the S2 subunit, which is responsible for membrane fusion (Figure 3A). This revealed a 

significant enrichment in the number of sites that have undergone recurrent evolution within 

the S1 subunit (hypergeometric test, p < 0.05; Figure 3D). Consistent with this, there was a 

significant depletion in the number of recurrent sites located in the S2 subunit (hypergeometric 

test, p < 0.01; Figure 3E). This finding supports the proposed roles of the two subunits, with 

S1 subunit being more exposed on the viral surface, making it more accessible to the host 

immune system and thus subject to selection to adapt and change, while S2 subunit likely 

experiences selection to preserve function in the absence of a strong pressure to evade 

immune detection.  

 

4.4 Discussion 

Here, we present RECUR, a tool that automatically detects recurrent amino acid substitutions 

from a protein (or equivalent codon) multiple sequence alignment. We show that the method 

is scalable to thousands of sequences and demonstrate the utility of the method though 

analysis of 123,717 surface glycoprotein (S protein) sequences from SARS-CoV-2.  

 

The RECUR method makes extensive use of the IQ-TREE 2 software package (Minh, et al. 

2020). IQ-TREE 2 was chosen over other phylogenetic inference software for several reasons. 

First, IQ-TREE 2 is a mature, well-developed and thoroughly benchmarked software package 

that has the capability to carry out many steps required in the RECUR algorithms (Hoang, et 

al. 2017; Zhou, et al. 2017; Minh, et al. 2020; Ly-Trong, et al. 2023). These steps include 

model selection, tree inference, ancestral state reconstruction, and alignment simulation. It is 

not possible to achieve all of these steps using comparable software such as RAxML 

(Stamatakis 2014) or PhyML (Guindon and Gascuel 2003). Thus, use of IQ-TREE 2 reduces 

the number of dependencies required by RECUR. Second, IQ-TREE performs very well 

against all competitor methods in terms of both speed and accuracy (Zhou, et al. 2017). Third, 

IQ-TREE 2 can analyse alignments with thousands of sequences allowing RECUR to also 

scale to this number of sequences.  

 

Topological irreproducibility in maximum likelihood phylogenetic inference is a known issue 

(Shen, et al. 2020). This arises from subtle differences in computational processing, such as 

seed number, number of threads or processor type, which can lead to variations in tree 
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topology between repeated runs. While RECUR exhibits this effect when these parameters 

change, identical outputs are consistently produced when run on the same machine with a 

fixed input. Alternatively, users can provide a constraint tree enabling RECUR to use a fixed 

topology. This provides an additional benefit of leveraging more information to infer the 

constraint tree than may be available in the alignment under consideration. For example, the 

user may wish to constrain the topology of the tree to match a known species tree when 

analysing orthologous sequences derived from those species. This approach was taken when 

analysing recurrence within the photosystem proteins encoded in the plastid genome (Robbins 

and Kelly 2024). 

 

The runtime of RECUR is influenced by the number of sequences, the sequence length, and 

the extent of recurrence present in the sequences under consideration. Larger numbers of 

sequences, longer alignments, and higher rates of recurrence each result in increased 

computational demand. The S protein chosen to exemplify the method has a high mutation 

rate, is substantially longer than the average eukaryotic or bacterial protein (S protein length 

= ~1300, average prokaryotic protein length = ~300, average eukaryotic protein length =~ 500 

(Tiessen, et al. 2012)), thus runtimes presented in this study represent the upper range of 

what can be expected from RECUR.  

 

The application of RECUR to the complete set of non-redundant S protein sequences derived 

from a human host revealed widespread recurrent evolution across the length of the protein. 

Furthermore, we uncovered a significant enrichment of sites that have undergone recurrent 

evolution in the S1 subunit. This aligns with the functional and structural differences between 

these two regions of the S protein. The S1 subunit, contains the receptor binding domain and 

is essential for viral attachment to the angiotensin-converting enzyme 2 (ACE2) receptor, 

making it a hotspot for adaptive evolution as the virus evolves to concurrently optimise binding 

affinity and evade the immune system (Tian, et al. 2021). In addition, the S1 subunit contains 

the N-terminal domain, which plays a role in antigenicity, and hence drives adaptive evolution 

to repeatedly develop mechanisms for immune escape (McCallum, et al. 2021). Although 

depleted, sites under recurrent evolution were also identified in the S2 subunit. Given its role 

in membrane fusion, substitutions in the S2 region may impact the capacity for membrane 

fusion, as seen in (Kumar, et al. 2023). Additionally, these substitutions could benefit the virus 

through facilitating immune escape through allosteric effects on S1 epitopes (Kumar, et al. 

2023).  
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In conclusion, RECUR is a fast, easy to use, and comprehensive tool for identifying amino 

acid substitutions from multiple sequence alignments. We anticipate that RECUR will serve 

as a valuable resource for understanding the molecular basis of convergent phenotypes as 

well as generating hypotheses and guiding experimental testing of protein function. 

 

4.5 Materials and methods 

4.5.1 Implementation  

RECUR is a Python application that leverages IQ-TREE 2 (Minh, et al. 2020) as an external 

dependency and requires Python 3.9 or higher. The application utilizes DendroPy (Sukumaran 

and Holder 2010) to extract parent and child sequence pairs from rooted trees in Newick 

format. RECUR achieves high performance through the use of NumPy (Harris, et al. 2020) 

and multiprocessing, particularly in key steps such as the substitution analysis of Monte Carlo 

simulated protein sequences. In this process, parent-child sequence pairs are first converted 

into numerical representations and then into NumPy arrays for element-wise comparison at 

each residue site. Multiprocessing is employed to further speed up these operations. RECUR 

includes a Linux version of the IQ-TREE 2 binary, enabling it to run as a standalone application 

on Linux systems. For Windows and macOS users, IQ-TREE 2 must be preinstalled. 

Regardless of the operating system, it is recommended to run RECUR within a conda 

environment or a Docker container for compatibility. Full instructions on the installation and 

implementation of RECUR can be found at https://github.com/OrthoFinder/RECUR. 

 

4.5.2 Tree inference and model selection 

RECUR takes a protein or codon multiple sequence alignment as input. If the user does not 

specify a desired model of sequence evolution, then the alignment is evaluated to identify the 

best-fitting model of sequence evolution using ModelFinder implemented in IQ-TREE 2 

(Kalyaanamoorthy, et al. 2017). Similarly, if the user does not specify a pre-computed tree, 

then a maximum likelihood phylogenetic tree is built using the model of sequence evolution 

above and IQ-TREE 2’s ultrafast bootstrapping method with 1000 replicates (Hoang, et al. 

2017). The tree is then rooted on a user-defined outgroup which can comprise a single 

sequence or a list of outgroup sequences. In the case where the supplied outgroup sequences 

are not monophyletic in the tree, the smallest possible clade comprising the full set of outgroup 

sequences will be selected as the outgroup.  

  

https://github.com/OrthoFinder/RECUR
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4.5.3 Identifying recurrent amino acid substitutions 

Ancestral sequence reconstructions are inferred for every node in the phylogenetic tree using 

the using the specified or computed (as appropriate) model of sequence evolution and the 

specified or inferred (as appropriate) maximum likelihood tree using the ancestral state 

reconstruction method implemented in IQ-TREE 2 (Minh, et al. 2020). To correctly infer gaps 

in ancestral sequences (which IQ-TREE 2 cannot currently implement) the multiple sequence 

alignment is converted into binary sequences, with 0 and 1 representing gapped and non-

gapped sites, respectively. As with the biological sequences, the ancestral reconstructions of 

the gapped state for each alignment position is inferred for every node in the phylogenetic tree 

using the specified or inferred (as appropriate) maximum likelihood tree and the general time 

reversible model for binary data (GTR2) which allows for unequal state frequencies. The 

positions of the inferred gaps, in the ancestral sequences are then mapped onto the biological 

sequences to complete ancestral sequence reconstruction with indel inference. 

 

Once the ancestral sequence reconstruction is complete, if a codon alignment was provided, 

the ancestral and extant sequences are then translated into protein sequences using the 

standard genetic code as default. The user can also specify alternative NCBI genetic codes 

to translate DNA sequences if required. Amino acid substitutions at each site in the alignment 

are then tabulated by analysing the residue identity for all parent-child transitions at every 

branch in the subtree that excludes outgroup sequences. A list of recurrent substitutions, i.e., 

substitutions that occurred more than once at a given site during the evolution of the sequence 

set, is then compiled. 

 

4.5.4 Identification of significant recurrent sites 

The phylogeny, model of sequence evolution, and root sequence of the subtree of interest are 

then used to simulate sequence evolution M times (default 1000) using the alisim function in 

IQ-TREE 2 (Ly-Trong, et al. 2023). As above, the gaps are mapped onto each simulated 

alignment. This prevents the overestimation of substitution recurrence due to incorrect 

placement of indels. The amino acid substitutions that have occurred in each of the simulated 

sequence alignments are then identified using the method outlined above. For each of the 

recurrent substitutions identified in the real alignment, RECUR assesses the number of times 

that the same substitution has occurred at the same or greater frequency in the set of 

simulated alignments. A p-value describing the probability that the recurrence of that site 

specific amino acid substitution having occurred by chance (pi) is then assigned using the 

following equation: 
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𝑝𝑖 =
∑ 𝐶𝑖𝑗 + 1𝑀

𝑗=1

𝑀 + 1
, 𝑖 = 1,2, … , 𝑁 

 

𝐶𝑖𝑗 =  {
1      𝑅𝑖(𝑥→𝑦)𝑗

𝑚𝑐𝑠 ≥  𝑅𝑖(𝑥→𝑦)

0      𝑅𝑖(𝑥→𝑦)𝑗
𝑚𝑐𝑠 ≥  𝑅𝑖(𝑥→𝑦)

, where 𝑅𝑖 > 1 

 

where i is the ith residue, N is the number of residues in the protein alignment, j is jth sequence 

simulation, M is the number of sequence simulations run, Cij is the piecewise function, Ri(x→y) 

is the recurrence of amino acid substitution x → y at the ith site in the real phylogeny, and 

Rmcs
i(x→y)j is the recurrence of amino acid substitution x → y at the ith site in the jth simulation. 

 

4.5.5 Data set retrieval and curation 

A dataset comprising all available SARS-CoV-2 surface glycoprotein (S protein) sequences 

derived from human hosts were downloaded from the National Center for Biotechnology 

Information on 29th July 2024 (n = 3,934,602). The dataset was filtered to remove redundant 

sequences, sequences shorter than 3,800 bp, sequences with ambiguous characters, and 

sequences without start or stop codons. This resulted in a dataset of 123,717 full-length non-

redundant sequences. The most closely related S protein sequence derived from a bat host 

to that found in a human host was added to the dataset as an outgroup (accession: 

MZ937000.1:21512-25321). The coding sequences were then translated into protein using 

the standard genetic code.   

 

4.5.6 Computing runtime and memory usage 

To generate input datasets to demonstrate the runtime characteristics of RECUR, the 123,717 

non-redundant sequences above were aligned using FAMSA (Deorowicz, et al. 2016) 

(Supplementary File C3). Ten-fold replicated subset multiple sequence alignments were then 

randomly sampled from this complete alignment, with each subset containing either 8, 16, 32, 

64, 128, 256, 512 or 1024 sequences including the outgroup sequence. RECUR was run on 

each sampled alignment with four different input variations: no pre-inferred constraint tree and 

no pre-computed model of sequence evolution, a pre-inferred constraint tree but no pre-

computed model of sequence evolution, a pre-computed model of sequence evolution but no 

pre-inferred constraint tree, and both a pre-inferred constraint tree and a pre-computed model 
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of sequence evolution. In analyses where constraints were provided, the models of sequence 

evolution and constraint trees used were those inferred by RECUR when no constraints were 

provided to prevent differences in tree topology or model of evolution influencing runtime or 

memory use. Each run was timed, and the maximum proportional set size (PSS) was 

recorded. These tests were conducted on an AMD EPYC 7742 64-Core Processor (2.25 GHz, 

x86_64 architecture) using eight threads. 

 

4.5.7 Analysing the complete 123,717 SARS-CoV-2 surface glycoprotein 

sequence dataset 

IQ-TREE 2 is unable to infer a phylogenetic tree from an alignment comprising 123,717 

sequences. Thus, a maximum likelihood constraint tree was inferred using VeryFastTree 

(Piñeiro, et al. 2020) which is designed for phylogenetic tree inference from large alignments 

(Supplementary File C4). In addition, the best fitting model of sequence evolution and its 

averaged model parameters, HIVw+F+I{0.24}+G4{0.59}, were computed from the runtime and 

memory usage runs for the ten replicates of 1024 sequences above. By constraining the tree 

and the model of sequence evolution RECUR is thus able to analyse the complete sequence 

dataset.  
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Chapter 5: General discussion 

 

General Discussion 
 
The plastid genome originated from a free-living cyanobacterium. Despite significant 

reduction, it has retained essential genes for oxygenic photosynthesis, a process that powers 

nearly all life on Earth. In this thesis, I have explored the evolution of this compact yet crucial 

piece of DNA within the clade of plants that contains the majority of crops, the angiosperms. 

In Chapter 2, I investigated the evolutionary rates of the highly conserved plastid-encoded 

protein-coding genes, revealing that photosynthetic genes evolve more slowly than those 

involved in transcription and translation. Furthermore, I identified three key factors that have 

significantly constrained the evolvability of plastid-encoded genes: gene position, level of gene 

expression, and the amino acid composition of the encoded protein. In Chapter 3 I searched 

for molecular signatures of adaptive evolution, namely positive selection and recurrent 

evolution, in the plastid-encoded photosystem genes, uncovering hallmarks of adaptation at 

7% of residues. Finally, in Chapter 4 I introduced RECUR, a software package developed to 

detect recurrent evolution based on the methodology I established in Chapter 3. Each chapter 

contains its own dedicated discussion, while this general discussion places the work 

presented in this thesis in the context of the wider literature and outlines directions for future 

work. 
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5.1 Constraints on the evolvability of plastid-encoded genes 

Prior to the work presented in this thesis, studies on plastid genome evolution primarily 

focused on comparing structural features and gene content of newly sequenced plastid 

genomes to those of closely related species (Saski, et al. 2005; Chumley, et al. 2006; Daniell, 

et al. 2006; Jansen, et al. 2006; Lee, et al. 2006; Saski, et al. 2007; Mardanov, et al. 2008; 

Park, et al. 2018). These studies were instrumental in advancing our understanding of plastid 

genome dynamics, such as the stability conferred by the inverted repeat (which has been lost 

in some legumes) (Palmer and Thompson 1982; Choi, et al. 2019), resolving phylogenetic 

relationships (Jansen, et al. 2006), and understanding the transition from autotrophic to 

heterotrophic lifestyles observed in non-photosynthetic parasitic plants (Funk, et al. 2007; 

Logacheva, et al. 2016).  

 

Despite these advances, the relatively slow rate of evolution in the plastid genome, as reported 

in early studies, has limited interest in investigating the molecular evolution of plastid-encoded 

genes. One notable exception has been the large subunit of rubisco (rbcL), where significant 

effort has been directed toward identifying signals of adaptive evolution, specifically positive 

selection (Kapralov and Filatov 2007; Kapralov, et al. 2010; Hermida-Carrera, et al. 2017), to 

inform rational protein design in the hopes of engineering a better rubisco. This thesis aimed 

to investigate some of the under explored areas of plastid gene evolution, starting by 

uncovering the relative rates of evolution of these genes and identifying factors that may have 

constrained their evolution. To do this, I compiled a large dataset of plastid genomes from 

angiosperms and analysed both the background substitution rate that occurred within genes 

and the rate at which the encoded proteins had evolved. My findings revealed that over 50% 

of the variation in rates of nucleotide and protein evolution could be explained by a 

combination of production requirements and compositional factors of individual genes 

(Robbins and Kelly 2023). Specifically, I demonstrated that genes positioned further away from 

an inverted repeat border had lower rates of molecular evolution, consistent with a 

bidirectional dual displacement loop mechanism of plastid genome replication (Kolodner and 

Tewari 1975c; Robbins and Kelly 2023). Furthermore, I discovered that genes with higher 

expression levels had lower rates of molecular evolution. Notably, this trend could not be 

attributed to selection acting to maintain a low transcript biosynthesis cost or a high 

translational efficiency, suggesting a potential role for transcription-dependent DNA repair 

mechanisms (Robbins and Kelly 2023). Finally, I found that the amino acid composition of the 

encoded protein had a significant impact on the rate of molecular evolution of plastid-encoded 

genes, with genes encoding more hydrophobic proteins having evolved slower due to the 

compositional constraints of maintaining hydrophobicity. However, although these factors 
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could explain ~50% of the variation in evolutionary rate between plastid-encoded genes, this 

still left nearly half of the variation unexplained, and thus there is much still to be discovered 

about the evolutionary constraints and evolvability of the plastid genome.  

 

One likely unexplored source of variation that could affect the rate of evolution of the plastid-

encoded genes are requirements of the encoded protein sequences to maintain structural 

features. For example, this could be the percentage of the protein that has an ordered 

secondary structure, e.g., alpha helices or beta-sheets, or the requirement for the encoded 

protein to form interfaces between cofactors or subunits. The latter is likely given that in 

Chapter 3 invariant residues were enriched at both cofactor binding sites and inter-subunit 

interfaces. Furthermore, an analysis like the one suggested above would be possible for the 

majority of plastid-encoded genes given the availability of the associated protein complexes 

in the protein data bank. These include structures of photosystem I at 2.6 Å from Pisum 

sativum (5L8R) (Mazor, et al. 2017), photosystem II at 2.8 Å from Arabidopsis thaliana (7OUI) 

(Graça, et al. 2021), cytochrome b6f complex at 3.6 Å from Spinacia oleracea (6RQF) (Malone, 

et al. 2019), NAD(P)H dehydrogenase-like complex at 3.7 Å from Hordeum vulgare (7EU3) 

(Shen, et al. 2022), plastid-encoded ATP synthase at 3.2 Å in Spinacia oleracea (6FKF) (Hahn, 

et al. 2018), 70S ribosome at 3.0 Å in Spinacia oleracea (6ERI) (Perez Boerema, et al. 2018), 

plastid-encoded RNA polymerase at 2.5 Å from Sinapis alba (8R5O) (Vergara-Cruces, et al. 

2024) and the rubisco holoenzyme at 1.5 Å from Arabidopsis thaliana (5IU0) (Valegård, et al. 

2018). Since different structures can capture different interactions, e.g., inter-complex 

interactions in the PSI-NDH structure (7F9O) (Shen, et al. 2022), it would be beneficial to 

consult more than one structure for each complex to get a more complete picture of residues 

at interfaces. Given the strong co-occurrence of invariant sites at positions of structural 

importance, the requirement to maintain structural properties essential to functionality is likely 

to explain the majority of the as-yet-unexplained variation in the rate of molecular evolution 

between plastid-encoded genes.  

 

Another potential unexplored source of variation in the rates of molecular evolution between 

plastid-encoded genes is genetic redundancy. Specifically, instances where plastid-encoded 

genes have nuclear-encoded paralogs whose encoded proteins are targeted to the plastid. 

This allows a plastid-encoded gene to be functionally compensated or even replaced by a pre-

existing nuclear-encoded gene in the event it acquires an N-terminal chloroplast transit 

peptide. Once replaced the selection pressure acting on the plastid gene would decrease 

significantly allowing the accumulation of substitutions without detrimental effects on 

organismal fitness. Since there are preexisting copies of functionally redundant ribosomal 

genes encoded elsewhere in the cell (mostly in the nuclear genome and a few in the 
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mitochondrial genome) this may contribute to these genes having elevated rates of molecular 

evolution that we observed in Chapter 2. An example where this has occurred in angiosperms 

is the silencing of plastid-encoded rps16 in favour of a mitochondrially derived nuclear-

encoded copy in Arabidopsis thaliana, Lycopersicon esculentum and Oryza Sativa (Ueda, et 

al. 2008). In more extreme cases the import of the nuclear-encoded rps16 has resulted in loss 

of the plastid-encoded rps16, which has been observed in Populus alba and Medicago 

truncatula (Ueda, et al. 2008). Similarly, plastid-encoded accD (ATCG00500 in A. thaliana) 

has a nuclear-encoded paralog called ACC2 (AT1G36180 in A. thaliana). These genes both 

contribute to the production of fatty acids in plastids, with enzyme encoded by either gene 

capable of carrying out the required acetyl-CoA carboxylase reaction. However, the presence 

of the nuclear-encoded ACC2 has enabled monocots to lose accD from the plastid genome 

(Harris, et al. 2013). 

 

In summary, while we have demonstrated several factors, namely gene position, gene 

expression and the encoded protein composition, have imparted strong constraints on the 

evolvability of the plastid-encoded genes, other factors remain to be explored. The future 

investigations outlined above will be made easier as more structures are resolved and more 

whole plant genomes are sequenced, allowing intricate probing of the effects of protein 

structural requirements and the interplay of evolution between the plastid genome and the 

nuclear genome, respectively.  

 

5.2 Incorporating possible adaptive alleles into crop plastid genomes.  

The work presented in Chapter 3 of this thesis focussed on computational analysis to identify 

likely adaptive substitutions in the plastid-encoded genes of angiosperms. Specifically, I 

uncovered several amino acid substitutions (D1: L36V, E231Q, E235A, E243G and PsbT: 

K28T) that may speed up recovery from photoinhibition. It is worth mentioning here that while 

photoinhibition is often considered detrimental as it reduces photosynthetic efficiency, 

protective roles have also been proposed following the observation that photoinhibition is 

accelerated under stress conditions, e.g., high light, high and low temperatures, high salinity 

and drought (Powles 1984; Murata, et al. 2007; Nishiyama and Murata 2014). Interestingly, 

this accelerated photoinhibition seems to come from supressed D1 repair, specifically 

inhibition of psbA translation, rather than an increased rate of photodamage (Nishiyama, et al. 

2001; Nishiyama, et al. 2004). Potential benefits include minimizing wastage on futile and 

energetically expensive D1 repair cycles (which include migration of damaged photosystem II 

to thylakoid lamellae, proteolytic digestion of D1, de novo D1 synthesis, incorporation of 

functional D1 into the photosystem II complex and migration of the repaired photosystem II 
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complex back into the thylakoid grana (Theis and Schroda 2016)) under persistent stress. 

Additionally, photoinhibition in a highly reduced environment helps protect the irreversible 

oxidative damage to photosystem I which can take weeks to recover from (Tikkanen, et al. 

2014). Given that the balance between the harmful and beneficial effects of photoinhibition is 

dependent on the environmental conditions, further investigation into whether the D1 

substitutions identified in this thesis correlate with species adapted to distinct ecological niches 

could provide valuable insights to benefits they may confer. 

 

With the putative adaptive substitutions I identified in photosystem II, the next step would be 

to experimentally validate these hypothesise by introducing these substitutions in planta and 

see how they affect photosystem function. Although the phenotype would be relatively 

straightforward to evaluate using a chlorophyll fluorescence-based screen under a light 

gradient treatment to assess whether the introduced substitutions have altered photoinhibition 

(Guidi, et al. 2019), the major challenge would be editing the plastid genome. Plastid genome 

engineering is impeded by two major obstacles. The first is the high copy number of the plastid 

genome, which can exceed 10,000 copies per cell (Bendich 1987), and all the copies must be 

edited to reach homoplasy. The second problem is the relative impermeability of the plastid to 

nucleic acids, which are essential components of widely used CRISPR-based systems.  

 

To circumvent the requirement for delivering nucleic acids to the plastid via a biological 

approach, various chloroplast transformation methods have been developed. Notably, these 

transformation methods have been used for the introduction of point mutations (Martin Avila, 

et al. 2016) and transgenes, with the latter being desirable owing to several favourable 

characteristics of gene expression in plastids, which are nicely summarised in (Fuentes, et al. 

2018). Additionally, alternative strategies that bypass the requirement for getting nucleic acids 

into the plastid include the use of nuclear-engineered programmable protein-based DNA 

editors, which are targeted to the plastid by attaching an N-terminal chloroplast transit peptide 

(Kang, et al. 2021). Moreover, nuclear-engineered RNA-binding pentatricopeptide repeat 

(PPR) proteins have emerged as another innovative tool which can facilitate sequence-

specific RNA edits (Yagi, et al. 2014; Lesch, et al. 2022). This enables desired alterations to 

the plastid proteome without the need to directly alter the plastid genome.  

 

Alternatively, another approach is to incorporate a copy of the gene containing the desired 

edits into the nuclear genome with an N-terminal chloroplast transit peptide for targeting to the 

plastid compartment. This approach was undertaken recently, where a copy of psbA (encoding 

the D1 protein) with a rubisco small subunit (rbcS) chloroplast transit peptide was engineered 

into the nucleus of Arabidopsis thaliana, Nicotiana benthamiana and Oryza sativa (Chen, et 
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al. 2020). Although the aim of the study was to examine whether heat controlled nuclear origin 

supplemented D1 could increase tolerance to heat stress, the study demonstrates the 

successful nuclear expression, import into the plastid and incorporation of D1 into 

photosystem II complexes. Given that this approach is effectively continuing the process of 

endosymbiotic gene transfer, as long as no foreign DNA is used for the chloroplast transit 

peptide or promoter, there is a possibility that if used to enhance crop productivity they would 

be classified as cis-genic rather than genetically modified. This may help reduce regulatory 

hurdles making it easier to bring such an engineered plant to market and achieve widespread 

agricultural impact. 

 

While this thesis identifies potential editing targets with potential for enhancing crop 

productivity, and outlines methods in which to identify precision edits, the full realization of this 

work's impact will depend on continued advancements in genome editing technologies, 

particularly in the area of organellar editing. These developments will be crucial for validating 

and then translating these potential photosynthesis enhancing substitutions into practical 

agricultural solutions. 

 

5.3 RECUR: A new method for identifying adaptive evolution? 

The advent of next generation sequencing has resulted in an explosion of publicly available 

sequencing data. This influx of data has been accompanied by concurrent advancements in 

analytical tools, such as phylogenetic software, to extract meaningful insights from these large 

datasets. A keen area of interest for many molecular evolutionary biologists is identifying 

meaningful change in proteins, i.e., adaptive evolution. In Chapter 4, I presented RECUR, a 

new phylogenetic software package inspired by the methodology developed in Chapter 3 for 

identifying recurrent amino acid substitutions, a hallmark of adaptive evolution, within protein 

coding sequences.  

 

Existing methods for detecting adaptive evolution within protein sequences focus on 

identifying positive selection, specifically sites where the dN/dS ratio (rate of non-synonymous 

substitution over synonymous substitution) is significantly greater than 1 (Kreitman and Akashi 

1995; Eyre-Walker 2006). However, there are notable limitations of the method including 

concerns surrounding false positives and the provision of limited biological insight into 

phenotypic adaptations (Chamary, et al. 2006). Specifically, positive selection only analyses 

rates of change within a protein sequence but provides no functional significance of that 

change. In this regard, an advantage of RECUR is that it highlights specific amino acid 

substitutions that may be adaptive. These substitutions can then be used as a guide for 
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computational investigation into the impact of evolution on protein structure and function. This 

approach to uncover molecular adaptation is being made easier with the continual 

development of bioinformatic tools to study the effects of substitutions on proteins, which 

includes, but is not limited to, protein folding (Abramson, et al. 2024), molecular dynamics 

(Abraham, et al. 2015; Rodrigues, et al. 2018), protein-protein interfaces (Wood, et al. 2020) 

and ligand binding (Vangone, et al. 2018). Although not discussed in this thesis, a specific 

example where this additional information was important for understanding the underlying 

mechanism of adaptation is site 1 in the photosystem II subunit PsbL. This site was identified 

as under positive selection in Chapter 3 and RECUR uncovered significant recurrence at this 

site where a threonine was substituted to a methionine 23 times. Interestingly, this is a RNA 

editing site (Kudla, et al. 1992), and the cytosine to thymine substitution in the DNA (ACG → 

ATG) removes the requirement to edit the RNA to produce an efficiently translated start codon.  

 

Nevertheless, RECUR has its own limitations. A primary limitation of RECUR is that it can be 

affected by gene tree species tree discordance, where the gene tree topology (inferred by 

RECUR) does not perfectly match that of a species tree (Degnan and Rosenberg 2009). This 

discordance can prevent the accurate interpretation of substitution recurrence. Thus, in 

Chapter 3 when analysing recurrence in the photosystem genes we used the species tree 

built from the concatenated sequence alignment from the 69 highly conserved plastid-encoded 

genes as a constraint tree to mitigate the effects of gene tree inference error. Although, we 

attempted a similar approach for the analysis in Chapter 4 by trying to generate a tree from a 

whole SARS-CoV-2 genome alignment, the dataset was too large for successful tree 

construction due to computational limitations.  

 

Overall, I hope RECUR will be a useful and easy to use tool to delve into the evolution of 

protein sequences. It can be employed as a standalone method for detecting recurrent 

evolution or used in conjunction with preexisting positive/purifying selection techniques to help 

pinpoint important substitutions that are likely to have occurred at sites identified as being 

under selection.  

 

5.4 The big prize: engineering a better rubisco 

The main engineering target for crop improvement in the plastid genome is the large subunit 

of rubisco (rbcL). This is because rubisco is responsible for carbon fixation but is a highly 

inefficient catalyst. For example, the maximum turnover rate reported for rubisco is <12 s-1 

(Badger, et al. 1998). Furthermore, it catalyses a competing reaction with O2 resulting in 

downstream carbon release, a process termed photorespiration, impeding plant growth 
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(Bowes, et al. 1971; Chollet 1977; Busch 2020). To overcome these kinetic limitations, plants 

have adapted to produce vast amounts of rubisco (up to 50% of soluble leaf protein (Carmo‐

Silva, et al. 2015)) and have also independently evolved carbon concentrating mechanisms 

to favour carboxylation over oxygenation (Meyer and Griffiths 2013; Schlüter, et al. 2023). But 

the question remains, could we engineer a superior rubisco to improve crop growth? Initially, 

it was thought that strong catalytic trade-offs between turnover rate and specificity were 

constrained the evolution of a rubisco with better kinetics (Tcherkez, et al. 2006; Savir, et al. 

2010). However, recently the strength of these trade-offs has been shown to be inflated by 

phylogenetic signal that was not accounted for in the original analysis (Bouvier, et al. 2021). 

Furthermore, despite being in the slowest evolving 1% of enzymes on Earth, evolutionary 

change is still improving rubisco kinetics (Bouvier, et al. 2024). Thus, engineering a better 

rubisco is a real possibility.  

 

For precision editing, analysing the evolution of the rbcL is essential for identifying viable 

engineering targets. This is because in addition to functional constraints, the RbcL protein is 

subject to strong constraints to enable correct folding given the requirement of interacting with 

numerous chaperones for the proper folding and assembly of the rubisco holoenzyme (Carmo‐

Silva, et al. 2015; Aigner, et al. 2017). An analysis similar to that presented in Chapter 3 for 

the photosystem genes would identify invariant sites which are likely crucial for maintaining 

function and/or proper assembly, and thus would not be considered as sensible engineering 

targets. Furthermore, the application of the RECUR method would build on previous positive 

selection analyses by providing further biological context and likely identify new sites that have 

exhibited hallmarks of adaptive evolution. Importantly, this method would highlight tolerated 

amino acid variants for engineering that would likely not disrupt crucial functions given their 

occurrence in nature. Since the plastid genome is uniparentally inherited, and thus has an 

inability to recombine, artificially combining multiple substitutions hypothesised to be adaptive 

in an interesting avenue for engineering a better rubisco. The methods and techniques 

developed in this thesis could contribute significantly toward achieving this goal.  

 

5.5 Conclusion 

In conclusion, this thesis posits the genes encoded in the plastid genome as exciting 

engineering targets for future crop improvement. These genes are crucial for photosynthesis 

and, by extension, growth. Despite their functional importance, the evolvability of these plastid-

encoded genes have been significantly constrained by factors unrelated to their primary 

functions, included being trapped in the slowly evolving plastid genome in the absence of 

sexual recombination, and thus preventing natural selection from combining adaptive alleles 
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across individuals even within a species. Furthermore, the work in this thesis has revealed 

that the majority of the variation in rate of molecular evolution between plastid-encoded genes 

is explained by compositional features and production requirements rather than functional 

optimization. This provides a strong basis for the argument that plastid-encoded genes are 

not perfectly adapted for their functions, and given their vital importance, makes them 

attractive engineering targets. Nevertheless, subsequent analysis of the slowest-evolving 

plastid-encoded genes uncovered hallmarks of adaptive evolution are widespread, suggesting 

that despite these constraints, adaptive evolution has occurred. Moreover, providing a 

structural context to these adaptive substitutions allowed mechanistic hypothesise to be put 

forward surrounding the benefit that several of these substitutions conferred. The best 

prospect for harnessing the potential of the discoveries made in this thesis will be through 

advances in genome editing technologies as this will allow the results of millions of years of 

experiments by natural selection across the plant kingdom to be harnessed in a single plastid 

genome.  
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Appendix A 

Appendix A contains the supplementary information for Chapter 2. The supplementary 

figures are shown first and links to supplementary tables and files provided after.  

 

 

 

 

Figure A.1. Relationships between the rates of molecular evolution and sequence length for 

69 plastid-encoded genes. Scatter plots of the rate of synonymous substitution (dS) (A), non-

synonymous substitution (dN) (B) and the ratio of non-synonymous to synonymous substitution 

(dN/dS) (C) versus the average gene length given in base pairs (bp). dS has the units of number 

of synonymous changes per synonymous sequence site and dN has the units of the number 

of non-synonymous changes per non-synonymous sequence site.   
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Figure A.2. Exploring the differences in rates of molecular evolution and functional constraint 

between the multiprotein complexes encoded by the plastid. The difference in the rate of 

synonymous substitution (dS), rate of non-synonymous substitution (dN) and functional 

constraint (dN/dS) between the major multiprotein complexes of the information processing 

category (A-C) and energy production category (D-F), respectively. Groups include the large 

ribosomal subunit (50S, n = 7), small ribosomal subunit (30S, n= 10), RNA polymerase (RPO, 

n = 3), photosystem I (PSI, n = 5), photosystem II (PSII, n = 15), cytochrome b6f complex 

(CYTO, n = 6), ATP-synthase (ATP, n = 6) and NAD(P)H dehydrogenase-like complex (NDH, 

n = 10). Statistical significance was assessed using one-way ANOVAs and their associated P-

values are displayed. Where appropriate, asterisks indicate the P-value significance levels of 

post-hoc Tukey tests.   
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Figure A.3. The relationship between the distance of an operon to the closest inverted 

repeat border and the rate of molecular evolution and strength of purifying selection of its 

encoded genes for six species from across the tree analysed in this study. These species 

included three monocots and three eudicots, all from different orders. The rate of 

synonymous substitution, non-synonymous substitution and strength of purifying selection of 

an operon is calculated from the average rate of molecular evolution of its encoded genes 

that were included in this analysis. Scatter plots showing the average distance of each 

operon to the closest inverted repeat border measured in nucleotides (nt) versus the rate of 

synonymous substitution (left), non-synonymous substitution (middle) and ratio of non-

synonymous substitution to synonymous substitution (right) for Acorus americanus (A), 

Fritillaria thunbergia (B), Oryza punctata (C), Brassica nigra (D), Hydrangea serrata (E) and 

Artemisia gmelinii (F). Linear models are shown in blue with their associated R2 and P-

values. 

  



  117 

 

 

Figure A.4. The relationship between the GC content of the first and second codon positions 

(GC1,2) versus the GC content of the third codon position (GC3) for 69 plastid-encoded 

protein coding genes.  
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Figure A.5. Extent of gene optimisation for transcript biosynthetic cost and translational 

efficiency for 69 plastid-encoded genes. For each gene, CodonMuse was used to calculate 

percent optimisation values for transcript biosynthetic cost (A), translational efficiency (B) and 

the trade-off between these two evolutionary forces (C) for 773 species which are represented 

as boxplots. Genes are arranged with decreasing median values from left to right.  
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Figure A.6. The relationship between the extent of optimisation of transcript cost and 

translational efficiency with the rate of molecular evolution. Optimisation values were 

calculated using CodonMuSe and are given as a percentage, where 100% is the most 

optimised nucleotide sequence for a given protein sequence. The translational efficiency 

optimisation score is based on the tRNA adaptation index (tAI) and the cost optimisation 

scores are based on codon nitrogen cost. Relationships between the median of gene 

optimisation for translational efficiency, transcript cost and the trade-off with the rate of 

synonymous substitution (A-C), the rate of non-synonymous substitution (D-F) and the 

strength of selection pressure (G-I), respectively. 
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Figure A.7. Variable selection for the best-fitting linear model explaining the maximum 

variation in the rate of synonymous substitution. A) Table showing the subset of variables used 

for the different models tested (indexed 1-8). Variables include average gene distance to the 

inverted repeat, Distance; the natural logarithm of transcript abundance, ln(mRNA 

abundance); GC content of the wobble position, GC3, mean percent optimisation for 

translational efficiency, % tAI optimised; mean percent optimisation for transcript cost, % cost 

optimised; mean trade-off for optimisation of both translational efficiency and transcript cost, 

% both optimised and protein tolerance to substitution, substitution tolerance. B) Various 

objective criteria values for the models described in A. R-Square, R-squared of the model; Adj. 

R-Square, R-squared after adjusting for the number of parameters; C(p), Mallow’s Cp; AIC, 

Akaike information criterion; SBIC, Sawa’s Bayesian information criteria; SBC, Schwarz 

Bayesian information criteria. 
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Figure A.8. Variable selection for the best-fitting linear model explaining the maximum 

variation in the rate of non-synonymous substitution. A) Table containing the subset of 

predictors for each model tested. B) Various object criterion values for the models described 

in A.   
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Figure A.9. Variable selection for the best-fitting linear model explaining the maximum 

variation in the ratio of the rate of non-synonymous substitution to the rate of synonymous 

substitution. A) Table containing the subset of predictors for each model tested. B) Various 

object criterion values for the models described in A.   
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Tables A.1 
Link: https://doi.org/10.1093/gbe/evad101 

 

Table A.2 
Link: https://doi.org/10.1093/gbe/evad101 

 

Supplemental File A.1 
Link: https://doi.org/10.1093/gbe/evad101 

 

Supplemental File A.2 
Link: https://doi.org/10.1093/gbe/evad101 

 

Supplemental File A.3 
Link: https://doi.org/10.1093/gbe/evad101 
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Appendix B 

Appendix B contains the supplementary information for Chapter 3. The supplementary 

figures are shown first and links to supplementary tables and files provided after.  

 

 
 

Figure B.1. Venn diagrams showing the overlap between sites with recurrent substitutions 

(orange) and positive selection (red) (A), and purifying selection (B). P-values shown are the 

results of hypergeometric tests. 
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Figure B.2. Relationships between the number of inferred non-synonymous substitutions 

and protein length. A) Scatter plot of the non-synonymous substitution count per protein with 

the length of the protein given in residues. A linear regression line is shown in blue with the 

associated R2 and P values given. B) Scatter plot of the non-synonymous substitutions per 

residue versus protein length.  
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Figure B.3. Plot showing the change in inter-subunit interaction energy resulting from 

adaptive substitutions at a PsbA (D1) interface (PsbA: L36V, E231Q, E235A, E243G; PsbT 

K28T). P-value indicates the result of a two-sided one-sample t-test. 
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Figure B.4. Protein structures showing the cofactor interacting residues in the plastid-

encoded photosystem proteins. A) Analysis of the 5L8R structure of photosystem I. 

Cofactors associated with PsaA, PsaB, PsaC, PsaI or PsaJ are shown in green. The 832 

residues in these proteins that have an atom within 4Å of a cofactor atom are shown in grey. 

B) Analysis of the 7OUI structure of photosystem II. Cofactors associated with PsbA, PsbB, 

PsbC, PsbD, PsbE, PsbF, PsbH, PsbI, PsbK, PsbL, PsbM, PsbT or PsbZ are shown in 

green or as orange spheres for small molecules and atoms. The 719 residues in these 

proteins that have an atom within 4 Å of a cofactor atom are shown in grey. 
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Figure B.5. Protein structures showing the inter-subunit interface residues in the plastid-

encoded photosystem proteins. Only proteins analysed in this study are shown. Residues 

identified at inter-subunit interfaces shown as sticks. A) Analysis of the 5L8R structure of 

photosystem I. Red, PsaA; blue, PsaB; green, PsaC; pink, PsaI and teal, PsaJ. B) Analysis 

of the 7OUI structure of photosystem II. Red, PsbA; light blue, PsbB; salmon, PsbC; blue, 

PsbD; pale green, PsbE; dark green, PsbF; purple, PsbH; teal, PsbI; dark blue, PsbK; green, 

PsbL; orange, PsbM; pale yellow, PsbT and pink, PsbZ.   
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Tables B.1 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Tables B.2 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Tables B.3 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Tables B.4 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Tables B.5 

Link: https://doi.org/10.5281/zenodo.13889880 
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Appendix C 

 

Supplementary File C.1 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Supplementary File C.2 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Supplementary File C.3 

Link: https://doi.org/10.5281/zenodo.13889880 

 

Supplementary File C.4 
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