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Abstract

Marine environments are responsible for 50% of the net primary fixation of carbon globally.
Predominantly, the Calvin Benson Basham cycle fixes carbon with the initial enzyme being
Rubisco. Rubisco has been shown to be a significant bottleneck in photosynthesis, due to a
slow catalytic rate and promiscuity of the enzyme. Previous Rubisco studies have largely
focused on land plants, and little is known about the diversity and abundance of Rubisco
within marine environments. Through analysing publicly available metagenomes and
metatranscriptomes from the Earth’s seas and oceans; we have begun to paint a picture of
the global abundance and variation of Rubisco alongside adjoining photosynthetic
apparatus. Additionally phylogenetic and sequence analysis alongside machine learning
models was used to highlight regions of the Rubisco gene under selective pressure, linking
selection to metagenome environment. Finally, the big leaf photosynthesis model was
applied to simulate heterogenous expression of aquatic Rubisco in wheat over an entire
growing season. Transcriptomic analysis showed a significant correlation with temperature
across the earth’s oceans. On top of this, sequence analysis of Rubisco structures provides
evidence for adaption of the large and small subunit to differing environmental
temperatures, additionally demonstrating residues that diverge in warm(>20°C) and cold
(<10°C) ecological systems. In particular the BE-BF loop of the form ID Rubisco small subunit
was highlighted as a region under widespread positive selection across phylogenetic lineages
in marine environments. Finally, photosynthesis modelling efforts showed that Rubisco from
form ID Rubisco, particularly G. monillis could simultaneously improve carbon fixation and
improve water usage in wheat. Overall, this study provides an invaluable insight into the
regulation and evolution of Rubisco in the Earth’s ocean, generating an impetus for further
investigation. Additionally modelling efforts demonstrate the potential benefits of
expressing aquatic Rubisco in economically important crop species to improve future food

security.
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Introduction

1.1 Rubisco Biogenesis and Function

1.1.1 Role of Rubisco in photosynthesis

Rubisco the primary enzyme in the Calvin Benson Basham (CBB) cycle. It is responsible for
carboxylating Ribulose 1,5-bisphosphate (RuBP) to form two molecules of 3-
phosphoglycerate (3PGA) (Andersson, 2008). This is a multistep reaction involving the
enolization, carboxylation and cleavage of RuBP with multiple state barriers (Figure 1.1). The
resulting 3PGA then proceeds through the CBB cycle, where it can be converted into more

complex sugars or starch (Figure 1.1) (Andersson, 2008).

Rubisco has been a common focus in photosynthesis research for many decades as it is
considered to be a catalytically inefficient enzyme in need of optimisation (Whitney et al.,
2011). This is due to its slow turnover rate and its promiscuity, frequently binding O, which
results in the formation of 2-phosphoglycolate (2PGO) (Keys, 1986); a compound which is
toxic to photosynthetic organisms through the inhibition of multiple other CBB enzymes
(FlGgel et al., 2017). As a result, 2PGO must be processed through an energetically costly
process called photorespiration to recycle 2PGO back to the usable RuBP for future

carboxylation (Cavanagh et al., 2022).
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Figure 1.1 — The stepwise process for the enolization, carboxylation and hydrolysis and
cleavage of RuBP by the Rubisco enzyme. A representation of the required activation energy

is shown below.

1.1.2 Form lll Rubisco — The Evolution of Rubisco with Carboxylation Capacity

Carboxylation capacity is thought to have evolved from an ancestral Rubisco-like-protein
(RLP). These RLPs have structural commonalities with modern day Rubisco and share
similarities in their preferred substrate, both binding 5-carbon sugars with a phosphorylated
first carbon (Erb and Zarzycki, 2018). However, RLPs cannot carboxylate RuBP and are
generally associated with methione salvaging pathways (Erb and Zarzycki, 2018). The first
Rubisco form that have evolved carboxylation capacity is defined as form Ill Rubisco. Form

Il Rubisco is predominantly found in Archaea and forms an L, or (L2)sn holoenzyme structure



(Tabita et al., 2008b) Unlike other forms of Rubisco, form Il in Archaea are not involved in
the CBB cycle and utilise RuBP derived from the metabolism of nucleotides(Ashida et al.,
2005), (Sato et al., 2007). However, (Frolov et al., 2019) demonstrated the
chemolithoautotrophic bacteria, Thermodesulfobium acidiphilum, possesses a form Il

Rubisco structure involved in the CBB cycle.

Form Ill Rubisco is thought to have evolved 3.5 billion years ago which has significance, as at
this time the earth was encompassed in a CO; rich atmosphere where O, concentrations
were minimal. Thus, the ability to discriminate between CO; and O; was not a necessity for

this ancestral form of Rubisco (Tabita et al., 2008a).
1.1.3 Form Il Rubisco- The dimerization of the monomeric form

Form Il Rubisco is found in proteobacteria and dinoflagellates and is characterised as the
first extant, ancestral Rubisco form to solely perform a role in the CBB cycle. In form |l
Rubisco, single subunits dimerize in a (L2)1-3n configuration to form the holoenzyme structure
with Rubisco sequences grouping phylogenetically based on multiples of dimers in the
holoenzyme structure (Liu et al., 2022). Previous studies on the kinetic properties of form Il
Rubisco have shown that enzymatic turnover rates vary to a far higher degree than that of
plants (Davidi et al., 2020). Certain form |l species possess catalytic rates ~4 fold faster than
the fastest plant Rubiscos. However, these form Il Rubisco structures also are extremely
poor at discriminating between CO; and O,. Often proteobacterial species possessing form I
Rubisco are associated with chemolithoautotrophic bacteria capable of deriving energy from
sulphur oxidation to fuel Rubisco and the CBB cycle (Hanson and Tabita, 2001). In the
Earth’s oceans expression of sulphur oxidation genes, expression of form Il Rubisco genes
and depth in the water column, providing anoxic conditions have all been positively
correlated (Baltar et al., 2023). This suggests that organisms possessing form Il Rubisco

favour environments where there is not a requirement for a high specificity of Rubisco.
1.1.4 Form | Rubisco- The incorporation of small subunits

Form | Rubisco is the most abundant protein on the planet (Raven, 2013) and differ from the
ancestral form Il structures due to the incorporation of small subunits (SSUs) into the

holoenzyme. Although the small subunit does not interact directly with the active site of



Rubisco its considered necessary for proper catalytic function and structure (Mao et al.,

2023) and plays a role in overall Rubisco regulation (Wietrzynski et al., 2021).

Across all lineages form | Rubisco is characterised the by the LgSs holoenzyme structure with
the exception of a small clade of bacteria, possessing Rubisco large subunits, structured as
an octamer, but lacking small subunits. This is considered to be the evolutionary linker
between form Il and | Rubisco sequences (Banda et al., 2020). Increasing Oz concentrations
in the atmosphere necessitated increased specificity of Rubisco for intended function, this
appears to be the main evolutionary driver behind the incorporation of small subunits. Small
subunits of Rubisco are believed to consolidate the active site of Rubisco increasing
specificity (Mao et al., 2023). Evidence for this is theory is derived from the poor specificity
of form Il Rubisco species (Davidi et al., 2020)as well as the form | Rubisco structure, lacking

SSUs outlined above (Banda et al., 2020).

The mechanism of increased specificity by the incorporation of SSUs has shown to be
further exploited by plants. Many plants possess multiple isoforms of the small subunits
with subtle structural differences. Under differing environmental conditions plants will
differentially express the small subunit isoforms to optimise Rubisco kinetics to the
environment by modifying kinetic rate and specificity (Cavanagh et al., 2023). Green algae
also possess multiple isoforms of the small subunit, however this differential expression has

yet to be demonstrated (Atkinson et al., 2017).

Form | Rubisco can be divided into two groups ‘green and ‘red’ Rubisco which represent an
evolutionary divergence from a proteobacterial common ancestor (Tabita et al., 2008b)
These groups can be further divided into sub-forms based on phylogenetic grouping. From
the ‘green’ lineage there is form IA (derived from a-cyanobacteria possessing a-
carboxysomes and proteobacteria (Cabello-Yeves et al., 2022) and Form IB (derived from -
cyanobacteria possessing B-carboxysomes, green algae and plants (Whitehead et al., 2014)
In the red lineage there is form IC derived from proteobacteria and form ID derived from red

algae (Bracher et al., 2017).
1.1.5 Rubisco structure- The highly conserved large subunit

Across forms | and Il of Rubisco the structure of the large subunit (LSU) is highly conserved.

In short the LSU subunit consists of two subdomains; the N-terminal domain and the C-



terminal domain. The N-terminal domain consists of four B-sheets, interspersed with
occasional helices. Whereas the larger C-terminal domain forms a barrel like structure
consisting of 8 B/a parallel units (Andersson and Backlund, 2008). The conserved active site
residues are located with four residues on the N-terminal domain and 6 on the C-terminal
domain (Whitney et al., 2011). Visually the forms do not differ in their LSU structure, with
the exception off an extended BB-BC loop in the N-terminal domain of form IC (Oh et al.,

2023) and some form Il organisms.
1.1.6 The Rubisco Small Subunit

Unlike the LSU there is greater variation in the structure and sequence space of the small
subunit in form | organisms with only ~30% percentage identity across species (Bracher et
al., 2017). The small subunit consists of two a-helices and four anti-parallel -sheets (Knight
et al., 1990). The small subunits cap each end of L, dimer in the holoenzyme interacting with
the B/a parallel units on the C-terminal of each of the LSUs as well as loosely interacting
with the two other adjacent SSUs (Knight et al., 1990). The interactions of the SSUs at the
poles of the Rubisco bring the SSUs into close contact with the central pore of the Rubisco
enzyme. How the SSUs interact with this central pore presents as a significant structural

difference between green and red type Rubisco enzymes.

Firstly green type SSUs are characterised by a significantly extended BA—BB loop relative to
that of red type SSUs (Figure 1.2). In green type organisms this can be up to 31 residues long
(Goudet et al., 2020) whereas in red type SSUs this structure is generally 10 amino acids
long (Joshi et al., 2015). This BA—BB loop in green type organisms lines the central pore of
the enzyme in green type Rubisco. Alternatively in red type Rubisco the SSU’s have a C-
terminal hairpin loop formed between two beta sheets (BE—BF) (Figure 1.2). This structure is
completely absent in green type rubisco (Oh et al., 2023). Like the extended BA—BB loop in
green type Rubisco this C-terminal hairpin interacts with the central pore of the enzyme.
However in red type rubisco this extension extends down into the solvent channel and

forms a B-barrel structure with adjacent small subunits (Joshi et al., 2015).

Both the role of the extended BA—BB in green type Rubisco and the C-terminal hairpin loop
in red type Rubisco are thought to play a role in the aperture diameter of the solvent

channel with aperture diameter being a contributing factor to Rubisco specificity (Esquivel



et al., 2013, Poudel et al., 2020). The more invasive interaction between the red type SSU
and solvent channel may explain the higher specificity ratios which are commonly found in

that of red type Rubiscos, (Spreitzer et al., 2005, Oh et al., 2023).

BA—-BB loop :

BE—BF loop

S

Figure 1.2- A The crystal structure of the Rubisco small subunit derived from the form IB
Chalmydomonas reinhardtii (RCSB: 1GK8) (Taylor et al., 2001). Highlighted is the extended
BA—BB loop. B The crystal structure of the Rubisco small subunit derived from the form ID

Thalassiosira antarctica (RCSB:5MZ2) (Valegard et al., 2018). Highlighted is the smaller BA—



BB loop and the BE—BF of the carboxy terminus which is not present in form IA and IB

organisms.

1.1.7 Rubisco biogenesis

Another striking difference between the Rubisco forms are the accessory proteins that are
necessary for the biogenesis and function of the Rubisco enzyme. The simplest form of
Rubisco associated with the CBB cycle, form Il, also has the most generalised requirements
for its biogenesis; simply requiring the generic GroEL/ GroES bacterial chaperones for its
assembly (Figure 1.3). The GroEL/GroES complex forms a cage like structure around the
form Il LSU to stabilise folding and prevent aggregation, upon release LSUs will rapidly

dimerise (Brinker et al., 2001).

The evolution of SSUs necessitated a more complex assembly framework. This is epitomised
by the assembly of form IB Rubisco in plants and green algae. The biogenesis of Rubisco
within these organisms is the most complex (Figure 1.3). Firstly Rubisco aggregation is
prevented through the transient binding of a number of chloroplastic chaperonins which are
homologous to the GroES/ GroEL bacterial chaperones. These include Cpn60a and Cpn60RB
(Vitlin Gruber et al., 2013) which are homologous to GroES (Bracher et al., 2017), the Cpn10
chaperone which is homologous to GroEL as well as the additional Cpn20 (Tsai et al., 2012,
Bracher et al., 2017) (Figure 1.3). Once subunits are folded by the chaperones, assembly
factors transiently bind in succession to assemble the quaternary Rubisco complex. These
assembly factors include Rafl (Hauser et al., 2015), RbcX (Kolesinski et al., 2013), Raf2
(Salesse-Smith et al., 2018) and Bds2 (Figure 1.3) (Fracheboud et al., 2004). For form IA
Rubisco in cyanobacteria and proteobacteria they have their own assembly factor, acRaf, a

small, disordered protein homologous to Raf2 (Wheatley et al., 2014).

There are no known assembly factors in the red type Rubisco, form IC and ID. Within form IC
organisms RbcS has been shown to mediate the assembly of the holoenzyme structure
(Joshi et al., 2015). The action of the extended C-terminal hairpin loop on RbcS allows

heterologous expression in Tobacco without the input of additional chaperones (Gunn et al.,



2020). Form ID Rubisco cannot assemble heterologously, suggesting the presence of

currently unknown assembly factors (Oh et al., 2023).

1.1.8 Enzyme-carbon-magnesium?* complex and inhibition

Rubisco requires the formation of the enzyme-carbon-magnesium?* (ECM) complex for
activation of enzyme activity. This involves the carbamylation of the ubiquitously conserved
Lys201 residue which is subsequently stabilised by binding of the Mg?* cation. Once
stabilised RuBP will bind tightly to the enzyme where it can be carboxylated or oxidised
(Tommasi, 2021). In the event of RuBP binding prior ECM complex formation, RuBP
becomes ‘caught in the Rubisco mousetrap’ (Andrews, 1996) being unable to progress in the
reaction. Additionally, Rubisco is capable of binding other 5-carbon sugar phosphates,
namely 2-Carboxy-D-arabitinol 1-phosphate (CA1P), Xylulose 1,5-bisphosphate (XuBP) and
D-Glycero-2,3-pentodiulose 1,5-bisphosphate (PDBP) with XuBP being the stereoisomer of
RuBP. These sugars also have an inhibitory effect on the enzyme, strongly binding and

preventing further catalysis (Orr et al., 2022).

The action of CA1P aids regulation of diurnal patterns being synthesised under low light
conditions (Andralojc et al., 2012) inhibiting nighttime Rubisco action. This process of
inhibition has been shown to be essential for plant growth by stabilising and maintaining
high levels of Rubisco within the plant (Lobo et al., 2019). Under daylight conditions, redox
regulation of carboxy-d-arabinitol-1-phosphate phosphatase (CA1Pase) promotes the
dephosphorylation CA1P to CA (carboxy-d-arabinitol); preventing further binding with

Rubisco.

Alternatively, XuBP and PDBP formation are not linked to diurnal cycles and are a result of
Rubisco misfiring in the carboxylation (Pearce, 2006) and oxygenation of RuBP (Harpel et al.,
1995) respectively. These inhibitory complexes have to be released from the Rubisco active

site by the action of Rubisco activase (Rca) to prevent accumulation of inhibited Rubisco.



1.1.9 Rubisco activase

Rubisco activases are ubiquitous across all Rubisco species associated with CBB cycle;
evolving at least three times through convergent evolution and being transferred across
lineages by lateral gene transfer (Mueller-Cajar, 2017). The three forms can be categorised
as ‘green type’ associated with plants, green algae and cyanobacteria possessing form IB
Rubisco (Salvucci et al., 1985), ‘red type’; associated with red algae, proteobacteria
possessing form IC Rubisco (Loganathan et al., 2016a) (Figure 1.3) and cyanobacteria
possessing form IA Rubisco and finally ‘CbbQO type’; associated with proteobacteria

possessing form IA Rubisco and form Il Rubisco species (Tsai et al., 2015b).

Despite evolving convergently there are commonalities in their mechanistic reactivation of

inhibited Rubisco and structure.

The consensus structure of the three Rca forms is a hexameric ring with a central pore
which is established across the wider AAA+ ATPase superfamily (Stotz et al., 2011, Mueller-
Cajar et al.,, 2011, Tsai et al., 2015b). The axial pore of the hexameric ring is thought to
interact with sites on the Rubisco large subunit where it brings about a conformational
change of holoenzyme structure by threading the large subunit through the central pore
and releasing the inhibitor. Where and how Rca binds differs from form to form and has
been demonstrated to be highly species specific in ‘green type’ Rcas preventing
heterologous activity (Wachter et al., 2013). The mechanism of action in red type and
CbbQO type is established acting on the C-terminus of the RbcL units (Mueller-Cajar et al.,
2011, Tsai et al., 2022b). CbbQO type has the addition of a linker protein (CbbO) with VWA
structure which adjoins the C-terminal of Rubisco to the active sight of the CbbQ complex
(Tsai et al., 2020). The activity of red and CBBQO type of Rubisco activase appears to be
significantly enhanced by Rubisco in its inactive conformation (Tsai et al., 2015a, Mueller-
Cajar et al.,, 2011). This trait of increase activation of Rubisco activase by inhibited Rubisco is

not observed in green type organsisms.

Notably the pore aperture of the hexameric green type Rubisco is larger than other Rca
forms. Therefore it is thought that a more significant structural domain of the RbcL N-
terminus is implicated in remodelling by activase (Scales et al., 2014) however the exact

mechanism remains unknown. Both the red type and green type Rubisco activases share a



heterooligomeric structure of the holoenzyme complex. In red type this involves a plastid
encoded and c-terminal extended, nuclear encoded isoform with 1:1 stoichiometry in the
hexameric holoenzyme (Loganathan et al., 2016b). Plants have been shown to possess
multiple isoforms of Rubisco activase which can be differentially expressed to modulate rate
of activity and thermostability of the enzyme (Degen et al., 2021). This presents an
engineering opportunity for photosynthetic organisms as Rubisco activase thermostability
has been demonstrated to be highly variable, often being the limitation in photosynthesis at

higher temperatures (Degen et al., 2021), (Loganathan et al., 2016b).
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1.1.10 Positive selection of Rubisco within Form | genes

The evolution of Rubisco is clear to see between Rubisco forms with the increasing
complexity of biogenesis and subtle differences in Rubisco subunit structure. However,
within Rubisco forms the genes are highly conserved across phylogenies (Kapralov and
Filatov, 2007). Despite this conservation there are a number of residues within the rbcL
gene which are positively selected for (Kapralov and Filatov, 2007). This positive selection
has been demonstrated as a mechanism of adaption, either to the environment (Hermida-
Carrera et al., 2017) or to changes in internal CO,, often through the incorporation of carbon
concentrating mechanisms (CCMs). In form ID Haptophyta this positive selection is observed
with decreasing atmospheric CO; concentrations and the secondary endosymbiosis event
into Chromista (Young et al., 2012). In terrestrial plants positive selection of Rubisco can be
observed within convergent lineages where C4 anatomy has evolved (Kapralov et al., 2012),
(Parto and Lartillot, 2018) and within oak, residues under positive selection are consistent
with certain climatic characteristics such as aridity or temperature (Hermida-Carrera et al.,
2017). Thus it is clear that Rubisco has the capacity to evolve to changes in its environment.
It is thought that these subtle changes in the Rubisco sequence space can bring about
changes in the Rubisco kinetics better suited to the internal CO; environment (Kapralov et

al., 2011) or climatic conditions (Hermida-Carrera et al., 2017).

Interestingly positive selection within the rbcS gene appears to be minimal with weakened
signals relative to the rbcl positive selection (Kapralov et al., 2011). Additionally there has
been no evidence to indicate residues under positive selection in algae or cyanobacteria
(Kapralov and Filatov, 2007, Goudet et al., 2020). This may be a result of the increased
diversity in Rubisco of marine environments and the rbcl gene relative to the highly
conserved rbcL of land plants. Historically positive selection on the Rubisco gene has been
measured through the application of codon-based substitution models where the ratio of
synonymous to non-synonymous is measured across all codons of a gene for all sample
species, irrespective of phylogeny (Yang et al., 2005). However this methodology used
across previous Rubisco positive selection studies has inherent biases as positive selection is
more detectable across more highly conserved, smaller alignments (Murrell et al., 2012).

More recent codon models that have not been exploited in Rubisco research have increased
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flexibility, allowing detection of positive selection that occurs episodically or pervasively

across phylogenies (Murrell et al., 2012).

1.2 Rubisco in the marine environments

1.2.1 The importance of Rubisco within marine systems

The CBB cycle is the dominant form of carbon fixation in the marine environment (Li et al.,
2020). It is thought that 50% of carbon annually is fixed through ‘blue carbon cycles’ and

therefore represents a significant proportion of carbon fixed globally (Sabine et al., 2004).

This conversion of inorganic carbon to usable organic carbon by the CBB cycle is essential for
two reasons. Firstly this cycle acts as the basis of food webs in marine systems with marine
autotrophs representing a rich carbon source for heterotrophic organisms (Fry and
Wainright, 1991). Secondly marine systems act as efficient sequesters of anthropogenic
carbon, fixing 30% of carbon annually derived from human sources. Coastal seagrass
meadows, mangroves and kelp forests are highly productive ecosystems buffering
atmospheric carbon levels (Serrano et al., 2021). Additionally much of the carbon fixed in
oceanic systems falls as particulate matter to deep sea sediments where it is locked away

from atmospheric exchange (Krause-Jensen and Duarte, 2016).
1.2.2 Carbon-capture mechanisms in marine systems

Micronutrient availability can be highly limiting in oceanic systems with iron, zinc and
magnesium varying at picomolar scale concentrations (Reinfelder, 2011). Opposingly
dissolved inorganic carbon (DIC) is rarely limiting in the environment for marine (Raven and
Johnston, 1991). This readily available DIC, coupled with the slow diffusive rates of gaseous
CO;in water necessitates the evolution of a carbon capture mechanism in marine

autotrophs to supply Rubisco with ample CO, concentrations.

There is a wide diversity of CCMs observed in marine systems but they can be divided into
two discrete categories, biophysical CCMs and biochemical CCMs with the latter being
comparable to C4 photosynthesis but lacking the canonical Kranz anatomy found in C4 land

plants (Clement et al., 2016).
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Biophysical CCMs actively import HCO3™ from the external agueous environment to Rubisco
via the cytosol through HCOs™ transporters. Carbonic anhydrases (CAs) then convert HCO3™ to
CO; in the presence of Rubisco to provide a carbon concentrate environment for carbon
fixation. There is a large diversity of carbonate and bicarbonate transporter as well as CAs
across marine organisms with different localisation patterns and affinities. This diversity is
captured in a study by who demonstrated a wide away of CAs and solute carriers found

across diatom lineages, many being the product of lateral gene transfer (Shen et al., 2017).

1.2.3 The application of Metagenomics in understanding marine systems

Marine environments are intrinsically complex systems that encompass vast 3-dimensional
spaces. Efforts in recent years have been made to understand these interactions on a global
scale through combining metagenomic and metatranscriptomic information with their
corresponding ecological and biochemical context (Sunagawa et al., 2020). Tara Oceans
have been at the forefront to this global research, conducting world-wide sampling
campaigns (Pesant et al., 2015), but adjacently the uptake of smaller scale studies has

expanded our knowledge of marine systems (Cao et al., 2020, Tseng and Tang, 2014).

In the context of Rubisco metagenomics of the ocean has also brought about interesting
insights. Chemoautotrophic pathways coupling Rubisco carboxylation through the CBB cycle
is the predominant form of carbon fixation in the deep ocean where conditions are anoxic
and deplete of light (Acinas et al., 2021, Baltar et al., 2023). This process has ecological
importance as carbon fixation at depths plays a role in the wider nutrient cycle, recycling
sinking particulate matter into organic forms (Baltar et al., 2023). Additionally, (Pierella
Karlusich et al., 2021) demonstrated the widespread prevalence of biophysical CCMs in the

earth’s oceans through metagenomic and metatranscriptomic analysis.

Rubisco sequences from marine metagenomes have also been exploited for their kinetic
diversity (Pins et al., 2023). This study highlights the high variation of Rubisco kinetics in
marine autotrophs relative to terrestrial plants and in addition shows Rubisco possessing

carboxysomes have higher carboxylation rates on average (Pins et al., 2023).
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One poorly understood aspect of Rubisco research is within the regulation of the genes in
response to environmental stimuli. Within land plants light and temperature have been
shown to be significant drivers of regulation (Zhang et al., 2002), (Ohba et al., 2000),
(Cavanagh et al., 2023), (Devos et al., 1998), (Peng et al., 2021). However, little is known
about the regulation of Rubisco genes within marine systems. Metagenomics and

transcriptomics may help elucidate this fact.
1.2.4 Pyrenoids and Carboxysomes

Through convergent evolution, red algae, green algae, and cyano/proteobacteria have all
developed means of concentrating Rubisco into a partially permeable microcompartment
(Zhan et al., 2018, Kikutani et al., 2016, Ni et al., 2022). The significance of this
microcompartment is that is allows for effective concentration of CO; around Rubisco,

increasing efficiency of carboxylation.

Despite being found in disparate lineages there are commonalities in the architecture and
composition of these Rubisco microcompartments. Firstly pyrenoids and carboxysomes are
not homologous entities, consisting of complex matrices of interacting proteins. CA has
been shown to be an intrinsic component of both pyrenoids and carboxysomes allowing for
the conversion of carbonates to CO;in the presence of Rubisco (Adler et al., 2022, Kikutani
et al., 2016, Ni et al., 2022). Secondly Rubisco activases are commonly found across
pyrenoids to prevent the inhibition of Rubisco (McKay et al., 1991, Matsuda and Kroth,
2014) however it has been demonstrated that within form IA carboxysomes this is not the
case (Chen et al., 2022). The form IA Rubisco activase (CbbQO complex) has been shown to
be a particularly slow activase but adjacently, form |IA Rubisco from Acidithiobacillus
ferrooxidans is rarely self-inhibited, thus the activase is not an essential requirement (Tsai et
al., 2022a). Differences in structure can also be observed between pyrenoids and
carboxysomes. Carboxysomes have an external polyhedral shell which encapsulates
Rubisco, this consists of a lattice of small shell proteins (Csos1 and Csos4) which act as semi
permeable barrier (Sun et al., 2022). Rubisco is tied internally to this shell through the
intrinsically disordered Csos2 shell linker protein which binds to the N and C terminal

domains of Rubisco (Ni et al., 2023).
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Opposingly pyrenoids do not form this shell complex observed in form IA carboxysomes. The
pyrenoid more simply consists of a densely packed Rubisco matrix which is linked by small
disordered proteins (Epycl in green algae (Mackinder et al., 2016) and Pyco1l in red algae
(Oh et al., 2023)). These disordered proteins link Rubiscos via binding of the small subunits
(Mackinder et al., 2016)(Oh et al., 2023). Within pyrenoids it is the chloroplastic thylakoid
membrane that interlace with the pyrenoid structure where the CA is contained (Caspari et
al., 2017), (Jenks and Gibbs, 2000). Despite the widespread prevalence of pyrenoid
structures in both red and green algae (Goudet et al., 2020), (Oh et al., 2023) there is poor
characterisation of the molecular diversity with proteomics being inferred from single
species (Chlamydomonas reinhardtii for green algae (Mackinder et al., 2016) and

Phaeodactylum tricornutum for red (Oh et al., 2023)).

1.2.5 Differences between Rubisco environment in terrestrial and marine organisms

The in vivo rate of Rubisco is 0.03 pmol CO2stin land plants and 20-fold higher in marine
organisms at 0.6 umol CO; st (Bar-On and Milo, 2019). This represents measurements 100-
fold lower than in vitro measurements at 25°C for land plants but only 7-fold lower for that
of marine species (Bar-On and Milo, 2019). This significant discrepancy between in vivo

marine and terrestrial rates highlights a number of interesting points.

Firstly, temperatures within the marine environment do not experience diurnal fluctuations
that are observed on land with the latent heat capacity of water buffering fluctuations.
Secondly due to the mixing effect of marine systems there is less spatial segregation of
nutrients within the marine system. Finally, CCMs within the marine system are common

place providing elevated CO; levels to Rubisco.

Rubisco represents a small fraction of total protein in marine phytoplankton with
concentrations ranging from <2.5% (Losh et al., 2013) to 20% in some cyanobacteria (Zorz et
al., 2015). Bar-On and Milo (2019) estimate the average percentage to be 3% of total
protein in marine phytoplankton. This is a stark contrast to plants where Rubisco can make
up to 50% of total soluble protein (Feller et al., 2008) with average concentrations
estimated to be at 15% of total proteins in terrestrial plants (Bar-On and Milo, 2019). This

discrepancy in Rubisco concentrations between marine and terrestrial systems highlights
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the effectiveness of CCMs in marine environments. This coupled with the fact that TIC is
rarely limiting in marine systems due to equilibration with the atmosphere (DeVries, 2022)
means that Rubisco can be supplied with a constant supply of near saturating levels of CO;

allowing for reduced concentrations in marine systems.

1.2.6 Kinetic trade-off of Rubisco in marine organisms

There is a historical theory in Rubisco research that the kinetic parameters of specificity and
rate of reaction are highly constrained in a linear trade-off (Flamholz et al., 2019) (Figure
1.4). This theory is particularly true for terrestrial plants however when we consider other
forms of Rubisco, there is more flexibility in this linear relationship than once considered
(Flamholz et al., 2019). Additionally, (Bouvier et al., 2021) proposes a strong phylogenetic
bias in Rubisco studies which may amplify the appearance of ‘kinetic constraints’ because of

a lack in sequence diversity.

Despite this it is clear there is greater diversity in Rubisco kinetics of marine organisms
relative to terrestrial plants. The fastest rate in form | Rubisco was discovered within
members of the Synnechoccus family, although specificity does not diverge from the kinetic
trade-off. Interestingly form ID Rubisco appears to break the kinetic trade-off with
specificity reported to be far higher than would be expected based on the rate of Rubisco
(Figure 1.4). This offers a significant engineering opportunity for photosynthesis with (Zhu et

al., 2004) proposing the possibility of increasing Carbon assimilation by 30%.
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Figure 1.4- The kinetic trade-off between specificity and the logio transformation of kcatc s
for form IA, IB and ID Rubisco. The linear regression represents the 95% confidence

intervals.

1.2.7 Opportunities for improving photosynthesis with algal and cyanobacterial

architecture

Optimising food production alongside a changing climate poses a significant engineering
challenge. As highlighted by Rubisco there is often greater diversity observed in algae and
cyanobacteria across all components of photosynthesis, relative to land plants. This
presents engineering opportunities to optimise photosynthesis in economically important

crop species.

A way to predict the effects of photosynthetic engineering efforts is through modelling. A

number of studies have used modelling to predict the effects of engineering algal or
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cyanobacterial photosynthetic architecture into plants. This has included efforts to include a
full cyanobacterial CCM (Price et al., 2013) and improvements to the range of
photosynthetic wavelengths (Chen and Blankenship, 2011). However most strikingly Zhu et
al. (2004) modelling efforts demonstrated the effects of the heterogenous expression of the
red type Rubisco from Griffthisia monillis in crop plants theoretically resulting in a net gain

of 30% in carbon assimilation relative for certain crop species (Zhu et al., 2004).

However despite this significant gain in carbon assimilation,(Wu et al., 2023) gives a more
balanced overview. It is suggested that a more holistic approach is required to significantly
improve crop yields, simultaneously focusing on carbon delivery to Rubisco, supply of ATP
through the electron transport chain and efficiency of Rubisco itself. Despite this, it is clear
that photosynthetic algae and bacteria offer an under explored opportunity for engineering

photosynthetic efficiency. This is a concept that will be explored further in this study.
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Contrasting Photosynthetic Gene Expression Between Polar and

Tropical Marine Environments

2.1 Introduction

Marine environments are responsible for 50% of the net primary fixation of carbon on Earth
with the majority of marine carbon being up taken by phytoplankton (Sabine et al., 2004).
The diversity of phytoplankton covers a wide breadth of phyla and environments, and their
role is essential; actively taking up inorganic carbon in the form of HCOs” and CO3% and
converting it to organic forms which can be shared across all trophic levels (Barton et al.,
2020). The specifics of the phytoplankton community dynamics and carbon uptake are
complex and represent a wide range of diversity in carbon capture mechanisms and
adjoining photosynthetic machinery (Fisher et al., 2020) (Pierella Karlusich et al., 2021).
However, this complexity has begun to be untangled, largely in thanks to the Tara Oceans
campaign (2008-2013). This study collated environmental data and genomic data from
around the earth’s seas and oceans presenting a vital open science research tool for further
examination of large-scale community dynamics at the molecular level through

metagenomics (Pesant et al., 2015).

Metagenomics is a developing field of research but has been proven to be an incredibly
useful tool providing a holistic view of community dynamics or providing new sequence
space for enzymatic studies without the need for culturing complex arrays of microbial
organisms from environmental samples (Pereira et al., 2018). There are a number of
metagenomic studies that have focused primarily on the Tara Oceans campaign data to date
giving both big picture views of oceanic ecosystems and specific enzymatic dynamics. By
comparing metagenomic gene abundance and transcriptomic abundance Salazar et al.
(2019) demonstrated that community turnover (where the ratio of unique genes to
expression is higher) in polar regions is more prevalent than that in tropical regions where
additionally variance in gene expression levels was higher as highlighted by transcriptomic
abundance. This means that polar regions are more sensitive to community changes with

climate change (Salazar et al. 2019). Additionally, using Tara Oceans campaign data Cuadrat
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et al. (2019) demonstrated the global distribution of antibiotic resistance genes highlighting
that the prevalence of such genes was far more abundant in coastal samples than oceanic

samples with many contigs from coastal samples containing multiple resistance genes.

Looking more granularly, Tara Oceans datasets have provided insights into sulphur oxidative
pathways in deep ocean samples with the prevalence of sulphur oxidase and sulphur
reductase being directly correlated with depth in water columns showing sulphur oxidative

pathways to be the dominant form of autotrophy in the absence of light (Baltar et al. 2023).

A significant limitation associated with comparing metagenomic and metatranscriptomic
data arises from the inability to standardise sampling. Often there is only one biological
replicate and previous studies show that metagenomes rarely reach full saturation i.e they
are not representative of the full microbial community at the sample site (Pereira et al.,
2018). Therefore, efforts need to be made to normalise data, removing sampling variance to
allow for the comparison of abundances between genes and sampling sights. There are
several methods for read normalisation. Adjusting all read counts by a scaling factor, often
based on the most abundant gene count across all samples or by the 50t/ 75" abundance
quartiles is generally the most common method of normalisation (Pereira et al., 2018). A
second method, used more frequently in meta-taxonomics involves assessing the degree of
rarification of samples. A fully rarified sample would be a sample where the number of
unique genes is fully saturated meaning that further sequencing would not yield any further
gene discovery. As this is unachievable in metagenomics, samples are adjusted to match the
minimum rarefication across samples (Pereira et al., 2018). A final method that is gaining
prevalence in recent years is the adjustment of read counts to the prevalence of ‘house
keeping genes’ (Milanese et al., 2019). These are genes that are ubiquitous across all phyla,
exist as single genomic copies and are constitutively expressed. Normalising read counts to
house-keeping genes gives per cell abundance of read counts as a result. Often
Metagenomic studies will utilise multiple forms of normalisation methodologies to compile

standardisation (Salazar et al. 2019).

Within marine environments there are multiple pathways for carbon fixation but the
primary metabolic route is via the CBB cycle (Higler and Sievert, 2011). For phytoplankton
this requires a flux of NADPH from the photosystems to the CBB cycle allowing the central
enzyme of Rubisco to fix gaseous CO; with RuBP into organic sugars. There are multiple
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forms of Rubisco found within the marine environment with carboxylation capacity however
very little is known about their abundance or diversity. Being the central enzyme to carbon
fixation they are affected by changes in environmental conditions with parameters such as
temperature and light intensity being shown to effect Rubisco expression at the community

level and within individual species (Young et al., 2015b, Sun et al., 2014).

Of the Earth’s marine environments polar environments are the most susceptible to change.
With temperatures of the arctic increasing at almost four times the rate of the rest of the
world since 1979 (Rantanen et al., 2022). This rate of increase has significant implications on
for the coupled dynamics of metabolic rate, environmental dissolved gaseous states, iron
availability and salinity. All of which effect community dynamics (Riebesell et al., 1993),

(Greene et al., 1991), (Adenan et al., 2013).

Therefore, the aim of this study is to primarily investigate the diversity and abundance of
Rubisco forms in the water column and how this relates to photosynthesis as a whole. We
will then compare how photosynthetic expression differs between tropical and polar
systems. Finally, we will assess what environmental factors are driving expression patterns

of Rubisco and photosynthetic genes in the marine systems.

2.2 Methodology

2.2.1 Collection of Genetic material and Environmental data during the Tara Oceans

Expeditions (2009-2013)

Methods are described in full in (Pesant et al. 2015) however in brief; Metagenomic,
metatranscriptomic and environmental data was collected from 180 sample sites
encompassing the Earth’s seas and oceans. Environmental data used in this study consists of
temperature (°C), oxygen concentrations (umol/L), total inorganic carbon (TIC) calculated as
SCO; = [H,C0s] + [CO2] + [HCOs] (Edmond 1970), salinity g kg, iron concentrations
(umol/L), total NO2 and NO3™ concentration (umol/L) as well as chlorophyll A concentrations

(mg/m3).
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Within these sites, sampling was conducted at a range of depths defined as Surface Layer
(5-10M), deep chlorophyll maximum (20-200 m) and Mesopelagic (200-1000 m) with

environmental and genetic data being collected at each depth.

The subsequent genetic material was size fractioned for microbial enriched samples
(0.22um-3um) and sequenced as outlined in (Alberti et al. 2017). In short environmental
samples were transported from port to EMBL labs at 6 week intervals, ensuring cold storage
throughout. Mechanical cryogenic grinding was used for cell lysation followed by
NucleoSpin kit extraction for RNA and Macherey-Nagel DNA elution for DNA extraction. For
library preparation DNA / cDNA for RNA was fragmented to ~300bp and size selected on
agarose gel after amplification. For sequencing reads illumina ligation primers were
attached and pair-end sequencing was conducted on the lllumina HiSeq2500 (Alberti et al.

2017).

Within this study tropical sample sites were defined as sample sites between 23.5° north
and south of the equator. Polar sample sites were deemed as sites that were 60° north and
south of the equator. For all sample sites used in the comparison of photosynthetic genes,
only samples from surface layers (SFL) and deep chlorophyll maximum (DCM) layers were

used. Mesopelagic (MES) and mixed samples were discounted.

2.2.2 Collation of the Ocean Microbial Reference Gene Catalogue v2 (OM-RGC_v2) and

gene abundance profiles for each sample site

A reference catalogue called the OM-RGC_v2 consisting of microbial genes from marine
environments was constructed by Salazar et al. (2019) consisting of over 47 million unique
protein encoding genes. These were assigned Kyoto Encyclopedia of Genes and Genomes

(KEGG) and Clusters of Orthologous Genes (COG) IDs and used as a reference in this study.

Additionally, Salazar et al. (2019) assembled scaffolds from metagenomic and
metatranscriptomic data from Tara Oceans aligning them to the OM-RGC_v2 based on
sequence homology >95%. This allowed Salazar et al. (2019) to calculate gene abundance

profiles for each sample site, normalising gene count to gene length. These gene abundance
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counts are used as the basis of this study. More specific details on cleaning, assembly and

software used can be found in (Salazar et al. 2019)

2.2.3 Extracting Rubisco and associated proteins from the OM-RGC_v2

A list was curated of proteins corresponding to genes of interest (GOI), examined in this
study. These genes corresponded to Rubisco associated proteins such as chaperones and

activases as well as genes associated with carbon capture.

A local BLAST+ database was created for the OM-RGC_v2. tblastn search was used to
extract unique identifiers for genes homologous to GOIs within the OM-RGC_v2. The
threshold defined as homology was an evalue cutoff of 1e-10, percentage identity of 40%

and a percentage cover of 75% between OM-RGC_v2 gene and the GOI.

For each GOI the total copy number was calculated by summing read count of each
homologous gene extracted from the OM-RGC_v2 within each sample site.This process was

done for both metagenomic and metatranscriptomic read counts.

2.2.4 Predicting rbcL, rbcS and cbbX forms in OM-RGC-v2 and calculating copy abundance

In addition to calculating read counts of GOl in sample sites, read counts for rbcL (encoding
the Rubisco large subunit), rbcS (Encoding the Rubisco small subunit) and cbbX (Encoding
the Rubisco activase found in cyanobacteria, proteobacteria and red algae) genes were
calculated by their individual forms. Forms can be determined of these three genes by their

phylogenetic origin.

rbcl, rbcS and cbbX candidate sequences were extracted from the OM-RGC_v2 using tblastn
homology search and bait sequences (threshold, e-value 1e-10, 30% query coverage and
40% percentage similarity to bait protein). The bait sequences used were RbcL of known
forms including form IA from Proteobacteria and Cyanobacteria, form IB from Eukaryotes
and Cyanobacteria, form IC from Proteobacteria, form ID from Eukaryotes and form Il from
Prokaryotes. The same principal was used for RbcS and CbbX using RbcS sequences from

cyanobacteria (form IA and IB), form IA and IC from Proteobacteria and form IB and ID from
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Eukaryotes. The CbbX sequences used were from cyanobacteria (form IA), proteobacteria
(form IC) and red algae (form ID). The resulting sequences of the tblastn search were

cleaned for duplicates.

Form designation for each of the resulting sequences was achieved by a two-step process.
Firstly protein sequences extracted from the OM-RGC_v2 using tblastn were annotated
using DIAMOND (v2.0.15, BLOSUMG62,NCBI 2021 database), the highest e-value sequence
was used. This gave taxonomic context to sequences. This combined with the construction a
maximume-likelihood phylogenetic tree using a Dayhoff matrix model was used to confirm
form designation of rbcl and rbcS sequences. cbbX sequences do not group discretely into
phylogenetic clades based on form therefore the form was solely inferred from the

DIAMOND annotation.

To calculate relative form abundance within a sample normalised count data for each

sequence from the OM-RGC_v2, corresponding to a specific form was summed.

2.2.5 Normalisation of read counts for metagenomic and metatranscriptomic gene profiles

Phylogenetic marker genes (PMGs) are conserved across taxa, constitutively expressed and
are only found as single copies within cells. Therefore each gene read count for the GOI
genes, rbcl, rbcS and cbbx forms as well as read counts of all KEGG genes annotated by
Salazar et al. 2019 were divided by the median read count of 10 PMG genes within each
sample to give ‘read count per cell’ for both metagenomic and metatranscriptomic counts.
The genes used for this normalisation step were K01409, KO1869, KO1873, KO1875,
KO1883, KO1887, KO1889, KO3106, KO3110 and KO6942 (Table 2.1), which have been
demonstrated as an effective means of normalisation to basal gene levels (Milanese et

al.2019) (Salazar et al. 2019).
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Table 2.1- Single copy, constitutively expressed KEGG orthologue genes used for gene count

normalisation

KEGG orthologue No. Enzyme Symbol Role
K01409 N6-L-threonylcarbamoyladenine synthase kael tRNA Modification factor
K01869 leucyl-tRNA synthetase manA  tRNA biosynthesis
K01873 valyl-tRNA synthetase valS tRNA biosynthesis
K01875 seryl-tRNA synthetase serS tRNA biosynthesis
K01883 cysteinyl-tRNA synthetase cysS tRNA biosynthesis
K01887 arginyl-tRNA synthetase arg$S tRNA biosynthesis
K01889 phenylalanyl-tRNA synthetase alpha chain pheS tRNA biosynthesis
K03106 signal recognition particle subunit SRP54 ffh Secretion system
K03110 fused signal recognition particle receptor ftsy Secretion system
K06942 ribosome-binding ATPase ychF Ribosome biogenesis

Following this a pseudocount converted the read counts for subsequent transformations.

The ‘read counts per cell’ were transformed as shown below:

read count per cell for gene in sample site 10°
X

maximum read count per cell for gene in sample

Dividing by the maximum read count within the sample was used to scale the read counts

relative to the sample as additional means of correcting sampling biases.

Following this the pseudocount was transformed using a variance stabilising transformation
(Love et al., 2014). This log, transforms read counts for each gene to have comparable
variance across all sample sites irrespective of the mean abundance of the sample site. Thus
making the genes approximately homoscedatic with abundances comparable between
genes and across sample sites. Finally read counts were calculated relative to the median

PMG counts giving log, transformed profiles per cell.

2.2.6 Calculating relative expression of genes between polar and tropical sample sites

Relative expression was calculated by dividing the log, transformed metatranscriptomic
count by the log, transformed metagenomic read count. For comparison of genes between

tropical and Polar sample sites the mean expression was calculated and difference between
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medians was defined as the difference in expression. Significance was assessed with the
non-parametric Mann Whitney U-test assuming unequal variance. An additional Holm

correction was applied to minimise false-discovery rate.

2.3 Results

2.3.1 Overview of expression levels between polar and tropical sample sites

During the Tara Oceans campaigns (2008-2013) genomic and the environmental data of
temperature (°C), oxygen concentrations (umol/L), total inorganic carbon (TIC) salinity g kg2,
iron concentrations (umol/L), total NO; and NOs™ concentration (umol/L) and chlorophyll A
concentrations (mg/m?3) were taken from a of range sample sites across the Earth’s seas and
oceans. In this study we compare expression levels of photosynthetic genes between polar
and tropical samples in surface water (SRF) and the deep chlorophyll maximum (DCM) water
layer (Figure 2.1). In total there were 19 SRF sample sites and 11 DCM sites categorised as
tropical sites. In addition, there were 19 polar SRF sample sites and 8 DCM polar sample
sites (Figure 2.1). Within the polar sample sites the water temperature did not exceed
8.47°C with an average of 1.55°C. For tropical sites, water samples were not below 17.29°C
(Figure 2.3), with an average temperature of 24.11°C, this represented a significant
difference for both SRF and DCM sample sites. Oxygen levels are tightly correlated with
temperature levels (Figure 2.4) presenting as a significant divide between tropical and polar
in both SRF and DCM sample sites. Average oxygen levels in polar waters were 346.70
umol/kg and tropical waters being 184.02 umol/kg (Figure 2.3). Additionally, TIC levels and
salinity represent an environmental divide between polar and tropical sites with 0.43
umol/kg TIC on average in polar sites and 32.13g/kg of salinity, in tropical sites there is
0.0089umol/kg of TIC in tropical sites and 35.16g/kg of salinity. Once again this was a
significant difference in SRF and DCM sample sites (Figure 2.3).

There is more localised variation for nitrate and nitrite levels in tropical sites however this
did not represent a significant difference between polar and tropical sites with Nitrogen
concentrations being 2.08 umol/L and 4.24 umol/L respectively (Figure 2.1, Figure 2.3). Iron
levels are distinct between polar and tropical sample sites with an average of 0.00087

umol/L in polar sites and 0.00022 pumol/L in tropical sites. This represented a significant
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difference between SRF and DCM sample sites (Figure 2.1, Figure 2.3). Significance was

assessed using a Mann Whitney U-test assuming unequal variance.

Within Polar sample sites environmental variation was shown to be far greater with iron
salinity and TIC varying to a greater extent in both SRF and DCM Polar sample sites
compared to that of Tropical sample sites (Figure 2.3). This environmental variation is
reflected in the increased variance of Polar sample sites observed when analysed by a PCA .
However despite this high level of variance within Polar sample sites both Tropical and Polar

sample sites exhibit discrete environmental conditions overall (Figure 2.3).
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Figure 2.1- (A) Shows the geographic location of SRF samples taken (B) Shows the
geographic location of the DCM water samples. The light blue makers indicate the
geolocation of the Polar sample sites (SRF n=19, DCM n=8). The orange diamonds indicate
the geolocation of the tropical sample sites (SRF n=19, DCM=11). Tropical sites were defined
as sites less than 23.5° north and south of the equator. For each sample 100L of water was
taken from the water column (Pesant et al. 2015) and the genomic data was subsequently
sequenced and quantified (Salazar et el. 2019). (C) Indicates the temperature (°C) of the SRF

sites. (D) Indicates the temperature (°C) of the DCM sites. (E) Represents the oxygen

30

J
o [ e ) s . e e 22
W S it . :
Ll
i
L o L
e 8 3 ®
® B R » [
- P ° £ . o ®
i
o @ ® o ® (]
-50
5
el -II(Z(Z- 5 &} bII) 'I(II(: ‘HI)LI Ei‘JIJ -’\:711 -I‘EZC- -5;1] o bII) 'I(‘I(: ‘I;)LI E:I)IJ
Longitudai®) Longitude{™}
——— | N—— |
tyggz‘ wooE e wgg'jz&&:ﬂ&bj&
R L
Sy u_. @ s = FE.»
50
25
. 5
Rl
-25
-50
b
5 108 50 o 50 100 150 200 50 100 -50 o 50 100 150 200
Longitude{" } Longitude{" }
Iran (umaeliL} _ Iren (umolilL} _
FeGd 1e03 Fetd 1603
N
5
50
5
o
]
e
A
-db
=50
b1
-15e -5 o 50 100 150 200 -5D 15 -5 o 50 100 150 200
Longitude{} Longitude{“}
MO, NO{umel/L) . MOz NOo{pmel/L) .
00 25 50 75100125 L5 105 20



concentration within SRF sites (umol/L). (F) Represents the oxygen concentration within
DCM sites (umol/L) (G) Represents the total inorganic carbon (TIC) in the SRF samples
calculated as 5CO; = [H2COs] + [CO2] + [HCO3] (Edmond 1970) (H) Represents the total
inorganic carbon (TIC) in DCM samples. (I) Represents the salinity of the SRF sites measured
as g kg! of water (J) Represents the salinity of the DCM sites (g kg!) (K) Represents the iron
concentrations in SRF sites (umol/L). (L) Represents the iron concentrations in DCM sites
(umol/L). (M) Represents the total NO, and NOs™ concentration (umol/L) in SRF samples. (N)
Represents the total NO; and NOs™ concentration (umol/L) in DCM samples. The

environmental context to the water samples was all collated by (Pesant et al. 2015).
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Figure 2.3- A) Shows the range of environmental parameters for temperature, oxygen, TIC,
Salinity, iron and nitrate and nitrite levels for polar and tropical water samples for both SRF
and DCM sample sites. B) Is a principal component analysis of the environmental

parameters of the polar and tropical sample site, the point shape represents the layer at
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which the sample was taken from. Ellipses represent multivariate t-distribution of samples.

Stars above boxes represents significance (* = p<0.05, ** = p<0.01, *** = p<0.001).
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Figure 2.4 — A correlation matrix for the environmental parameters of all SRF and DCM
samples sites including the additional subtropical and temperate water sites (total n=89). In
addition to the mean expression (logz) of the 8912 KEGG genes within each sample site.
Correlation was assessed using Pearson’s correlation coefficient with the depth of colour of
the above matrix representing the strength of correlation. ‘X’ represent non-significant

correlations (p>0.05). The environmental context was collected by Pesant et al. 2015
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The relative expression of 8912 KEGG genes annotated by (Salazar et al. 2019) within the
polar and tropical sample sites were calculated (methods 2.1.7). The relative expression of
each of these genes was used to compare metabolic profiles within polar and tropical
microbial communities. PCA analysis shows that expression profiles of KEGG orthologue
genes within Polar and tropical samples are largely discrete however there is a degree of
overlap at certain sample sites with certain tropical samples sites overlapping with polar

sites (Figure 2.5).

Comparing the differential expression of KEGG orthologues across all polar and tropical
sample sites highlighted that of the 8912 genes examined, 4428 had significantly higher
expression levels in tropical environments, 1076 were significantly expressed to greater
levels in polar environments and 3408 of the genes showed no significant difference in
expression between the polar and tropical sites (Figure 2.5). The difference in expression for
each KEGG orthologue was calculated by subtracting median log, expression levels in polar
sample sites from the median tropical expression level (logz), significance was calculated by
a non-parametric Mann-Whitney-U on log, with a p-value <0.05 deemed to be significant
(Figure 2.5). The gene with the greatest expression in tropical systems relative to polar
systems was L-ectoine synthase (K06720). The gene with the greatest expression in polar

sites was that encoding 3-hexulose-6-phosphate synthase (K08903) (Figure 2.5).

Mean expression levels of all KEGG ortholog genes were compared between polar and
tropical sites within both SRF and DCM layers. For tropical sites the median expression levels
were found to be significantly higher than that of polar communities in SRF samples. 1.06
logz expression and 0.58 log, expression (p=0.013) respectively (Figure 2.5). However there
was no significant difference between polar and tropical DCM samples with median

expression levels being 0.59 log, and 0.76 log; respectively (P>0.05) (Figure 2.5).
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Significance was assessed by a Mann Whitney-U non-parametric test.
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The environmental parameters and mean expression levels across all SRF and DCM sample
sites were assessed for correlation. This included the addition of sub-tropical and temperate
sample sites as to avoid assessing correlation on data that was clustered by polar and

tropical sites (Figure 2.4).

Mean expression levels (logz) within individual samples sites was significantly positively
correlated with temperature and negatively correlated with oxygen, Chlorophyll A and TIC.
The environmental parameters of temperature, salinity, oxygen, TIC, iron and chlorophyll A
concentration were all ecologically linked with only correlation between TIC and salinity not
being significantly correlated as well as salinity and Iron concentrations. NO, and NO3™ were

only significantly correlated with iron levels (Figure 2.4).

2.3.2 Expression of photosynthetic genes

For a comparison of the light dependent phase of photosynthesis a selection of genes were
chosen to represent the light harvesting complex (lhcaz, lhcaz), photosystems I/1l (psbL,
psbA, psaA, psaB), the cytochrome b6/f complex (petB) and the photosynthetic electron
transport system (petF). Differential expression was compared between polar and tropial
sample sites for both SRF and DCM samples. Polar sites showed a general trend of higher
expression levels relative to tropical sites for the light harvesting complex genes and
photosystems in SRF. psbL (p=0.004), psbA (p=0.02), (psaA p<0.001), psaB (p<0.001), Ihc2
(p<0.001) were all shown to have significantly higher expression levels in polar sites. lhcal,
the representative gene for the cytochrome c6-complex, petB and the photosynthetic
electron transport chain containing petF showed no significant difference between polar

and tropical communities (p>0.05) (Figure 2.6).

The CBB cycle associated genes were largely expressed to a higher extent in tropical waters
(Figure 2.6). rbcl, sbp and rbcS were the genes that had marginally higher expression levels
in polar SRF sites and this was found not to be significant (p>0.05). pgk (p=0.01), gapdh
(p<0.001), fbp (p=0.004), tka (p=0.002) , rpi (p<0.001) were all found to be have significantly
higher expression in tropical sample sites relative to polar sample sites (Figure 2.6). Median
expression levels of fba and prk were also found to be higher in tropical waters although this

difference was not significant. The CBB enzymes with the highest expression in tropical
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relative to polar environments was fbp at 0.88 log2 difference(Figure 2.6). By far the highest
median expression levels across all SRF sites were found for the genes encoding rbcL and

rbcS subunits as well as the enzyme sbp (Figure 2.6).

The photorespiratory cycle displays a similar relationship between tropical and polar
systems as the CBB cycle. There is a general trend of higher expression levels in tropical
waters relative to polar waters with hpri1 (p<0.001), agxt (p<0.001) and glyA (p<0.001) all
having significantly higher expression in tropical waters. Conversly glyk had significantly

higher expression levels in polar waters (p=0.02) (Figure 2.6).

Within in DCM samples there were differing expression patterns although photosystem
expression did not largely differ from that of SRF samples with a general trend of
significantly higher expression in polar samples. However expression of lhcal was not
significantly difference whereas petF was found to have significantly higher expression in
DCM polar samples (p=0.03). Unlike SRF water samples there was not an overarching trend
of higher expression of CBB genes in tropical samples. Firstly when all Rubisco genes were
considered there was a significantly higher expression with polar DCM samples relative to
tropical DCM samples (p=0.03) and (p<0.001) for rbcL and rbcS respectively. There was no
significance difference between polar and tropical DCM sites for genes encoding for pgk,
gapdh and tka unlike within SRF samples. Additionally expression in polar DCM sites for the
gene sbp was found to be higher although this difference was not significant. Like SRF
samples expression of fbp and rpiA was found to be significantly higher in tropical sites

(p<0.001 and p=0.004 respectively) (Figure 2.6).

A similar expression profile of the photorespiratory system can found between SRF and
DCM samples. Like in SRF samples, genes encoding for hprl (p=0.03), agxt (p<0.001) and
glyA (p<0.001) have higher expression levels in tropical DCM samples relative to polar DCM
samples. However in DCM there is no significant difference between glyk expression

(P>0.05) however pgp has higher expression in polar DCM samples (p=0.02) (Figure 2.6).
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Figure 2.6- A comparative analysis of the relative expression of genes associated with the

CBB cycle, Photorespiration and Photosystems. (A) Shows the relative expression difference

of these photosynthetic genes between polar and tropical SRF sample sites (B) Shows the

relative expression difference between DCM polar and tropical DCM samples. Difference

was calculated as median polar expression - median tropical with significance

calculated by a Mann Whitney-U non-parametric test. Blue bars represent a significantly

higher expression in polar sites relative to tropical, red bars represent a significantly higher
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expression in tropical sites relative to polar. Bars coloured in grey had no significant

difference (p>0.05).

2.3.3 Comparison of Rubisco form abundance and expression

Rubisco sequences across the marine environments found in the OM_RGC_v2 (assembled
by Salazar et al.2019) were divided into the prospective forms. This was done using a
combinatorial approach of phylogenetic grouping and diamond annotation based on NCBI-
2021 sequence homology. The resulting phylogeny showed all five rbcL forms with
carboxylation activity were found in this dataset as well as the four Rubisco forms that
require an rbcS. A maximum likelihood phylogenetic model utilising a Dayhoff substitution
matrix demonstrated phylogenetic grouping of forms (Figure 2.7). The lowest number of
unique sequences were found within form IB organisms. This may be a result of two factors,
initially sequences were grouped by 95% sequence homology within this dataset therefore a
lower Rubisco sequence diversity within IB would result in fewer sequences. Secondly size
fractionation of water samples would promote for prokaryotic sequences, limiting the
number of found form IB sequences, however one would expect a similar scenario for form

ID eukaryotic organisms if this was solely the case.

For rbcL the green/red divide can be observed in the phylogeny with form Il sequences
sharing common ancestors sharing a common ancestor with both ‘green’ and ‘red’
phylogenetic lineages. This green/red type divide can also be visualised in the rbcs

phylogeny (Figure 2.7)
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Figure 2.7- Following a tblastn search of the OM-RGC constructed by (Salazar et al. 2019) for
Rubisco large and small subunits the resulting sequences were assembled into phylogenetic

trees based on their protein sequences. A maximume-likelihood phylogenetic method was

used, utilising a Dayhoff substitution matrix. Rubisco forms were annotated using a

combinatorial approach of visualising grouping by form and through Diamond+ sequence

annotation with the NCBI 2021 database to predict taxonomy. The upper tree represents
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the resulting annotation of RbcL sequences. The lower represents the successful annotation

of RbcS sequences.
2.3.4 Rubisco form designation and validation

Within form IA, IC and ID Rubisco genes encoding large and small Rubisco subunits are
located within the same operon therefore similar expression levels of the two genes is
expected. This principle was used to validate Rubisco form designation in (Figure 2.7)

expecting a very strong correlation between rbcl and rbcS expression.

When all SRF and DCM water samples were considered including those in temperate waters
we found a strong correlation between expression of Rubisco large and small subunit in the

Rubisco forms: IA,IC and ID (Figure 2.8).

Within form IA Rubisco including both Cyanobacterial and Proteobacterial organisms we
found a very strong positive correlation between that of Rubisco large and small subunits
(r’=0.972, p<0.001). For form IC correlation analysis there were three samples that
presented as distinct outliers for large and small subunit expression out of a total of 89
sample. These three samples were removed from further correlation analysis. Once cleaned
form IC Rubisco expression had a strong positive correlation between large and small
Rubisco subunits (r=0.842, p<0.001). Form ID also had a very strong correlation between
that of the small subunits and that of the large subunits relative expression values (r?=0.90,

p<0.001) (Figure 2.8).

However of the four forms assessed, IB Rubisco was found to have the weakest correlation

between small and large subunits (r?=0.38, p=0.000) (Figure 2.8).
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Figure 2.8- The correlation between expression of rbcl and rbcS within SRF and DCM sample
sites (n=89). Each box represents the expression of the individual Rubisco forms. Light blue
is the expression of form IA Rubisco derived from cyanobacteria and proteobacteria. Light
green represents expression from eukaryotic form IB Rubisco, orange represents form IC
expression from proteobacteria and orange represents rubisco subunit expression for form
ID Rubisco. For form IC three sample sites were removed as these represented clear visual

outliers. The regression line was used to assess linear relationship between rbcL and rbcS

expression with r? value shown.
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2.3.5 Comparison of rbcL and rbcS expression between polar and tropical samples

When expression of Rubisco genes are compared for each form between polar and tropical
sample sites we see a relatively nuanced response. Firstly form IA rbcL associated with
cyanobacteria and certain proteobacteria was found to be more highly expressed in tropical
SRF samples compared to that of polar SRF samples with a median expression level 5.1 log,
higher in tropical sites (p<0.001) (Figure 2.9). This was the greatest difference in expression
levels found in any form. When the relative abundance of form IA rbcL within metagenomes
of tropical and polar SRF sites was considered, there is an obvious difference between the
two environments. Form IA organisms, predominantly in the form of cyanobacteria
dominate tropical environments making up 0.15 copies per cell of rbcL after normalisation.
Conversely form IA rbcl only represents 2.7x10 copies per cell in polar SRF sites of which
most are derived from proteobacterial origin (Figure 2.9) (Figure 2.10). Opposingly when
DCM samples are compared between polar and tropical sites there is no significant
difference in form IA rbcL expression (p>0.05). This is due to the large variation of form IA
rbcl expression in tropical DCM sites despite form IA rbcl being the dominant Rubisco form

in tropical DCM sites at 0.13 copies per cell.
tropical DCM sites at 0.13 copies per cell.

Form IB rbcL was the only form that had significantly higher expression in polar SRF sites
relative to tropical SRF sites (p=0.017) (Figure 2.9). However there was no significant
difference between expression in polar and tropical DCM samples (p>0.05) (Figure 2.9).
Form IB rbcl gene copies were found to make up 9.7x103 copies per cell in polar SRF
samples. Within tropical SRF samples the abundance of form IB rbcL was lower only
representing 3.4x1073 copies per cell. Within DCM polar and tropical samples form IB rbcL
abundance was very similar at 2.2x103 and 2.4x10°3 copies per cell respectively (Figure

2.10).

Form IC and Form ID rbcL was significantly upregulated in tropical waters (p<0.001 and
p=0.044 respectively) (Figure 2.9). Relative Abundance of gene copy numbers for form IC
derived from proteobacteria represented less than 9.9x10° of rbcL copies per cell in polar
waters but represented 0.01 rbcL copies per cell in tropical waters. Form ID is by far the

most dominant Rubisco form in Polar waters representing 0.05 rbcL copies per cell in polar
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SRF waters. Looking more closely at form ID phyla. Sequences of the Haptophyta phylum
dominate polar waters representing the most abundant form ID form. Form ID rbcL also
represented 0.03 copies per cell in tropical SRF water sites however in tropical waters
Crytophyta was the dominant phyla found here (Figure 2.10). Within DCM samples rbcL
expression varied much more greatly for form IC and ID Rubisco in tropical sites. This
represented a significant difference in expression for form IC rbcl with expression being
significantly higher in tropical sites (p=0.015 (Figure 2.9). For form ID there was no
significant difference in expression of rbcl genes between tropical and polar DCM samples.
Form IC rbcL was found to be abundant at less than 9.9x10° copies per cell in polar DCM
samples but at 7.1x1073 copies per cell in tropical DCM samples. Form ID Rubisco was
abundant at 0.03 copies per cell in polar DCM samples and 0.01 copies per cell in tropical

DCM samples (Figure 2.10).

Form Il Rubisco derived from prokaryotes was found to have no significant difference in
expression levels between polar SRF and tropical SRF waters and copy numbers represented
less than 9.9x10° of copies per cell in both polar SRF and tropical SRF sample sites. Form Il
organisms also had the lowest per cell expression levels of rbcL across all Rubisco forms in
this study (Figure 2.9) (Figure 2.10). However in tropical DCM samples form Il rbcl was more
abundant at 6.2x10°3 copies per cell although this did not represent a significant difference

in expression between polar and tropical DCM samples.

Differential expression of rbcS genes between polar and tropical sites followed a similar
trend to that of rbcl expression in polar and tropical sites. This is expected due to expression
of rbcL and rbcS being closely correlated (Figure 2.8). For form IA rbcS expression was
significantly different between polar and tropical SRF samples (p<0.001) but opposingly to
rbcL, was also significantly different between polar and tropical DCM samples, despite
having similarly large variation of expression within tropical DCM samples (p=0.043) (Figure

2.11).

Form IB rbcS expression differed from that of rbcL expression. There was no significance
difference in expression between polar and tropical DCM samples, however expression was
significantly higher for form IB rbcS in tropical SRF samples relative to polar samples SRF

(p=0.047) (Figure 2.11).
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Form IC and form ID rbcS expression followed the trends observed in rbcl expression
exactly. Within form IC rbcS expression was significantly higher in tropical SRF and DCM sites
relative to polar SRF and DCM sites (p<0.001) and p=0.03 respectively) (Figure 2.11). For
form ID there was no significant difference between rbcS expression in DCM sites (p>0.05).
However, expression was significantly higher in tropical SRF samples relative to polar SRF

samples (p=0.001) (Figure 2.11).
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Figure 2.9- The relative expression difference between polar and tropical systems of the

rbcl forms considered in this study. For this logz normalised gene expression values were

calculated across all SRF and DCM polar sample sites and tropical surface water sample sites

difference was measured by a comparison of Medians through a non-parametric Mann-
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Whitney U test for polar and tropical waters. Additionally all SRF sample sites and DCM
sample sites were ordered in increasing temperature and cumulative relative expression of
rbcl is shown. The differing colours indicate the different Rubisco forms. The dotted lines

are a linear regression of temperature and expression for each rbcL form to highlight the

general trend of expression.
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Figure 2.10- The relative abundance of rbcL forms for both (A) Polar environments and (B)
Tropical environments within SRF and DCM samples. Relative abundance was calculated by
using the total normalised metagenomic copy number for each rbcL form across the
respective environments. The figure colouration corresponds to each rbcL form. Form ID
and IA were subdivided into their prospective phyla as they were found to be the dominant

form across polar and tropical environments.
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Figure 2.11- The relative expression difference between Polar and Tropical systems of the
rbcS forms considered in this study. For this log, normalised gene expression values were
calculated across all SRF and DCM polar sample sites and tropical surface water sample sites

difference was measured by a comparison of Medians through a non-parametric Mann-
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Whitney U test for polar and tropical waters. Additionally all SRF sample sites and DCM
sample sites were ordered in increasing temperature and cumulative relative expression of
rbcS is shown as a stacked line graph. The differing colours indicate the different Rubisco
forms. The dotted lines are a linear regression of temperature and expression for each rbcL

form to highlight the general trend of expression.

2.3.6 Rubisco co-expression with accessory proteins

For every SRF and DCM sample site including those from temperate and subtropical waters,
expression levels were calculated for various accessory genes associated with the Rubisco
forms examined in this study. These relative expression levels were used to test for
correlation between Rubisco and the accessory protein. In addition the gene valS (K01873)
encoding for the valyl-tRNA synthetase was used as a negative control. This gene is present
across all phyla and constitutively expressed allowing for contrast with the regulated genes
examined here. When the average expression of the MG-KEGG genes was calculated across
all sites, valS was found to be the medially expressed of the 10 PMG genes. The degree of

correlation was measured with Pearson’s correlation coefficient.

For form IA Rubisco derived from cyanobacteria and proteobacteria correlation was
considered for the Rubisco activase cbbx, which is also shared across Red lineages. The
Rubisco assembly factor raf2 which transiently binds with Rubisco to form the holoenzyme
was also as well as the two genes associated with carboxysomes within alpha cyanobacteria.
These are the major carboxysome shell protein csos2 and the carboxysome associated

carbonic anhydrase csos3 (Figure 2.12).

CbbX derived from cyanobacteria was found to have a weak positive correlation with rbcS
expression (r=0.488, p<0.001). This was also the case for rbcL and raf2 (r=0.437, p=0.001).
When considering the carboxysome shell proteins, there was a strong positive correlation
between that of the cyanobacterial rbcL (r=0.711, p<0.001) but conversely there was a

lightly weaker negative correlation between rbcl and the carboxysomal associated carbonic
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anhydrase csos3 (r=-0.467, p<0.001). There was no significant correlation between that of

rbcL and vals (r=-0.118, p=0.274) (Figure 2.12).
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Figure 2.12- A correlation of form IA rbcL relative expression (log2) from cyanobacteria and
proteobacteria with its associated activase cbbx, assembly protein raf2 and the
carboxysome genes csos2 and csos3. valS was used as a negative control. Pearson’s test for

correlation was used to assess relationship between relative expression of genes.
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For form IB the rubisco chaperone rbcx was considered as well as the form IB rubisco

activase rca. For the chaperone rbcx there is a very weak positive correlation between rbcl

and rbcx expression (r=0.308, p=0.003). For the rubisco activase there is a relatively strong

correlation between the rca gene and rbcL (r=0.484, p<0.001). Interestingly the correlation

between form IB rbcS expression and rca is exceedingly high (r=0.934, <0.001). There is no

significant correlation between valS and any form IB associated gene (p>0.05) (Figure 2.13).
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Figure 2.13- Correlation of form IB rbcL relative expression (log) from Eukaryotes with its

associated activase genes rca and assembly chaperone rbcx. valS was used as a negative

control. Pearson’s test for correlation was used to assess the relationship between relative

expression of genes
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For form IC and ID solely the cbbX gene derived from proteobacteria and eukaryotes was
assessed for correlation with Rubisco large subunit. For form IC this correlation between
rbcL and cbbx was significantly correlated (r=0.561, p<0.001) (Figure 2.14).. For form ID this
relationship between expression levels of rbcL and cbbx exhibited an exceedingly strong
positive correlation (r=0.912, p<0.001). For both form form IC and ID there was no

correlation between rbcL and valS (p>0.05) (Figure 2.15).
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Figure 2.14- Correlation of form IC rbcL relative expression (logz) from Proteobacteria with
its associated activase gene cbbx and rbcS. valS was used as a negative control. Pearson’s
test for correlation was used to assess the relationship between relative expression of

genes.
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Figure 2.15- Correlation of form ID rbcl relative expression (logz) from Eukaryotes with its
associated activase gene cbbx and rbcS. valS was used as a negative control. Pearson’s test

for correlation was used to assess the relationship between relative expression of genes.

2.3.7 Expression with environmental parameters

To assess gene expression with environmental factors expression was correlated with the
environmental parameters of temperature, salinity, oxygen levels, TIC and nitrogen across

all SRF (n=57) and DCM sample sites (n=31).

The relative expression levels of valS was once again used as a negative control in this study.
The valS expression levels did not show significant correlation with the environmental
parameters of TIC, nitrogen and iron however there was a weak positive correlation with
oxygen levels and weak negative correlation with temperature and salinity in both SRF and

DCM sample sites (Figure 2.16).
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No gene expression in SRF samples and only a few genes in DCM were correlated with
nitrogen levels within the system. Interestingly all Rubisco activases but form IC cbbx were

correlated with nitrogen in DCM samples (Figure 2.16).

Within the photosystems of the light dependant there was a general trend of significantly
reduced expression levels with rising water temperature for the genes encoding for the
lhcal, Ihca2, the photosystem proteins psbl, psbA, psaB and psaA in SRF samples and
additionally petF in DCM samples. For the lhca2, psbA, psblL, psaA and psaB genes there was
also a significant positive correlation between expression and oxygen levels in DCM and SRF
layers. petB had the opposing relationship with the environmental parameters examined
here with significant positive correlation with temperature and negative correlations with

oxygen in both SRF and DCM samples (Figure 2.16).

For the CBB cycle, for the genes where expression levels correlated with one or more
environmental factors there was a ubiquitous negative correlation with oxygen levels in the
water system. pgk, gapdh, fbp and rpiA expression also had a strong positive correlation
with temperature and salinity as well as a weaker negative correlation with TIC levels in SRF
sample. In the DCM layer both rbcl and sbp were negatively correlated with temperature

(Figure 2.16).

The photorespiratory pathway in general had a more pronounced positive correlation with
temperature than the CBB pathway with the gene glyA having an exceedingly strong
positive correlation with temperature and an almost equally strong negative relationship
with oxygen. This relationship was also the case in SRF and DCM samples for agxt and hpr1
with a strong positive correlation with temperature and a marginally stronger negative
correlation with oxygen levels. pgp had the lowest expression correlation with
environmental parameters however the expression of pgp being positively correlated with
temperature in SRF samples and negatively correlated in DCM sample. glyk expression had
the inverse relationship with temperature and oxygen being negatively correlated with

temperature and positively correlated with oxygen levels in both SRF and DCM (Figure 2.16).

Within the Rubisco forms form IA, IC and ID rbcL had significant correlations with
temperature, oxygen, TIC and salinity in both SRF and DCM samples. Additionally, IB rbcL

was positively correlated with temperature in DCM samples. rbcS exhibit the same
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expression patterns with environmental parameters as rbcl for all but SRF IB rbcL genes

which were positively correlated with temperature, oxygen, TIC and salinity (Figure 2.16).

The three bicarbonate pumps examined in this study, sbtA, hla3, slc4A1 had similar
relationships with environmental parameters; being significantly positively correlated with
temperature and salinity as well as being negatively correlated with oxygen and TIC levels in
both SRF and DCM samples. sbtA exhibited the most pronounced correlation with the

environmental parameters of temperature and oxygen (Figure 2.16).

Three types of carbonic anhydrase expression were examined in this study. a-ca derived
from the gene green pyrenoidal gene cah3. As well as a B-ca coded for by the ptcal gene.
This is known to be associated with pyrenoid function in red algae. The third class being
csos3 associated with bacterial and cyanobacterial carboxysomes. Expression of carbonic
anhydrases in this study were shown to have strong correlation with environmental
parameters with a-ca, B-ca and csos3 being significantly correlated with temperature,
oxygen, TIC and salinity. a-ca and B-ca expression levels were extremely positively
correlated with temperature and extremely negatively correlated with oxygen levels. The
inverse was true in csos3 being strongly negatively correlated with temperature and

positively correlated with oxygen levels in both SRF and DCM samples (Figure 2.16).

It is important to note that unpicking correlation of gene expression and the environmental
parameters of temperature, oxygen, TIC and salinity is difficult due to the correlated nature

of these environmental parameters (Figure 2.4).

55



SRF DCM
O \\‘t-@ A N Q@&\\l\ S \O \\ﬁ} ~ &\ \)0\\\) %)
zﬁ'}é : Qn &0\‘{& .-c\\&% \;o'b\ (\@6\\, a{&‘\)& 0\\}0 0\\5’ .\\Q}\& \@“)\ (‘é\Q\\V
& o*:\%e & _%_@\\f ______??i.----.‘iof\_ ’@@_____0‘;\% & ¥ & —
heat X X X Do X X X X
" lhca2 _— B < X | one2 - | X _
§ o D X X X s g X e
B pea X X X X coeen RN X B
Ty X W e X I
8 s o X X X [ oess [ . X
T e o X X X S x
petF X X X X X X petF X X X
X X X X o
bcS X X X X X 1beS X § § X § §
X e X X X X X X
@ X gape I
@ X X oa X X X X X
X . w0 L
X w X X X X
X oW NS e X
X oo X X X X X X
c X
§ 8 X b X
s: X EE. =—— ]
= § X ot L e x X
X ove [ I
X 1A bel X
>)§ X Bl X
E | e | X
5 X P X X X X X X
o X X il X X X X X X
E — | X
= | 1B rbeS
& ewes [ X X | e I X
orees X I o X X X X X X
@ I X Hm o - X X X
L e ; § ))é § § § | IActbX X X X X X
£ oo RSN S HE Y
eobo . X wo X X X X X
cobg X X X X X X cbiq X X X X X
S X X X
S E X X
E X X
X X
] X X X
3 X X
X X X X

Figure 2.16- The correlation between genes associated with photosynthesis and carbon
capture examined in this study with the environmental parameters of temperature, oxygen,
total inorganic carbon, salinity and NO2+NOs". Pearson’s correlation coefficient was used to
assess correlation strength, squares with ‘x’s are non-significant correlations (p>0.05). Blue

colouration represents a negative correlation whereas red represents a positive correlation.
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2.4 Discussion

2.4.1 Tropical and polar systems exhibit different expression patterns of metabolic

pathways due to environmental conditions

Analysis of surface water samples sites shows a clear distinction in the environmental
parameters between tropical and polar environments. Water temperature is the main driver
behind this distinction with the polar water examined here not exceeding 8°C and tropical
waters being found to be above 17°C at both DCM and SRF layers (Figure 2.1). This
temperature distinction has added implications being strongly linked to dissolved gaseous
concentrations, salinity and mineral environment within the water systems. All of which play

important roles in community dynamics and gene expression within the ecosystem.

Across all sites there was a direct correlation between expression levels of KEGG orthologue
genes associated with metabolism and temperature. This is a well-established relationship
with metabolic rates rising exponentially with temperature due to increased kinetic energy

within biological processes (Gillooly et al., 2001) (Figure 2.5).

Salinity of water systems is also closely correlated with temperature (Figure 2.3). Generally
speaking, this is due to increased evaporation of surface water with increasing temperatures
resulting in higher salinity. However, there is significant regional and temporal variation
based on the influx of fresh water sources (Sigman et al., 2004). This affect is particularly
clear in polar waters which had a much higher variation in salinity than tropical waters, likely
a result of freshwater influx from ice melts. Within this study the most upregulated gene in
tropical systems was found to be the gene encoding for Ectoine Synthase. Ectoine Synthase
is involved in ectoine production which acts as a compatible solute to aid against osmotic
stress (Widderich et al., 2014) The fact that this gene is so highly expressed in tropical
environments suggests that osmotic pressure is a clear stressor for tropical organisms and
ectoine production is essential to regulate internal osmotic pressure. Temperature may
have a compiling effect on salt stress increasing membrane permeability with higher

temperatures (Blicher et al., 2009).

The strongest link between temperature and other environmental factors was between that
of dissolved oxygen concentrations and TIC levels (Figure 2.3). Water temperature effects

gas solubility with higher solubility in colder waters. Within the water column, oxygen levels
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can become more limiting with depth as the rate of respiration begins to out weigh that of
photosynthesis due to decreasing light levels. At a point imbalance of respiration to
photosynthesis becomes so extreme that the water is defined as anoxic favouring single
celled anaerobic organisms (Bertagnolli and Stewart, 2018). However, within SRF waters and
the DCM oxygen levels are rarely limited due to the high levels of photosynthesis and an

established equilibrium with atmospheric O,.

The highest environmental variation in tropical samples relative to polar samples was
observed in nitrate and nitrite concentrations. Nitrogen levels were particularly high in
sample sites located in close proximity to the Galapagos islands (Figure 2.1). These islands
are famous for their nutrient rich seas due to strong upwellings carrying nutrients up from
depths where nitrogen accumulates (Forryan et al., 2021). Nitrogen has previously been
demonstrated to be a strong ecological driver with (Pierella Karlusich et al., 2021)
demonstrating that nitrogen fixing diazotroph abundance was closely linked to localised
upwellings as well as phytoplankton diversity. These organisms are essential to marine
ecosystems playing a critical role in marine nitrogen cycles (Henson et al., 2021). Despite
this in this study we failed to find a significant link between gene expression and NO; and
NOs concentrations in the water system suggesting that it is non-limiting in the sites

studied.

Like salinity, TIC and iron concentrations also have links to ice melt, showing higher
concentrations and far greater variation in polar waters than tropical waters. Sea ice
prevents ocean-air CO; exchange but upon melting can deposit encased CaCOs into the
marine system. The resulting dissolution of CO3 results in a net increase of TIC in the local
water system (Assmy et al., 2013). Additionally bioavailable iron influx to polar systems has
been demonstrated as a result of melting ice sheets and glaciers (Bhatia et al., 2013).
Within tropical systems iron is often limiting for photosynthesis and this is reflected in an
inverse relationship between chlorophyll A and iron concentrations. Influx of iron within
tropical systems is typically a result of deposition of aeolian dust carried by wind from
Saharan and sub-Saharan Africa. This is reflected by the high iron concentrations found
within tropical Atlantic oceans and the iron deplete sites of the tropical Pacific.

Cyanobacterial species, namely Trichodesmium sp. have been demonstrated to coordinate
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aggregation into multi-cellular ‘ball-like’ structures to increase dust capture in which it can

alleviate free iron from oxides contained within the dust (Basu et al., 2019).

2.4.2 Form ID Rubisco organisms dominates carbon fixation in polar environments and

cyanobacterial form IA Rubisco in tropical environments

Previous studies have compared Rubisco expression levels within individuals or within the
same environmental system across time periods (Young et al., 2015b). In this study we
compare Rubisco expression across systems and the globe. For this it is important to first
consider the relative abundance of Rubisco forms in polar and tropical waters based on
metagenomic copy numbers. There is a clear distinction between polar and tropical waters
with form |A cyanobacteria dominating tropical ecosystems and form ID Eukaryotes
dominating polar ecosystems (Figure 2.10). This is an established trend with diatoms
dominating high latitude ecosystems (Benoiston et al., 2017) and cyanobacteria being the
dominant organisms in tropical waters (Capone et al., 1998). Within polar waters
cyanobacteria represented <1% of total rbcl gene copies found. Cyanobacteria are more
closely associated with glacial and ice capped environments in polar environments;
characterised by highly changeable temperature and salinity conditions in contrast to the
ubiquitously low temperature of the polar oceans (Vincent, 2002) Within the polar marine
systems form IA Rubisco derived from proteobacterial organisms represented a higher
proportion of abundance in polar waters, being often chemoautotrophic, proteobacteria
may be better suited to the prolonged dark winter where sunlight is limiting (Alfreider and
Bogensperger, 2018). Additionally form Il Rubisco sequences were found to make up only a
nominal percentage (<1%) of total abundance in both tropical and polar SRF communities
despite being more abundant at tropical DCM sites. Form Il Rubisco is often linked to
sulphur-oxidative pathways as the energy source, the abundance of form Il Rubisco
sequences has been shown to be significantly correlated with lower depths in the water
column which are defined by oxygen deplete conditions (De Corte et al., 2021, Baltar et al.,

2023)

Community dynamics did not significantly differ in Rubisco form abundances between SRF
and DCM water layers in both polar and tropical environments. The most significant
difference between these layers is the light intensity (Moeller et al., 2019) suggesting that a
certain Rubisco form is not better suited to energy flux from high light intensity.
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2.4.3 Rubisco expression increases with temperature in marine environments with form IB

rbclL being the exception

For forms IA, IC and ID expression of Rubisco large subunits were found to be significantly
higher in tropical SRF waters than polar SRF waters with a positive correlation with
temperature. However this positive correlation was weaker in DCM samples and for form ID
organisms this significant difference in Rubisco expression between polar and tropical sites
was lost at the DCM layer. A common theme observed across IA, IC and ID expression in
DCM layers is a much more variable level of expression in tropical samples when compared

to polar DCM sites (Figure 2.9).

The mechanisms underpinning regulation of Rubisco expression in these Rubisco forms is
largely unknown with each form differing in their prospective regulatory elements.
Upstream LysR family transcriptional regulators are associated with Rubisco regulation in
proteobacteria and cyanobacteria. A eukaryotic homologue of ycf30 is the predominant
regulatory element for form ID Rubisco operons. The mechanism of activation in each of
these forms is complex, being linked to TIC, light and even rubisco activase expression
(Toyoda et al., 2022, Minoda et al., 2010, Bohnke and Perner, 2017). What is clear is that
there is a complex cascade of genes across multiple regulatory elements often intertwined

with CCM elements and photosystem regulation (Bolay et al., 2022, Minoda et al., 2010).

As a result of this it makes it impossible to categorically predict what environmental factors
are influencing Rubisco regulation in the marine environment. However comparing themes
of expression in this study with previous studies on Rubisco regulation in single species
shows overarching themes. For example the overall higher expression levels of form IA
Rubisco in topical waters correlates with a study by (MacKenzie et al., 2005) showing

upregulation of rbcL within Synechococcus elongatus in response to higher temperatures.

For form ID organisms (Young et al., 2015a) demonstrated higher concentrations of Rubisco
per gram of biomass in pyschrophillic diatoms from the Western Antarctic Peninsula than
mesophilic diatoms (Brown, 1991). The proposed theory behind higher Rubisco
concentration in psychrophilic diatoms is to overcome slow kinetic rates which constrain

Rubisco at low temperatures (Young et al., 2015a).
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This is contradictory to the lack of significance difference in form ID Rubisco expression
observed between DCM polar and tropical samples and significantly higher expression in
tropical SRF waters. The reason behind this contradictory evidence may be nitrogen
limitation. Higher variation in form IA,IC and ID expression at the DCM layer appear to be
coordinated with higher variation in nitrogen levels observed across tropical DCM samples
(Figure 2.16). Although Rubisco form expression was not linearly correlated with nitrogen
concentrations, nitrogen may be limiting past a threshold. This therefore requires a
balancing of nitrogen allocations across the cell. In contrast to this Antarctic oceans which
are rich in nitrogen due to ocean upwellings allows unrestricted allocation of nitrogen to
Rubisco to overcome the bottleneck in these communities (Young et al., 2015a), (Pierella

Karlusich et al., 2021).

It is also important to note that inferring a relationship between transcription levels and

protein concentrations is imperfect and is an over simplification.

In contrast to the other Rubisco forms Form IB rbcL had higher expression levels in polar
water than that of tropical waters. This was the sole Rubisco form where this was the case.
Upregulation of form IB Rubisco in response to cold conditions has been demonstrated in
multiple species of both plants and green algae (Zhang et al., 2002, Ohba et al., 2000,
Cavanagh et al., 2023, Devos et al., 1998, Peng et al., 2021). Red algae have frequently been
demonstrated to possess Rubisco with specificity levels far higher than that of green algae
(Oh et al., 2023). This may be the reason why resource allocation to Rubisco can be
moderated in polar environments within form ID Rubisco species, dependant on nitrogen
resources. Alternatively form IB organisms require maximum nitrogen allocation to Rubisco
in cold environments to overcome bottlenecks due to slow kinetic rates and reduced
specificity. This theory is supported by the proportion of total protein Rubisco makes up in
form IB aquatic organisms versus form ID organisms with form IB organisms possessing upto
63% Rubisco (Rubisco/ grams of biomass). In comparison diatoms were demonstrated to

possess between 1-12% Rubisco (Rubisco/ grams of biomass) (Young et al., 2016).

Form IB organisms have often been shown to possess multiple isoforms of rbcS genes which
have been demonstrated to confer differential kinetic properties of the holoenzyme.
Multiple studies in wheat, Arabidopsis and spinach have shown that differential expressions

of the small subunit isoforms, coordinated with temperature, can modify the kinetic
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parameters of the Rubisco holoenzyme. Often increasing ket and decreasing relative
specificity at lower temperatures (Yamori et al., 2006), (Cavanagh et al., 2023), (Huner and

Macdowall, 1978).

This differential expression of small subunit isoforms may also explain the discrepancies
between rbcL and rbcS expression levels in form IB organisms observed in this study. This
coupled with the spatial segregation of rbcL (plastid) and rbcS (nuclear) genes in the meant
that rbcs and rbcl expression levels were not as tightly coordinated in form IB organisms

compared to form IA,IC and ID organisms (Figure 2.8).

Within 1A, IC and ID organisms rbcL and rbcS genes are located within operons with the
same regulatory promoter. Therefore in this study an almost 1:1 relationship was found

between the expression levels of rbcl and rbcS which was to be expected (Figure 2.8).

2.4.4 Rubisco expression correlates strongly with Rubisco activase levels but not with

chaperones

Across all forms there was a distinct positive correlation with rbcl and the corresponding
Rubisco activase (Figure 2.12, 2.13, 2.14, 2.15). This relationship was particularly striking in
form ID with an almost one to one ratio of expression of rbcL to the cbbx gene. This is
because within red type organisms cbbx, rbclL and rbcS are located in the same operon so
one would expect expression to be comparable. This is also the case for form IC organisms
however Rubisco expression did not correlate as strongly with cbbx expression. This may
due to missed sequences in the annotation of sequences in this study due to a lack of

annotated cbbx, proteobacterial sequences available on NCBI databases.

Proteobacterial organisms possessing form IA Rubisco can be divided into two sub groups,
IA®C and IAC with the latter Rubisco assembling into carboxysomes. Both subforms share the
common CBBQO activase complex however this is found further downstream in IA®
organisms. This decoupling of Rubisco genes and activase may be why it appears the

correlation between form IA rbcL and chbQ/cbbO expression in proteobacteria is weak.

Within form IB organisms there is also strong positive correlation between the Rubisco

activase rca and rbcl but this relationship is far stronger between rca and rbcS. Both rbcS
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and rca are nuclear encoded and differ in regulation patterns with evidence showing that

rca (Carmo-Silva and Salvucci, 2013) is redox regulated connected to light intensity.

Across all Rubisco forms there is a weak positive correlation between rbcL and their
corresponding Rubisco chaperone. This is expected with chaperones only binding
transiently, not necessitating tightly linked expression levels. Chaperone genes are also not

generally found within the Rubisco operon (Cabello-Yeves et al., 2022)

Within cyanobacteria, form IA assembles into alpha carboxysomes consisting of the Rubisco,
the large shell protein csos2 and csos3, a carboxysome associated carbonic anhydrase
alongside various smaller linker proteins. Despite being clustered within an operon short
intergenic gene spaces may result in intra-operon regulation of genes. (Cai et al., 2008)
demonstrated that transcript levels of cso operon genes within the proteobacterial
Halobacillus neopolatanus, varied by magnitudes. Despite being adjacent, rbcS and rbcL had
ten-fold higher transcript levels than csos2 and csos3. This discrepancy of Rubisco levels to

csos2/csos3 levels is also represented at the protein level. (Sun et al., 2022)

It appears that csos3 is also upregulated with temperature and CO,. This is opposing to form
IA Rubisco expression. It is also the opposite of a and B CA levels. The aCA, ptCA1 studied
here have been linked to extracellular conversion of bicarbonates to CO; in cyanobacteria
(Kupriyanova et al., 2011) whereas BCA, cah3 has been implicated in pyrenoidal function in
green algae (Gee and Niyogi, 2017) and cytosolic localisation in diatoms (Tanaka et al., 2005)
involved in the CCM. This trend of upregulation of carbonic anhydrases with decreasing
dissolved inorganic carbon levels has been demonstrated as a stress response to growth in
low carbon environments. (Clement et al., 2016) Therefore it is intriguing that csos3 has the
inverse relationship with carbon levels and temperature. The significant negative correlation
with rbcL may indicate malleability in carboxysome architecture with internal CA

concentration decrease as Rubisco levels increase.

2.4.5 The light dependant stage of photosynthesis is upregulated in polar systems

Looking more specifically at the light dependant stage of photosynthesis in this study we

found an overarching theme of higher expression of genes in both SRF and DCM polar
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samples compared to those of tropical (Figure 2.6). This response may be multifactorial

based on a number of differences between tropical and polar environments.

Firstly polar environments are highly seasonal with vast changes in sunlight hours over the
course of a year. The sampling for the polar waters was conducted between late May and
late October. Meaning that large parts of the sampling effort were conducted with 24 hours
of daily light. Large algal blooms have been observed during this period in polar waters as a

result of increased productivity due to long daylight hours (Tison et al., 2020).

However high-light conditions also come with significant implications for photosynthetic
organisms mainly arising from the imbalance of photochemical and enzymatic rates.
Photochemical transfer of energy happens rapidly, irrespective of temperature at 10°*> ymol
s1, enzymatic rates however lag far behind due to low temperatures (Young and Schmidt,
2020). This necessitates the evolution of biochemical and biophysical mechanisms to

alleviate potential damage from this energetic imbalance.

Once such mechanism observed in Micromonas spp. shows the upregulation of
photosystem Il proteins as protein reserves for when photosystems become damaged or in
need of repair. This may additionally contribute to higher expression levels within polar

regions (Ni et al., 2017).

Another significant factor is iron with levels in polar waters being significantly higher than
that of tropical waters. Iron is an essential cofactor involved across many photosystem
proteins in the form of haem groups or iron-sulphur clusters. Therefore environmental iron
levels are often limiting for the light dependant stage of photosynthesis. It is considered that
30% of marine environments are limited in iron. Within diatoms the c6 complex is often
replaced by a plastocyanin, a copper centred homologue. Being dominant in polar waters,

this may allow more amplified expression of photosystems (Peers and Price, 2006)

The one exception to higher expression levels in polar waters is found with the gene, petB
complexes with other pet genes to form the cytochrome b6/f complex. Studies in plants
show that while photosystem and light harvesting complex genes are down regulated under
heat stress cytochrome b6/f genes, including petB are upregulated (Song et al., 2014). This is
because cytochrome c6/f is considered to act as a switch between photosystems controlling

electron flux and acting as a photoprotective mechanism (Johnson and Berry, 2021).
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In DCM water samples we found a strong positive correlation between photosystem
expression and iron concentrations in samples. A relationship that was not observed in SRF
waters. This suggests within surface waters photosystem expression is regulated to prevent
photooxidative damage to cells through excessive energy flux. Within the DCM water layer
where light intensity is minimal, photosystem genes are upregulated to a point where iron

becomes limiting for the organism.

2.4.6 CBB and photorespiration follow the metabolic trend of upregulation with

temperature

After the light dependant stage of photosynthesis comes the light independent stage with
carbon dioxide being fixed through the central enzyme of Rubisco. When all forms of
Rubisco (including form 1l lacking carboxylation capacity) were considered, it was found that
expression levels did not differ significantly between polar and tropical environments. This
was not the case for other CBB associated enzymes with a general upregulation of the
pathway in tropical sample sites. This is in accordance with the general trend of
upregulation of metabolic processes with temperature. Expression levels within the CBB
were by the highest in rbcL, rbcS and sbp by far. Both Rubisco and SBPase have been
established as bottlenecks within the CBB cycle due to slow catalytic rates Liang (Liang and
Lindblad, 2017), (Hammel et al., 2020). High expression levels within marine systems may be

necessary to compensate for these slow turnover rates.

Upon Rubisco fixing 02 3-PGO is produced which is toxic in high concentrations. Therefore
this product must be recycled through the photorespiration pathway. Photorespiration was
also generally upregulated in tropical systems relative to polar systems despite lower
concentrations of oxygen. This is clearly a proportionate increase to the higher expression
levels of the Rubisco forms. The exception to this upregulation in tropical waters was glyk
which was upregulated in polar waters. Within cold adapted Chlamydomonas species C.
nivalis upregulation of glyk was also found to be the case when grown at low temperatures
(Peng et al., 2021). Glyk like Rubisco and SBPase may represent a bottleneck in

photorespiration and therefore further study here is important.

When considering genes associated with carbon fixation through the CBB cycle, it would

also be impossible not to understate the effect of mixotrophy in marine environments. This
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adds a layer of confusion when considering carbon cycles in marine systems. The extent of
mixotrophy within marine populations contributes to an estimated 12% of marine
microeukaryotic gene sequences (Cohen, 2022). This is an emerging area of research which
is expanding with the rise of metagenomics. However, it is clear that mixotrophy is
widespread amongst microbial marine communities with the majority of organisms
balancing both autotrophic and heterotrophic metabolism (Stoecker and Lavrentyev, 2018),

(Flynn et al., 2019).

2.4.7 Carbon concentrating mechanisms in marine systems are strongly correlated with

environmental parameters

There are two main components to carbon capture mechanisms with marine environments,
these are bicarbonate pumps which actively transport inorganic carbon from the
environment into cells and secondly there is the carbonic anydrases which convert this
bicarbonate to gaseous CO; for fixation by Rubisco. In this study we examined, the
bicarbonate transporters sbtA (commonly found in alpha-cyanobacteria), hla3 (associated
with green algae) and pts/c4A1 (a carbonate transporter associated with red microalgae).
sbtA, hla3 and ptsic4A1 all showed an inverse relationship with TIC (Figure 2.16). This
relationship with TIC is also reflect in the carbonic anhydrases associated with CCM activity
in green and red algae (ptcal and cah3 respectively). Dissolved inorganic carbon levels are
higher in polar environments, especially in summer months largely due to the influx of TIC
through glacial melt (Lgnborg et al., 2020). This coupled with higher productivity during
polar summer months may necessitate greater levels of carbon import by bicarbonate
transporters. For carbonic anhydrases and bicarbonate pumps it has been demonstrated
that upregulation occurs at reduced carbon levels within microalgae (Clement et al., 2016).
Although TIC loosely decreases with temperature an increase in temperature also results in
a shift of the carbonate equilibria to cause a relative increase in bicarbonate ions in the
water system (Gonzdlez-Benitez et al., 2019). The result of which may mask a level of

coordination between TIC and bicarbonate pump expression.
2.5 Conclusions and future prospects

This study is the first of its kind giving an insight into photosynthesis regulation on a global

scale in marine systems. There is a definitive link between expression of photosynthetic
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genes and environmental conditions with all genes coordinated with one or multiple

environmental factors.

For the light dependant stage of photosynthesis regulation is inversely linked to
temperature with higher expression in polar sample sites with the added limitation of iron
at increased depths in the water column. Iron is not significantly linked to expression in
surface waters suggesting that there is a redox regulation of photosystems to avoid over

excitation, an issue that may be exacerbated at low temperatures.

Interestingly the light independent stages of the CBB cycle and photorespiration appear to
have the inverse relationship to the light dependant stages being positively linked to
temperature and negatively linked to iron concentration in the majority of cases. This
opposing relationship may represent the differences between rate of enzymatic activity and
the charge separation rate of photosystems. Charge separation is not affected by
temperature and therefore photosystems have to be regulated accordingly for energy
dissipation. Alternatively enzymatic rate is largely dependent on temperature and

expression is therefore proportional to kinetic rate.

When Rubisco forms were considered, we found nuanced expression patterns emerging
between different Rubisco forms as well as a disconnect between rbcl and rbcS expression
in form IB organisms. This is unsurprising as the upstream photosystem apparatus and the
CCM architecture differs significantly between organism, generating different Rubisco
environments. This coupled with the differing Rubisco accessory proteins and regulatory

elements may allow for varying levels of environmental adaption.

A significant limitation of this study is the lack of data associated with light intensity, being
intrinsically linked to photosynthesis. The major difference between marine environments
and terrestrial environments is the lowered effect of environmental conditions on diurnal
cycles with temperature, nutrients, osmotic pressure and gaseous concentrations having
little fluctuation. Opposingly, especially within terrestrial plants, temperature, gaseous
concentrations and osmotic pressure are fluctuating significantly across the length of a day,
making the environment much more changeable, having added implications on
photosynthesis. The one exception to this comparison is light intensity, with both marine

and terrestrial systems experiencing daily fluctuations.
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Climate change and rising water temperatures are a threat to global marine systemes, this is
particularly true in polar ecosystems where water temperatures are rising at amplified rates.
There is a clear correlation between water temperature and the nutrient environment. This
has additional links to ecosystem taxonomy and photosynthesis regulation. It is important
that we make efforts to curb rising sea temperature in order to prevent added disruption to

highly productive but fragile polar ecosystems.
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Environmental adaption of Rubisco in the Earth’s oceans

3.1 Introduction

In Results 2.3, it was demonstrated that temperature was a significant driver behind
expression patterns in the Earth’s oceans, being strongly correlated with the regulation of
almost all photosynthetic genes. As well as being a significant factor driving expression,
environmental temperature also defines the internal temperature of unicellular organisms
(Somero, 1995). As a result, enzymes will commonly evolve thermal optimas that reflect the
mean temperature of the environment (Feller and Gerday, 2003). With diurnal temperature
of oceanic environments varying to a much lesser extent than those of terrestrial
environments this phenomenon is particularly prevalent in marine organisms. A
comprehensive study demonstrated this shift in thermal optimas within marine
environments, highlighting a strong positive correlation between the enzymatic thermal
optima and mean annual temperature based on a wide array of enzymes derived from

oceanic metagenomes (Marasco et al., 2023).

Contrary to this, previous studies have failed to show a shift in thermal optima within
Rubisco species with rate of carboxylation continuing to rise exponentially with temperature
(Young et al., 2016). However, there is phylogenetic evidence to suggest evolution of
Rubisco to fit the environment (Hermida-Carrera et al., 2017), (Galmés et al., 2014),
(Kapralov and Filatov, 2007). Although environmental adaption of Rubisco kinetics may not
be as strong as a thermal optima shift, there are subtle differences in the kinetic parameters
of specificity and rate between environments. (Capd-Bauca et al., 2022) provides evidence
to suggest these differences may be the result of mutations within the RbcL, highlighted
within closely related species of seagrass. Additionally, environmental shifts in the kinetic
properties of Rubisco can be observed through the differential expression of RbcS isoforms
(Cavanagh et al., 2023). In Arabidopsis, a decrease in temperature causes this change in
RbcS isoform expression resulting in a subtle change of kinetic parameters better suited to
colder conditions with faster, less specific Rubisco being favoured at lower temperatures

(Cavanagh et al., 2023).

In this study, we examine the diversity and evolution of Rubisco in seas and oceans by

utilising the vast resource of sequences derived from Tara Oceans metagenomes. By
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combining metagenomic sequences with their corresponding environmental temperature,
we can additionally begin to contrast evolution rates between cold, warm and temperate
environments through phylogenetic evolutionary models. In this chapter branch site models
are utilised to examine intensification/ relaxation of selection pressure from temperate
environments into warm or cold environments within Rubisco forms, additionally episodic
and pervasise selection models are utilised to capture selection pressure which are
subjected across the Rubisco gene from differing environmental temperatures. In parralel to
the codon based phylogeny models the machine learning models of Gaussian process
regression and random forest models are used to examine sequential differences between
Rubisco proteins derived from warm and cold environments. Guassian process models have
previously been utilised in the prediction of various protein characteristics from
flourescence, themostability and kinetic properties (Saito et al., 2018, Romero et al., 2013,
Igbal et al., 2023). Thus in this study we apply the Gaussian process model to see if the
Rubisco protein sequence is predicative of its environmental temperature which would

indicate an underlying environmental adaption.

Therefore, our null hypothesis is that we will find no evidence of positive selection in
Rubisco and there is no evidence of evolution of Rubisco in relation to the environmental
temperature. Additionally, because of this lack of evolution the machine learning models

will not be able to determine environmental temperature from protein sequence.

3.2 Methodology

3.2.1 Metagenomic mining

Multiple studies have synthesised gene catalogues from the Tara Oceans genomic
information (Delmont et al., 2022), (Delmont et al., 2018) (Vorobev et al., 2020), (Royo-
Llonch et al., 2021), (Acinas et al., 2021), (Salazar et al., 2019). These reference catalogues
were collated into a searchable tool by (Vernette et al., 2022). Bait from each form of
Rubisco (Appendix Table 6.2, 6.3) was used to tBlastn search against the various gene

catalogues with an e-value threshold of 1x10-%°.
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As well as obtaining the raw protein sequences, it is possible to obtain the DNA sequence
and environmental parameters of each sequence found in the reference catalogues. A
custom python script was used to collate the above information. As many Rubisco genes
were found across multiple sites, the temperature from each site was averaged to give the
average temperature assigned to that sequence. Based on the average temperature that
each gene was found, a ‘temperature category’ was assigned to the gene. These
temperature categories were defined as Cold (<10 °C), Temperate (10-20 °C) and Warm

(>20 °C).

3.2.2 Phylogenetic determination of Rubisco Form and preliminary cleaning

Sequences extracted from the Tara Oceans catalogues were primarily cleaned for duplicate
sequences; additionally, partial sequences that were below defined minimum length
thresholds were cleaned. The length threshold for RbcL sequences was 350 amino acids and

100 amino acids for RbcS protein sequences.

For form determination of Rubisco sequences a combinatorial approach was conducted,
assessing phylogenetic determination after protein sequences were annotated using
DIAMOND+ (minimum e-value cutoff 1x101°) (Buchfink et al., 2015) implemented on the
Galaxy EU servers (Galaxy Version 2.0.15). Using these annotations form Il Rubisco
sequences from Archael origins were removed. The Rubisco sequences were aligned using
MUSCLE alignment default parameters, and a Maximum likelihood phylogenetic tree
utilising a Dayhoff substitution matrix was generated. Using the assumption that Rubisco
sequences grouped by form and knowing the phylogenetic determination of each sequence,
it was then possible to define which phylogenetic clades corresponded to each Rubisco form

and therefore each Rubisco sequence could be assigned a form.
3.2.3 Further cleaning of sequences for analysis

Due to the nature of the sequence extraction, there were multiple duplicate genes, as
identified by DIAMOND+ annotation that shared the same NCBI indicator but differed
marginally in length. This duplicity risked creating a positive bias in subsequent analysis

where genes between environments were phylogenetically compared. Therefore, genes
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that shared both the same NCBI indicator and were found in the same temperature
category were removed, leaving only the longest sequence for that gene. Additionally, a
further cleaning stage was conducted upon alignment of each individual Rubisco form using
MUSCLE. If a sequence was missing >~15 amino acids at the C/N terminus of the protein, it

too was removed from the dataset.

3.2.4 Gaussian Process regression model overview

A gaussian process regression model is a supervised model that aims to predict an
observation y from a predictor x with a measure of uncertainty. A gaussian process model is
defined as a nonparametric model meaning that it is not limited to a single function unlike
linear regression and therefore achieves predictions over a range of possible functions that

fit the data (Wang, 2020).

To achieve this estimate one must first define the model priors. This defines the
characteristics of the functions used by the model. The prior model function can be divided
into three parts. The kernel function, the mean function and the hyperparameters of the
kernel function. Firstly, the kernel function is used to represent the relationship between
the covariance of x variables (Equation 3.2) (Ebden, 2008). The second component of the
prior is the mean function u (Equation 3.1), this defines the mean of the function values at
any given point, without prior knowledge this is defined as 0. Finally, the hyperparameters
of variance 2 and lengthscales [ define the height and smoothness of the kernel function
respectively (Equation 3.2)(Ebden, 2008). This allows fine-tuning of the kernel function for
the most accurate predictions. Figure 3.1 presents examples of these prior functions. The
key principle behind the use of a covariance function is that it ensures x variables that are
closely related have a similar y value, otherwise known as the function output value f(x)

(Wang et al., 2020).

f(x)~GP(m(0), k(x,x")) a1
—x — X — X' 3.2
k(x,x") = 6?(1 + \/glxl x| + 5|X312X | Jexp(— \/EIXI - ‘l)
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X
Figure 3.1- A visual representation of the Matern52 kernel function prior to training. The

height of the function is defined by the variance (62). W represents the mean of the
function and [ is the length scale of the function defining the level of oscillation. st--

/interactive-gp-visualization github repository

Training the Gaussian model 3.2.5

73



Figure 3.2- A visual representation of the Matern52 kernel function post training to
datapoints. This highlights that only a finite quantity of functions are now applicable to the
data. This limits the variance and can be used to predict a mean at unknown x’. The height of
the function is defined by the variance (62). W represents the mean of the function and [ is
the length scale of the function defining the level of oscillation. This representation was

modified from st-- /interactive-gp-visualization github repository.

The next step is model training of the posterior distribution of functions. For the prior there
is an infinite number of functions that can be plotted; however, when training data are
incorporated with known x inputs and y outputs that correspond to function outputs f(x)
only a selection of functions will fit the data - thus adjusting the mean function (Figure 3.2)

(Ebden, 2008).

The model is then optimised through an iterative optimiser that minimises maximum
likelihood error in the model by tuning the hyperparameters of the kernel function to get

the best fit of the data (Wang et al., 2020).

Finally, the model is used to predict unknown y’ from test x, input. Being Gaussian, this is a
measure of probability over the range of normally distributed function values from the
posterior giving a mean value for y’ and variance. To achieve the calculation of mean and
variance the covariance matrix is used. K represents the covariance matrix where the kernel

function k(x,x") is used to calculate each element (Equation 3.3) (Ebden, 2008).

k(xy,x0) - k(xq,%p) 3.3
K = : :
k(xru xl) k(xnr xn)

K., is calculated from the diagonal of the matrix relating to k(x,, x,) for test x, input

(Equation 3.4) (Ebden, 2008).

K.. = k(x,,x.) 3.4
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K, is a vector of test x, with trained x values (Equation 3.5) (Ebden, 2008).

K, = [ k(x,, x1), k(x,, x3) ... k(x,,x,)] 3.5
The above components of the covariance matrix are used to calculate the mean prediction

for unknown )7’ K~ equates to the inversion of the covariance matrix (Equation 3.6)

(Ebden, 2008).

o

y = K.. — K_ly 3.6

For variance of ¥, T indicates the transposition of the matrix (Equation 3.7) (Ebden, 2008).

var(y') = K,, — K.K KT 3.7

In this study, both simple and additive kernel architectures were utilised. Simple kernels
simply use a single kernel function across all parts of x. Additive kernels use multiple kernel
functions over defined parts of x. Upon optimisation, this allows weighting of parts across

the length of the protein highlighting lower order interactions (Wang et al., 2020).

3.2.6 One-hot encoding

For the input to the Gaussian Process regression model the protein sequences extracted
from the Tara Oceans, outlined above (Methods 3.2.4) assemblies required encoding to a
numerical vector. Three main methods of encoding the protein sequence were utilised in
this study. Firstly, one-hot encoding. This requires an alignment of all protein sequences
found for each of the proteins examined in this study. The alignment was achieved using the

MUSCLE algorithm with default parameters. Each protein sequence in the resulting
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alignment was then converted to a binary vector where each amino acid is represented

within five dimensions of Os and 1s; for example, A=00001, C=00010 and so on.
3.2.7 VHSE encoding

(Mei et al., 2005) demonstrated that 50 biochemical properties of the 20 amino acids could
be condensed to a numerical representation of eight dimensions. Dimensions 1-2 represent
hydrophobicity of the amino acids, 3-4 represent the steric properties of an amino acid, and

5-8 represent the electronic properties of the amino acid (Xie et al., 2013).

As described in methods 3.1, the protein sequences were aligned and then a custom python
script encoded the aligned protein sequences to a numerical vector where each amino acid
was represented by its corresponding VHSE values, for gaps in the alignment the VHSE

values were set to 0.00 for all dimensions.
3.2.8 Learnt encoding ESM transformer model

The ESM-2 transformer model developed by (Lin et al., 2022) was used to encode protein
sequences into a numerical vector of 1280 elements long. The ESM-2 model is based on a
language model that works by ‘masking’ amino acids along the length of protein and then
subsequently predicting the masked item. The model was trained on 50 million protein
sequences and encompasses 15 billion parameters in its prediction. (Lin et al., 2022) have
demonstrated that these language models have previously been shown to represent
biochemical and structural properties of proteins (Lin et al., 2022)and can be used to predict
the protein 3D structure comparable to that of AlphaFold2 (Jumper et al., 2021). For this
method of protein encoding the esm2_t36_3B_UR50D() model was downloaded from the
facebook research/esm github repository. The corresponding python code was used to

convert the protein sequences to numerical vectors.

3.2.9 TSNE plots

TSNE plots are a means of visualising underlying trends in highly dimensional data by
reducing the number of dimensions to two (Van der Maaten and Hinton, 2008). In this case,
binary encoding of the protein alignments were used as the input. Hyperparameters can be

manipulated to ensure resolution between datapoints, therefore these hyperparameters
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were fixed as perplexity=50, learning_rate=500 and random_state=0. The TSNE analysis was
performed using the Scikit Learn package (Version 1.2.2) and visualised using seaborn

0.13.0.

3.2.10 Protein sequence alignments with secondary structural elements

To produce RbcL and RbcS protein alignments with secondary structural elements, Esprit3.0
was used in conjunction with the crystal structures of RbcL from Arabidopsis thaliana RCSB:
51UO (Valegard et al., 2018a) and RbcS from Chlamydomonas reinhardtii RCSB: 1GK8 (Taylor
et al., 2001). The separate alignments for RbcL and RbcS sequences consisted of the protein
sequences from the above crystal structures as well as representative sequences extracted
from Tara Oceans metagenomes of form IA, IB, IC and ID origins to highlight sequence
diversity across forms. Going forward, the amino acid position index from the RbcS and RbcL
alignments with secondary structural elements was used as the reference for all other

amino acid positions.

3.2.11 Random forest classifier model to identify residues that differ between ‘Warm’ and

‘Cold’ Rubisco sequences

Decision trees define the most efficient way to divide data into defined categories. Decision
trees are however not considered robust models as a small change in sampling data can
result in a drastically different tree. Therefore, a random forest model randomly shuffles the
data into training datasets consisting of a defined proportion of your samples and constructs
a decision tree from that data. This process is repeated for a defined number of times.
Following the Gaussian Process model, a Random forest model was used to indicate
residues of the protein that differed between ‘Warm’ and ‘Cold’ environment proteins.
Warm proteins were defined as those found above 18 °C and cold environment proteins
were defined as those below 10 °C. For this, the VHSE encoding of biochemical properties
was used. To counteract for noise, VHSE values were averaged across every subsequent five
amino acids. The random forest model was built on 10,000 decision trees to minimise the

false discovery rate with an additional training split of 90%. The additional hyperparameters
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were as follows: measure of impurity='gini', max depth of tree=1, minimum impurity
decrease=0.24, bootstrapping=TRUE and random state=69. The model was built using the

Scikit Learn package (Version 1.2.2)

3.2.12 Identification of positively selected residues through PAML

Random forest model highlighted regions of proteins that differed in biochemical properties
between Warm and Cold environments. In conjunction to this, PAML was used to test for
positive selection across the proteins. Firstly, DNA sequences corresponding to protein

sequences were extracted from the original scaffolds.

Easycodeml (Gao et al., 2019) built on PAML version 4.9 was used to test for positive
selection on residues of form ID rbcL. Firstly, nested site models were used to test for
positive selection of codons across all form IA/ID rbcL and rbcS sequences. MO vs. M3, M1a
vs. M2a, and M7 vs. M8 and M8a vs M8 were all used to assess selection. The highest
weighting was given to the M8a vs M8 model for positive selection as this is regarded as the

most rigorous comparison (Kapralov and Filatov, 2007).
3.2.13 Mixed effect model of variation (MEME) test for positively selected residues

MEME falls into the category of branch-site random effects phylogenetic models. Which
means that w (the ratio of dn/ds substitution events) is allowed to vary across lineages as
well as sites. This is comparable to the nested branch site model in PAML; however, it does
not require foreground lineages to be defined (Murrell et al., 2012). This is particularly
useful for evolution events that are episodic (meaning that they often only occur in a single
or a few lineages). As result, the effects of which would not be detected in PAML site based
model. For this, rbcS and rbcl dna sequences collated from published metagenomes across
multiple studies were first trimmed, removing partial sequences then aligned by codons
using MUSCLE MSA in the MEGA11 software package with default parameters. Log ratio test
(LRT) >1 and p<0.05 indicated residues that were positively selected for. MEME implements
conservative detection methods for episodic selection , demonstrating a lower false
discovery rate than comparable methods at ~3% false discovery for mediumly conserved

gene sets (Murrell et al., 2012).
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3.2.14 RELAX for testing relaxation in rbcS and rbcL genes

RELAX is a model used to test for the strength of selection exerted on defined phylogenetic
lineages (Wertheim et al., 2015). Selection strength in the RELAX model is defined as either
intensified selection where selection pressure is relatively higher or opposingly, relaxed
selection. The latter often resulting in loss of gene functionality (Wertheim et al., 2015). The
software works by fitting a model to defined test branches or ‘H1’ where the variable k is
not constrained. This is then compared to the null model of the reference branches ‘HO’
where k is fixed to 1. LRT is then used to compare the two models with k<1 being defined as
relaxed section and k>1 defining intensified selection (Wertheim et al., 2015). In this study,
DNA sequences for form |A and ID rbcL and rbcS genes were aligned by MUSCLE codons.
These were inserted into the RELAX program (Wertheim et al., 2015), implemented in
Hyphy (Kosakovsky Pond et al., 2020) and supported on the datamonkey.org servers. The
hypothesises tested are outlined in Figure 3.3 using incident branches as test branches as
outlined. Firstly, for form IA rbcL and rbcS sequences, the two clades examined (Figure 3.3A
and Figure 3.3B), were the divergent lineages pertaining to proteobacteria and
cyanobacteria. Following this, each incident branch pertaining to an individual warm
sequence or clade was selected as the test branches (Figure 3.3C), then temperate (Figure
3.3D) then cold (Figure 3.3E). Finally, the two basal branches of the cyanobacterial clade and
proteobacterial clade were assessed for selection pressure; this was used as the negative
control in this analysis. For form ID rbcL and rbcs genes the same tests were carried out,
however the form ID Rubisco sequences did not appear to discrete clades like form IA
sequences. Therefore, the two distinctly divergent clades were categorised as clade 1 and

clade 2 and these sequences were compared for relaxation of selection (Appendix figure 1).
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Figure 3.3- A simplified version of tests carried out by RELAX selection pressure on the rbcL
and rbcS genes of form IA and ID organisms. Red lineages represent the test branches

whereas the blue indicates the reference branches.
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3.2.15 Close contact interactions between RbcS and RbcL subunits

Existing crystal structures for form IA and form ID Rubisco were used to highlight residues
on the RbcL and RbcS subunits that were in close contact with each other. For form IA
Rubisco, the crystal structure from Halothiobacillus neapolitanus (RCSB:7ZBT) (Ni et al.,
2022) and Thalassiosira antarctica (RCSB:5MZ2) (Valegard et al., 2018b) were used to
assess close contact interactions between a single RbcL unit and all interacting RbcS units
from the holoenzyme structure. To achieve this the ‘contact’ function implemented in
ChimeraX was utilised; this tool highlighted residues with overlapping Van der Waals (VD)
radii of >-0.4 A which were defined as close contact residues. Positively selected residues
were deemed to also be close contact if they within two amino acids down or upstream of

residues that matched the above criteria.

3.3 Results

3.3.1 Tara Oceans Rubisco large subunit species

Genes extracted from reference catalogues assembled from multiple studies on Tara Oceans
raw genomic reads were collated into a phylogenetic tree. A maximum-likelihood model
utilising a Dayhoff substitution matrix was used to achieve this phylogeny (Figure 3.4). It is
clear that the individual Rubisco forms form clades relative to the structure of the large
subunit (Figure 3.4). Form Il Rubisco from proteobacteria are the most divergent Rubisco
form representing an outgroup for the other Form | Rubisco types. There are no ‘warm’

form Il Rubisco sequences found across these datasets (Figure 3.4).

There is a clear evolutionary divergence into ‘red’ and ‘green’ type Rubisco forms central to
this phylogenetic tree; Form IA and IB group together in a discrete clade as do Form IC and
ID Rubisco forms (Figure 3.4). Form IA is largely represented by warm and temperate
cyanobacteria which represent a divergence from proteobacteria in this clade. This is also
the case in the red type lineage with proteobacterial form IC sequences being distinct from

the red algal from ID sequences (Figure 3.4). Form IB Rubisco sequences are the most poorly
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represented sequences across all the Tara Ocean datasets examined in this study (Figure

3.4).

Form ID
¢/
0.1
H —
=%
4 4 Temperature (°C)
® cod
Temperate
® warm

Figure 3.4- RbcL proteins from each individual species extracted from metagenomes
(annotated with Diamond) were aligned using MUSCLE. The resulting alignment was used to
construct a Maximum-likelihood tree using a Dayhoff substitution matrix for closely related
sequences. Each sequence is grouped into its subsequent forms annotated by the colouring.
The point at the end of each branch represents the average temperature the sequence was

found at. The scale-bar highlights represents the number of substitutions per site.
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Figure 3.5- TSNE plots of the RbcL metagenome extracted proteins, aligned and binary

encoded (perplexity=50, learning_rate=500, random_state=0, SciKit Learn Version 1.2.2): A
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Colouration of sequences is used to represent the form of the individual RbcL sequences; B

Colouration represents the average temperature the sequence was found at.

3.3.2 Dimensional reduction of RbcL sequence space

TSNE plots are a means of visually representing highly dimensional data in two dimensions
to look for underlying patterns in the data. In this case TSNE plots were used to represent
the individual RbcL sequences that were encoded to binary vectors representing individual
amino acids (Figure 3.5). From the TSNE plots it is clear to see that the RbcL sequences
group based on the form of the RbcL showing clear discrete groups for each; this is
comparable to the phylogenetic representation above. When the temperature of the RbcL
sequences were considered, there appears to be a subtle degree of grouping within Rubisco

forms, however this distinction is imperfect at best (Figure 3.5).

3.3.3 Gaussian process regression model for predicting environmental temperature from

Rbcl sequence

A Gaussian process regression model RbcL was used to predict average environmental
temperature from protein sequence. Simplistic and additive kernel architectures were
compared; the ‘simple kernel’ utilising a single kernel function across the entire length of
the protein, and the additive kernel which combines kernel functions for each individual

amino acid for aligned RbcL sequences (Figure 3.6).

The model was tested for ‘leave-one-out’ cross validation. This is where the model is trained
on all bar one of the RbcL sequences and then used to predict the temperature for the one
sequence that was left out for training. This process is iteratively carried out for all RbcL
sequences in the dataset. It clear to see that the additive kernel is far superior with an R?
value of 0.80 between actual and predicted temperature values. The simple kernel
performed poorly R2=0.19 (Figure 3.6). This highlights the importance of considering amino
acids of each protein sequence individually as opposed to considering the protein sequence

as whole.
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Figure 3.6 — A comparison of simple and additive kernel architectures for the prediction of
environmental temperature from protein sequence. For both architectures a Matern52
kernel function was used, variance=1 and length scale =1. The colour of the dots describes
the Rubisco form. A) A simple kernel function uses a single kernel function to explain the
relationship between X and Y. B) An additive kernel where each amino acid inputted is

represented by a different kernel function, this allows weighting for more indicative parts.

For the Gaussian process model sequences must be represented in a numerical vector for
regression calculations. How the protein sequences are represented is important as this can
confer additional data to aid model prediction. In this study, RbcL sequences were
represented in three ways. Firstly, binary representation was a simple encoding of amino
acids to a five dimensional vector of 0 and 1s. Secondly, the protein sequences were
converted to VHSE encoding which is an eight dimensional representation of amino acids
based on their biochemical properties Xie et al. 2013. Finally, the ESM model was
incorporated into this study which represents each protein sequence as a 1280 character
long numerical vector which has been shown to be representative of the protein 3D
structure. For the binary and VHSE encoding, a prior alignment was required. Each encoding
method was compared for the three encoding methods in a leave one out cross validation

as explained above.

Models built on all three protein encoding methods were shown to perform well when
predicting environmental temperature from protein sequence. However, it is clear that
model performance can be improved with incrementally more complex protein
representations (Figure 3.7). The baseline model using one-hot binary encoding had an R?
value of 0.80. This could be improved by representing the amino acids in a protein by their
biochemical descriptors with VHSE encoding (R?=0.83). Finally, the learnt encoding

improved model performance again (R = 0.88) (Figure 3.7).
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Figure 3.7- A comparison of protein encoding methods for the prediction of environmental
temperature from protein sequence. For the different protein encoding methods the kernel
function was kept constant using a Matern52 kernel function, variance=1 and length scale
=1. The colour of the dots describes the Rubisco form. A) Uses a one-hot encoding scheme
representing each amino acid as a binary encoding of five dimensions. B) VHSE encoding
represents the protein by its biochemical properties in eight dimensions. Dimensions 1-2
represent hydrophobicity of the amino acids, 3-4 represent the steric properties of an amino
acid, and 5-8 represent the electronic properties of the amino acid Xie et al. 2013. C) Learnt
encoding is implemented from trained models used to represent protein secondary and
tertiary structures Lin et al. 2022. This model represents proteins as numerical vector of

1280 elements in length.

Rbcl forms extracted from Tara Oceans metagenomes aligned with known secondary

structure from form IB RbclL 334
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Figure 3.8- An alignment of RbcL protein sequences discovered in this study alongside the
published crystal structure of Arabidopsis thaliana RCSB: 5IUO (Valegard et al. 2018).
Representatives of each Rubisco form were chosen and indicated by their colouration.
Consensus is indicated by red colouration of amino acids. Secondary structural units are

annotated above relative to 51UO.

Representative RbcL structures from the Tara Oceans dataset were aligned with the crystal
structure for Arabidopsis thaliana Valegard et al. 2018. The multisequence alignment with
secondary structures overlayed highlights the conserved nature of the RbcL protein across
all form 1 types. An extension to the BB and BC loop in few form IC sequences and a short
insertion of two amino acids at residue 437 in a form IA protein sequence represent the only

structural differences between sequences (Figure 3.8).

3.3.5 Random forest classifier to divide Warm and Cold sequences RbclL

A random forest classifier model was built to highlight residues that differed significantly
between ‘Warm’ and ‘Cold’ RbcL species. VHSE values were averaged along the length of
the protein every five amino acids, breaking the protein into parts represented by its

average biochemical properties.

For this, form IA and ID rbcl sequences were used being the most abundant sequences in
the seas and oceans (Figure 2.6). Within form IA sequences there were a total of 21 Warm
and eight Cold RbcL sequences. 10,000 iterations of the decision tree classifier with 90/10
bootstrapping highlighted that the hydrophobic and steric properties of residues between
89-93 (indexed to Figure 3.8) separated Warm and Cold sequences (Figure 3.8). With no
bootstrapping, the residues of 89-93 categorised the form IA RbcL dataset into eight Cold

with 39.7% impurity and 18 Warm with 0% impurity.
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Amongst the dataset there were 14 Cold and 13 Warm form ID sequences. Residues
between 347-351 could be used to divide the dataset based on the hydrophobic properties
of the RbcL proteins. Without bootstrapping differences in hydrophobic properties of these
residues divide the dataset into 14 Cold with 34.6% impurities and 9 Warm with 0% impurity
(Figure 3.9).

92



A

MA=0.875

Cold=8
Warm=3
Gini=0.397

Electronic properties
Residues 347-351:
[Cold=8,Warm=21]

Gini=0.428
VHSE-5 < -0.107

mzl.ooo Hydrophobic properties \

Residues 347-351:
[Cold=14,Warm=13]
Gini=0.499
VHSE-1 £-0.466

N

Cold=0 Cold=14 Cold=0
Warm=18 Warm=4 Warm=9
Gini=0.000 \ Gini=0.346 Gini=0.000 /
C
aa:—; 89-93 o -
orm
£
® A
2 ®eD
©
c 89-93 - @
O .
S Properties
= Hydrophobic
8 — Steric
O 347-351 - ®
0.00 0.25 0.75 1.00

Feature Importance Score

93



Figure 3.9- Form IA and ID RbcL protein sequences were aligned and converted to VHSE encoding, representative of their biochemical
properties. These biochemical encodings were averaged every five amino acids along the length of the protein giving average VHSE values for
each five amino acid part. These average values for each part were used to divide protein sequences into Cold and Warm categories. Residues
listed in the figure are indexed with residues in Figure 3.7, gini is the measure of impurity. A) A single decision tree with no bootstrapping, used
to divide form IA RbcL sequences into Cold and Warm sequences. The biochemical properties used to divide the sequence are listed as well as
the residue location. B) A decision tree with no bootstrapping, used to divide form ID RbcL sequences into Cold and Warm sequences. C) A
random-forest model was implemented to find the most important protein features, indicative of warm and cold environments form IA RbcL
and ID RbcL. This involved the construction of 10,000 decision trees with boot-strapping; the most occurring features capable of dividing Warm
and Cold sequences are shown. The points of the graph represent the RbcL form, the stick represents the biochemical property that best
categorises that form. The Feature importance score represents the proportion of times a certain feature was selected to best categorise the
Warm and Cold sequences after bootstrapping over the 10,000 iterations. For the random forest models, the hyperparameters used were:
training split=90%, max depth of tree=1, minimum gini impurity decrease=0.24, bootstrapping=TRUE and random state=69. The model was

built using the Scikit Learn package (Version 1.2.2).
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3.3.6 Test for positively selected sites across the rbcL gene

Table 3.1- Form IA rbcl test for positively selected sites comparing LRTs of nested models

Model No. S Log-likelihood Model compared LRT p-value Positive sites
M3 48 -26593.30

MO 48 -27453.09 MO vs. M3 0.00 NA

M2a 48 -27320.88

Mila 48 -27320.88 M1la vs. M2a 1.00 NA

M8 48 -26544.18

M7 48 -26544.18 M7 vs.M8 1.00 NA

M8a 48 -26538.39 M8a vs.M8 0.00 NA

Codeml nested models were used to test for positive selection across form IA rbcl genes
derived from all marine environments found in this study. Principally, the nested models of
MO vs M3 indicated heterogeneity in selection pressures across the rbcl genes (LogL =--
26593.30, -27453.09, p < 0.0001, df = 8) (Table 3.1). The LRT models of M7-M8 and M8-M8A
were used to assess positive selection and residues across the IA rbcl genes, with M8-8A
being the more rigorous test for positive selection. The M8a vs M8 LRT comparison was
found to be significant (p<0.001), providing evidence for positive selection across the IA rbcl
genes considered here. Despite this significance, no single loci exceeded the threshold for
positive selection (Bayesian Empirical Bayes < 0.95); therefore, the positive selection signal
is weak. Additionally the second model used for highlighting positive selection across the

rbcl gene M7 vs M8 was not significant (LogL =-26544.18, -26544.18, p =1.00) (Table 3.1).

Alternatively, when episodic positive selection was assessed using MEME selection there
was extensive positive selection across the form IA rbcL gene with 26 residues significantly
positively selected for in rbcL phylogenetic lineages (LRT>1, p<0.05) (Table 3.2). The
positively selected residues were overlayed with close contact residues between RbcL and
RbcS determined from the IA crystal structure. This highlighted 11 residues on the form IA
RbcL, which were positively selected for and in close contact with RbcS protein in the

holoenzyme (Appendix Table 1) (Table 3.11) (Figure 3.16).
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Table 3.2- Test for Episodic selection amongst form IA rbcL residues. Residues with

significant selection pressure are shown.

Residue LRT LRT p-value Feature
32 7.78 0.01 al/BA
42 20.75 0 BA
75 5.28 0.03 nA/aC
132 10.2 0 BD
138 5.18 0.03 BD
149 36.35 0 oE/aF
156 53.68 0 oF
161 6.42 0.02 oF
172 7.25 0.01 B1/al
181 6.35 0.02 B1/al
221 6.06 0.02 a2
226 9.3 0 a2
227 18.69 0 a2
230 10.91 0 a2
235 23.89 0 02/B3
242 16.99 0 B3/a3
245 6.99 0.01 B3/a3
246 8.78 0.01 B3/a3
267 6.23 0.02 B4
281 8.19 0.01 ad
355 13.63 0 BF/nD
368 9.29 0 BG/B7
392 12.15 0 a7
439 5.77 0.03 ol
450 6.3 0.02 aJ/aK
452 6.08 0.02 C-terminal
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Table 3.3- Form ID rbcl test for positively selected sites comparing LRTs of nested models.

Model No.S Log-likelihood Model compared LRT p-value Positive sites

M3 65 -11810.35 NA
MO 65 -12064.47 MO vs. M3 0.00
M?2a 65 -12058.21 NA
M1la 65 -12058.21 M1la vs. M2a 1.00
M8 65 -11817.76 NA
M7 65 -11817.76 M7 vs.M8 1.00
M8a 65 -11817.76 M8a vs.M8 1.00 NA

Codeml nested models were used to test for positive selection across form ID rbcL genes
derived from all marine environments found in this study. Principally, the nested models of
MO vs M3 indicated heterogeneity in selection pressures across the rbclL genes (Log, =--
11810.35,-12064.47, p < 0.0001, df = 8) (Table 3.3). The LRT models of M7-M8 and M8-M8A
were used to assess positive selection and residues across the ID rbcL genes showing no
evidence to suggest positively selected residues as the LRT models were found to not differ
significantly (Log. =-11817.76, -11817.76, p =1.00, df = 2 and Log, =-11817.76, -11817.76, p
=1.00, df = 1 respectively) (Table 3.3).

Again when episodic positive selection was assessed using MEME selection there was
widespread positive selection spread across the form ID rbcL gene with 25 residues
significantly positively selected in phylogenetic lineages (LRT>1, p<0.05) (Table 3.4). The
positively selected residues were overlayed with close contact residues between RbcL and
RbcS determined from the ID crystal structure of Thalassiosira antarctica (RCSB:5MZ2)
Valegard et al. 2018. This highlighted 13 residues on the form ID RbcL, which were
positively selected for and in close contact with RbcS protein in the holoenzyme (Appendix

5.1) (Table 3.11) (Figure 3.16).
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Table 3.4 — Test for episodic selection amongst form ID rbcl residues. Residues with

significant selection pressure are shown.

Residue LRT LRT p-value Feature

28 4.72 0.04 al /Ba gop
53 4.78 0.04 af
99 12.98 0 BC
105 15.52 0 np
153 5.84 0.02 oE/aF
167 12.36 0 oF/B1
183 4.76 0.04 al
221 6.57 0.02 a2
226 19.75 0 a2
238 7.62 0.01 B3
282 7.02 0.01 ad
291 12.98 0 B5
347 6.47 0.02 a6
350 11.17 0 a6
351 13.71 0 06/BF
360 6.8 0.01 nD
372 7.25 0.01 BG/B7
373 6.23 0.02 BG/B7
384 16.03 0 n5
398 14.23 0 o7/B8
431 11.07 0 a8
433 13.46 0 a8/al
435 21.39 0 a8/al
455 9.16 0 oK
470 9.59 0 C-terminal
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3.3.7 Test for relaxation of selection in rbcL gene

Table 3.5 -Test for Relaxation or Intensification of Selection Pressure across defined

phylogenetic lineages across form IA and ID rbcL.

Test Branches K p LR Selection
IA Proteobacteria 0.67 0.00 29.41 Relaxation
Cyanobacteria 1.68 0.02 23.25 Intensification
Warm 1.10 0.32 7.05 NS
Temperate 0.83 0.32 11.46 NS
Cold 0.57 0.03 19.03 Relaxation
Basal Branches 4.07 0.09 27.57 NS
ID Clade 1 0.61 0.42 2.62 NS
Clade 2 0.72 0.36 1.79 NS
Warm 1.00 0.64 0.39 NS
Temperate 0.83 0.39 1.56 NS
Cold 5.43 0.34 1.72 NS
Basal Branches 0.74 0.43 1.44 NS

RELAX test was used to assess selection pressures on rbcl genes found at different
temperatures and across phylogenetic groupings. Each test group was examined for
selection pressure five times. Genes were grouped into Warm, Temperate and Cold groups
based on the average temperature they were found at. Phylogeny was assessed from
Diamond annotation of genes. Selection pressure was assessed for the incident branches,
meaning that branches that diverged from reference clade to test clade were measured for

selection pressure (Table 3.5).

For forms IA rbcL there is a relaxation of selection in genes from proteobacterial species and
an intensification of selection in cyanobacterial genes (K=0.67, p<0.001 and K=1.68, p=0.02
respectively). Additionally, there was also a relaxation of selection pressure observed in cold

form IA rbcL genes (K=0.57, p=0.03) (Table 3.5).

On the other hand there was no significant relaxation or intensification of selection pressure
found in form ID rbcL sequences for both the phylogenetic groupings and temperature
groupings (p>0.05 for all test groups). For both form IA and ID sequences, the basal
branches used as the negative control in this study were not under significant selection

pressure (p=0.09, p=0.43) respectively (Table 3.5).
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3.3.8 Phylogeny of RbcS species extracted from Tara Oceans metagenomes

A maximum-likelihood model utilising a Dayhoff substitution matrix was used to observe the
phylogeny of RbcS protein sequences found in Tara Oceans assemblies. RbcS protein

sequences group by form.

There is a clear evolutionary divergence into ‘red’ and ‘green’ type Rubisco forms central to
this phylogenetic tree; Form IA and IB group together in a discrete clade as do Form IC and

ID RbcS forms, although form IC RbcS is more closely related to form ID than form IA is to IB.

The form IA clade can be further divided into proteobacteria and cyanobacteria. There are
no cyanobacteria that exist at average temperatures less than 10 °C. No form IB rbcS
sequences from cold environments were found either. Within form IC and ID rbcS

sequences there is a consistent mix of Cold, Temperate and Warm sequences (Figure 3.10).
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Temperature (°C)

\ ® cold
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Figure 3.10- RbcS proteins from each individual species extracted from metagenomes
(annotated with Diamond) were aligned using MUSCLE. The resulting alignment was used to
construct a Maximum-likelihood tree using a Dayhoff substitution matrix for closely related
sequences. Each sequence is grouped into its subsequent forms annotated by the colouring.
The point at the end of each branch represents the average temperature the sequence was

found at. The scale-bar highlights represents the number of substitutions per site.
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3.3.9 Dimensional reduction of RbcS sequence space

TSNE, dimensionality reduction plots were used to represent the individual RbcS sequences
encoded as binary vectors in 2D. From the TSNE plots it is clear to see that the RbcS
sequences group based on form, showing clear discrete groups for each. When the
temperature of the RbcS sequences were considered there appears to be a subtle degree of

grouping within Rubisco forms; however, this distinction is imperfect at best (Figure 3.11).
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Figure 3.11- TSNE plots of the RbcS metagenome extracted proteins, aligned and binary
encoded (perplexity=50, learning_rate=500, random_state=0, SciKit Learn Version 1.2.2) A
Colouration of sequences is used to represent the form of the individual RbcS sequences. B
Colouration represents the average temperature the sequence was found at.
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Figure 3.12 — A comparison of simple and additive kernel architectures for the prediction of
environmental temperature from RbcS protein sequence. For both architectures a
Matern52 kernel function was used, variance=1 and length scale=1. The colour of the dots
describes the Rubisco Form. A) A simple kernel function, uses a single kernel function to
explain the relationship between X and Y. B) An additive kernel, where each amino acid
inputted is represented by a different kernel function; this allows weighting for more

indicative parts.

GPR was used to predict average environmental temperature from RbcS protein sequence.
Simplistic and additive kernel architectures were compared using leave one out cross
validation. Like for RbcL sequences, the additive kernel is superior at predicting
environmental temperature from RbcS sequence with predicted and actual regression

calculated at R2=0.77. The simple kernel performed poorly with R?=0.55 (Figure 3.12).

The protein encoding methods of one-hot, binary and learnt were compared for GPR model
performance when RbcS sequences were considered. Models built on all three protein
encoding methods were shown to perform well when predicting environmental
temperature from protein sequence. Performance increased marginally with encoding
complexity. The model built using one-hot binary encoding had an R? value of 0.77 when
predicted and actual environmental temperatures were compared (Figure 3.13). This
relationship was improved by representing the amino acids by their biochemical descriptors
with VHSE encoding (R?=0.78) (Figure 3.13). Finally, the learnt encoding further improved
model performance (R? = 0.79). Overall, each model performed worse for RbcS than it did

for RbcL (Figure 3.13).
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Figure 3.13- A comparison of protein encoding methods for the prediction of environmental
temperature from RbcS protein sequence. For the different protein encoding methods the
kernel function was kept constant using a Matern52 kernel function, variance=1 and length
scale=1. The colour of the dots describes the Rubisco Form. A) Uses a one-hot encoding
scheme representing each amino acid as a binary encoding of five dimensions. B) VHSE
encoding represents the protein by its biochemical properties in eight dimensions.
Dimensions 1-2 represent hydrophobicity of the amino acids, 3-4 represent the steric
properties of an amino acid, and 5-8 represent the electronic properties of the amino acid
Xie et al. 2013. C) Learnt encoding is implemented from trained models used to represent
protein secondary and tertiary structures Lin et al. 2022. This model represents proteins as

numerical vector of 1280 elements in length.

3.3.11 RbcS forms extracted from Tara Oceans metagenomes aligned with known

secondary structure from form IB RbcS
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Figure 3.14- An alignment of RbcS protein sequences discovered in this study alongside the
published crystal structure of Chlamydomonas reinhardtii RCSB: 1GK8 (Taylor et al. 2001).
Representatives of each Rubisco form were chosen and indicated by their colouration.
Consensus is indicated by red colouration of amino acids. Secondary structural units are

annotated above relative to 51UO.

Representative RbcS structures from the Tara Oceans dataset were aligned with the crystal
structure for Chlamydmonas reinhardtii (Taylor et al. 2001). The multisequence alignment
with secondary structures overlayed highlights notable differences in the RbcS structures
between forms. Firstly, the N-terminal of the RbcS in form IB organisms and the form IA
Methylophaga sp. is extended by ~30 amino acids. There is also an extension between the
BA and BB loops in form IB organisms which is not observed in other forms. Opposingly, in
form IC and ID organisms there is an extended C-terminus on the RbcS protein. This
extension has additional secondary structures of a BE and BF loop. Unlike the highly
conserved Rbcl proteins observed in Figure 3.14, there is more variation observed in the

secondary structure and residue conservation in the RbcS proteins.

108



>

MA

0.875 Electronic properties
Residues 24-28 ;
[Cold=11,Warm=35]
Gini=0.346
VHSE-5 < -0.195

N

\

Cold=11 Cold=0
Warm=3 Warm=32
Gini=0.000

\ Gini=0.337

24-28 4

135-139 7

Position on alignment

125-129 1

0.0

0.2

B
MA=1.000 Electronic properties \
Residues 125-129:
[Cold=25Warm=9]
Gini=0.4389
VHSE-3 <£-0.171
Cold=21 Cold=4
Warm=1 Warm=8
\ Gini=0.102 Gini=0.320 /
@
Form
® A
e ® D
® Properties
Electronic
— Steric
@
0:4 Oj6

Feature Importance Score

109



Figure 3.15- Form IA and ID RbcS protein sequences were aligned and converted to VHSE encoding, representative of their biochemical
properties. These biochemical encodings were averaged every five amino acids along the length of the protein giving average VHSE values for
each five amino acid part. These average values for each part were used to divide protein sequences into Cold and Warm categories. Residues
listed in the figure are indexed with residues in Figure 3.7, gini is the measure of impurity. A) A single decision tree with no bootstrapping, used
to divide form IA RbcL sequences into cold and warm sequences. The biochemical properties used to divide the sequence is listed as well as
the residue location. B) A decision tree with no bootstrapping, used to divide form ID RbcS sequences into Cold and Warm sequences. C) A
random-forest model was implemented to find the most important protein features, indicative of warm and cold environments form IA RbcS
and ID RbcS. This involved the construction of 10,000 decision trees with bootstrapping, the most occurring features capable of dividing warm
and cold sequences are shown. The points of the graph represent the RbcS form, the stick represents the biochemical property that best
categorises that form. The Feature importance score represents the proportion of times a certain feature was selected to best categorise the
warm and cold sequences after bootstrapping over the 10,000 iterations. For the random forest models, the hyperparameters used were:
training split=90%, max depth of tree=1, minimum gini impurity decrease=0.24, bootstrapping=TRUE and random state=69. The model was

built using the Scikit Learn package (Version 1.2.2).
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3.3.12 Random forest classifier to divide Warm and Cold Rbcs sequences

A random forest classifier model was built to highlight residues that differed significantly
between ‘Warm’ and ‘Cold’ RbcS proteins in form IA and ID organisms. VHSE values were
averaged along the length of the protein every five amino acids, breaking the protein into

parts represented by its average biochemical properties.

Within form IA sequences there were a total of 35 Warm and 11 Cold RbcL sequences.
10,000 iterations of the decision tree classifier with 90/10 bootstrapping highlighted parts
made up of residues 5-9 and 24-28 (relative to the Figure 3.14 index) could categorise RbcS
proteins into Warm and Cold sequences (Figure 3.15). For residues between both 5-9 and
24-28, the electronic properties of these residues were indicative of Warm and Cold
sequences. Residues 24-28 on the RbcS protein had the strongest ability to categorise
sequences without bootstrapping. These residues can categorise the form IA RbcS dataset
into 11 Cold with 33.7% impurity and 32 Warm with 0.00% impurity based on the electronic

properties (Figure 3.15).

Amongst the dataset, there were 25 Cold and nine Warm form ID RbcS sequences. Residues
between 125-129 and 135-139 could be used to categorise the genes based on their steric
and electronic properties respectively. A single decision tree with no bootstrapping
indicated the steric properties of residues 125-129 as the most effective means of
categorising Warm and Cold form ID RbcS proteins (Figure 3.15). These properties of the
residues categorised the sequences into 21 Cold, with 5.71% impurity, in the Warm category

there were eight Warm with 32% impurity (Figure 3.15).

3.3.13 Positive selection within the rbcS gene

Form IA rbcS gene sites were tested for positive selection using nested models implemented
in Codeml. Firstly, the nested models of MO vs M3 indicated heterogeneity of selection
pressures (LogL =-9686.93, -10221.45, p < 0.0001, df = 8). The LRT models of M7-M8 and
M8-MB8A were used to assess positive selection and residues across the IA rbcS genes

showing conflicting evidence of positive selection across the genes. The M7-M8 model
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comparison lacked significant (p=1.00) meaning that this model of positive selection wasill
fitted to the dataset. Opposingly, the more rigorous model comparison M8a vs M8
highlighted was significant, suggesting positive selection along the rbcS gene (Log =--
9696.40, -9679.62, p =0.00, df = 1). Despite this, signals on individuals were not strong

enough to highlight positive selection on specific codons along the rbcS gene (BEB <0.95).

Table 3.6- Form |A rbcS test for positively selected sites comparing LRTs of nested models

Model No. S Log-likelihood = Model compared LRT P-value Positive sites
M3 57 -9686.93

MO 57 -10221.45 MO vs. M3 0.00 NA

M2a 57 -10036.49

M1la 57 -10036.495936 M1lavs. M2a 1.00 NA

M8 57 -7869.96

M7 57 -9696.40 M7 vs.M8 0.99 NA

M8a 57 -9679.62 M8a vs.M8 0.00 NA

MEME selection showed there were four residues under episodic positive selection across
the form IA rbcS gene (LRT>1, p<0.05) (Table 3.7). The positively selected residues were
overlayed with close contact residues between RbcL and RbcS determined from the IA
crystal structure. This highlighted two residues on the form IA RbcL, which were positively
selected for and in close contact with RbcL protein in the holoenzyme (Table 3.11) (Figure

3.16).
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Table 3.7- Test for episodic selection amongst form IA rbcS residues. Residues with significant

selection pressure are shown.

Residue LRT p-value Feature
2 4.53 0.01 n-terminal
49 5.77 0.05 nl
70 5.09 0.07 n2/p1
126 12.29 0.04 B4

Table 3.8- Form ID rbcS test for positively selected sites comparing LRTs of nested models.

Model No. S Log-likelihood Model compared LRT p-value  Positive sites
M3 58 -9686.93

MO 58 -10221.45 MO vs. M3 0.00 NA

M2a 58 -10036.49

M1la 58 -10036.49 M1la vs. M2a 1.00 NA

M8 58 -9679.62

M7 58 -9696.40 M7 vs.M8 0.00 NA

M8a 58 -9679.62 M8a vs.M8 1.00 NA

rbcS genes from form ID organisms were examined for positive selection using nested
models implemented in Codeml. Firstly, the nested models of MO vs M3 indicated
heterogeneity of selection pressures (Log. =-11810.35, -12064.47, p < 0.0001, df = 8) (Table
3.8). The LRT models of M7-M8 and M8-M8A were used to assess positive selection and
residues across the ID rbcL genes, showing no evidence to suggest positively selected
residues as the LRT models were found not to differ significantly (Log. =-11817.76, -
11817.76, p =1.00, df =2 and Log. =-11817.76,-11817.76, p =1.00, df = 1 respectively)
(Table 3.8).
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Table 3.9- Test for episodic selection amongst form ID rbcS residues. Residues with significant

selection pressure are shown.

Residue LRT LRT p-value Feature
14 22.36 0 n-terminal
28 10.68 0 oA
33 5.42 0.03 oA
37 5.47 0.03 aA/ BA gap
41 12.43 0 BA
70 20.89 0 BA/BB
93 18.96 0 aB
95 23.41 0 aB
96 57.7 0 aB
99 4.89 0.04 ap
100 7.73 0.01 apf BC loop
102 11.44 0 aB BC loop
108 19.59 0 BC
114 9.89 0 BC BD loop
115 21.48 0 BC BD loop
117 24.45 0 BC BD loop
118 4.83 0.04 BD
119 33.03 0 BD
120 14.28 0 BD
133 6.3 0.02 BE
135 4.89 0.04 BE
137 16.18 0 BE
139 5.51 0.03 BE
140 11.39 0 BE BF loop
143 28.53 0 BF
145 21.16 0 BF
147 15.1 0 BF
151 16.38 0 aC
152 10.19 0 aC
153 5.06 0.04 aC

MEME selection showed there was extensive positive selection across the form ID rbcS gene
with 30 residues under episodic positive selection across lineages (LRT>1, p<0.05) (Table
3.9). The residues positively selected were widely spread across the rbcS gene; however,
50% of the selected residues were found in the last 35 amino acids of the form ID RbcS
protein, clustered around the C-terminal extension only observed in red-type Rubisco

(Figure 3.14) (Table 3.9).
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3.3.14 Examining relaxation of the rbcS gene between Warm, Cold and Temperate

environments

RELAX test was used to assess selection pressures on rbcS genes found at different
temperatures. Genes were grouped into Warm, Temperate and Cold groups based on the
average temperature they were discovered. For both rbcS forms IA and ID there is a
relaxation of selection in genes extracted from cold environments (K=0.42, p<0.001 and
K=0.67, p=0.03 respectively) (Table 3.10). For both Temperate and Warm genes in both
forms IA and ID there was no significant evidence to suggest an intensification or relaxation
of selection pressures (p>0.05). When phylogenetic lineages were considered, within form
IA rbcS genes there was strong evidence to show an intensification of selection pressures in
cyanobacterial lineages (K=5.80, p<0.001) (Table 3.10). Additionally, proteobacterial
lineages exhibited a significant relaxation of selection pressure (K=0.65, p=0.01). When both
proteobacterial and cyanobacterial branches (basal branches) were examined for selection

pressure, there was no significant change in pressures (p=0.76) (Table 3.10).

Alternatively, in ID rbcS genes there was no significant selection pressure change linked to
phylogenetic groupings examined here. Within incident branches leading to Stramenopile
evolution and incident branches leading to Haptophyta and Chlorophyta there was no

significance found (p>0.05) (Table 3.10).

Table 3.10 -Test for Relaxation or Intensification of Selection Pressure across defined

phylogenetic lineages across form IA and ID rbcS.

Test Branches K p LR Selection
IA Proteobacteria 0.65 0.01 12.53  Relaxation
Cyanobacteria 5.80 0.00 26.52 Intensification
Warm 1.10 0.73 0.93 NS
Temperate 1.04 0.68 0.70 NS
Cold 0.42 0.00 14.54  Relaxation
Basal branches 4.16 0.76 0.86 NS
ID Clade 1 5.62 0.68 0.36 NS
Clade 2 0.79 0.75 0.19 NS
Warm 11.03 0.33 28.50 NS
Temperate 1.34 0.25 2.32 NS
Cold 0.67 0.03 5.24 Relaxation
Basal branches 3.99 0.63 0.33 NS
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Existing crystal structures of form IA and ID Rubisco were used to find interacting residues
between RbcL and RbcS units. These residues were compared with residues that were

highlighted to be positively selected for in phylogenetic lineages through MEME selection.

Within form IA this highlighted a number of residues across the RbcL protein that are in
close contact with RbcS units (<0.4A VWA) (Appendix 1.1). These were correlated with
positively selected residues (Table 3.7, Table 3.9). This showed amongst form IA RbcL
proteins 38.5% of residues that were positively selected for were in close contact with an
RbcS protein subunit. Of the four positively selected residues on the RbcS gene, two of these

residues were in close contact with an RbcL protein when the 3D structure was considered.

Form ID RbcL units had a comparative number of positively selected residues to form IA
RbcL units (25 and 26 respectively) with 52% of these residues being in close contact with
RbcS units. More strikingly, the rbcS gene from form ID organisms had 31 positively selected
residues across lineages. Of these positively selected residues, 87.1% of them were in close

contact with RbcL units in the crystal structure (Table 3.11) (Figure 3.16).

3.3.15 Comparing positively selected residues with close contact interactions between

RbcS and Rbcl subunits

Table 3.11- Summary of positively selected residues through episodic selection across rbcs

and rbcl genes.

No. of Residues under No. of Residues in close contact  Close
Protein  Episodic positive selection  with opposing subunit Contact (%)
Form IA  RbclL 26 10 38.5
RbcS 4 2 50.0
FormID RbclL 25 13 52.0
RbcS 31 27 87.1
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Figure 3.16- The loci of the residues that are both positively selected for (Table 3.2, 3.4, 3.7, 3.9) and are in close proximity between the RbcS
and Rbcl protein. Crystal structures from Halothiobacillus neapolitanus (RCSB:7ZBT) Ni et al. 2022 and Thalassiosira antarctica (RCSB:5MZ2)
Valegard et al. 2018 were used to visualise these interactions in a 3D space. A Highlights the positions of the positively selected interacting
residues in form |A RbcS and Rbcl proteins IA organisms in this study. One RbcS protein is shown alongside the RbcL unit as RbcS residues that
are positively selected and interact with the RbcL protein can be found solely on the RbcS on the N-terminal. B Highlights the residues on Form
ID Rubisco proteins that were both positively selected for and in close contact interaction with each other. In the case of form ID Rubisco,
residues on multiple RbcS subunits were found to positively interact with a single RbcL unit, thus two RbcS units are included in the

visualisation. Additionally, the highly selected for BE-BF loop is also highlighted.
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3.4 Discussion

3.4.1 Gaussian process model highlights predictability of environmental temperature

from sequence structure

Gaussian process models have been shown to be powerful tools in predicting common Y
value outputs from highly dimensional X inputs. As a result of this, GP models have been
utilised as the basis of many directional evolution studies, improving protein fluorescence
(Saito et al., 2018), thermostability (Romero et al., 2013) and kinetic properties (Igbal et al.,
2023).

In this study we built a GP model capable of predicting the environmental temperature of
the metagenome that an RbcL or RbcS protein sequence was discovered. For both Rbcl and
RbcS sequences the GP model performed well at predicting environmental temperature
from sequence (Figure 3.5). This improved incrementally with protein encoding form. One-
hot encoding solely representing amino acids in binary form performed consistently worse
across both RbcL and RbcS models. This highlights that phylogeny is not indicative of
environment from which the sequence was derived. This is further highlighted by TSNE
(Figure 3.3) which were used to interrogate underlying patterns in the sequence data. Based
on sequence there is a clear clustering into Rubisco form groups; however, there appears to

be a no/ weak clustering of sequences based on environmental temperature.

Alternatively learnt encoding which represents the protein in a numerical vector indicative
of structure (Lin et al., 2022) was consistently the superior encoding form. The ESM-2
transformer used for the Rubisco learnt encoding in this study encompasses 15 billion
parameters (Lin et al., 2022) which are indicative of protein structure and can be
transformed into 3D protein representations. Comparing the ESM-2 encoding (transformed
by ESMfold into 3D structures), with Alphafold2 (Jumper et al., 2021) models have shown
equal levels of efficacy in predicting the structure of monomeric protein sequences(Lin et
al., 2022). Additionally, the ESMfold model performs this task of 3D prediction at speeds 10-
fold faster than Alphafold2 due to lack of alignment criteria (Lin et al., 2022). As a result, the
superior performance of the learnt encoding Gaussian models used in this study suggests
that there are differences in Rubisco subunit 3D structure between temperature

environments. The kernel function of the Gaussian process model ensures that ‘similar’ X
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inputs produce similar Y outputs. Therefore, we can additionally say that there are

structural similarities within similar environments.

3.4.2 Random forest model highlights residues that differ in their biochemical properties

in form IA Rubisco

VHSE residues were averaged every five residues along the length of an alighnment for both
RbcL and RbcS protein sequences. This numerical vector representative of the biochemical
properties of each sequence was used to train a random forest model. The random forest

model was used to categorise sequences into warm and cold groups based on the average

environmental temperature the sequence was discovered.

Form IA Rubisco was successfully categorised into warm and cold sequences highlighting a
number of residues that were indicative of their prospective environments. For RbcL the
electronic properties of residues between 89-93 were most frequently used to categorise
sequences after bootstrapping (Figure 3.8). This equatorial region of the RbcL is outwards
facing and has been implicated in carboxysome protein binding and formation with

cyanobacteria (Wang et al., 2019).

When RbcS proteins from form IA Rubisco were considered, there were several regions
across the protein sequence that were indicative of cold and warm environments (Figure
3.14). With residues between 24-28 being the most important feature in categorising cold
and warm sequences. This area is associated with RbcL binding on the RbcS with close
contact residues at position 25 on the alignment, which is an area which is also conserved in
RbcS binding in form IB organisms (Knight et al., 1990). In both cases the electronic
properties of the residues at sites between 24-28 were responsible for categorising
sequences. For warm sequences there was a higher propensity of negatively charged
residues at sites between 24-28 with a consensus of E-24 and D-27 (as opposed to the
uncharged Q-24 and the positively charged K-27 consensus residues in cold species). This is
significant as the corresponding contact sites at positions 432 and 433 on the a8 helices of
the large subunit are externally negatively charged. This suggest that interacting
electrostatic forces between that of the large and small subunit in cold sequences are

generally stronger at this site. These increased electrostatic forces are a theme that is

120



carried across to residues between 117-121 on the alignment with hydrophobic A at 119 in
cold and the hydrophilic T-119 consensus residue in warm species. Opposingly, at the
interacting site on the al helix on the RbcL subunit there is a consensus of V-188 in warm
and A-188 in cold species. This insinuates opposing hydrophobic forces in cold sequences

suggesting that RbcL and RbcS interactions are weaker.

Additionally, residues of the N-terminal between 5-13 on the alignment were also
highlighted as important residues in discriminating hot and cold sequences. This divide
appears to be largely due to an insert between residues at positions 5-9. This insert is
indicative of form |Aq bacteria that lack carboxysomes (Badger and Bek, 2008) and can even
be found In IAg operons from proteobacterial species that possess both form IAqo and IAc
Rubisco operons (Badger and Bek, 2008). The role of this insert is speculatory and may
represent an inhibitory complex to prevent binding of CSO2 carboxysomal protein. Due to
its outwards facing nature, it is not involved in interactions with the RbcL and is most likely
to be involved in other protein-protein interactions. Interestingly, we found a higher
proportion of IAqo sequences in Cold environment sequences highlighting the reduced
prevalence of carboxysomal formation in proteobacteria from these environments. This may
be due to the increased dissolved TIC in polar regions making advanced carboxysomal

structures redundant.

There are biochemical differences between Warm and Cold RbcS sequences, however the
extent of environmental adaption is debatable. This is due to the lack of cyanobacterial

sequences from cold environments. Differences in biochemistry of Rubisco structures are
more likely to highlight differences between photosynthetic machinery in proteobacteria

and cyanobacteria with the latter not being found in cold environments.
3.4.3 Positive selection in form IA rbcL and rbcS gene

When all genes were considered irrespective of phylogeny (PAML analysis) we found no
evidence to suggest positive selection at specific residues in either the rbcl or rbcS genes of
form IA organisms (Table 3.1, 3.6). This is unsurprising with previous studies in marine
organisms finding similar results (Kapralov and Filatov, 2007), (Goudet et al., 2020).
(Kapralov and Filatov, 2007) suggest that the lack of positive selection amongst marine

Rubisco genes is due to the increased sequence diversity in these species. In comparison,
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there is far less diversity across the Rubisco genes of land plants where positive selection
across Rubisco genes is abundant (Bar-On and Milo, 2019). Marine environments, and more
specifically the internal environment around Rubisco in marine organisms, are more stable
than those of land plants. This is due to buffered diurnal temperature fluctuations and the
widespread presence of CCMs in marine systems providing a saturated CO; environment
(Cabello-Yeves et al., 2022). Based on this environmental stability, one could hypothesis that
Rubisco would be allowed to adapt kinetics to better suit the environment. With the
diversity of marine environments this may be reflected in the increased sequence diversity
across marine organisms. However, this theory is not confirmed by PAML analysis which
provides no evidence for such adaptive selection. For this study all form IA Rubisco genes
were examined including both cyanobacterial and proteobacterial species. PAML analysis
may be improved by dividing the analysis into either cyanobacterial or proteobacterial
species; however, this highlights an issue with PAML software, which creates a positive bias

for smaller, less diverse datasets (Murrell et al., 2012).

In contrast, when we considered positive selection on phylogenetic lineages we found
greater evidence to suggest adaptive positive selection at a number of sites across both the
rbcl and rbcS genes. MEME selection allows for GO to vary from site to site and therefore is
more flexible than PAML branch models, which require defined branch site, when multiple

factors for evolution need to be considered.

There were 26 sites in total that were positively selected on the rbcl gene of form IA species
across the phylogenetic groups (Table 3.2). These positively selected sites did not align with
sites that were identified to be indicative of Cold and Warm sequences in the random forest
model. This misalignment may highlight the complexity of biophysical factors acting as
selection pressures on Rubisco genes and we cannot conclude that temperature is the sole
driver behind adaptive evolution. Other important factors may play a role in form IA rbcL
evolution, namely, the presence or lack of CCMs, the formation of carboxysomes, the role of
Rubisco accumulation factors in Rubisco assembly and differences in Rubisco activases
between proteobacteria and cyanobacteria. All these factors directly or indirectly impact

the conservation of particular residues on the rbcl for interactions.

One commonality that is found between random forest model analyses and MEME selection

analysis is that several highlighted sites can be implicated in close contact interactions with
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RbcS units. This shows that interactions between the RbcS and Rbcl proteins is essential for
function and may pertain to a degree of environmental adaption. For the rbcS gene there
were four sites that were selected for across phylogenetic lineages of which two are

implicated in RbcL binding.

3.4.4 Random forest model highlights biochemically significant areas of form ID Rubisco

Across 10,000 bootstrap iterations of form ID RbcL the random forest model found a single
feature capable of categorising RbcL proteins into Warm and Cold groups between residues
347-351 (Figure 3.8). These residues are located within the a6 secondary structural unit of
the RbclL protein. This region is interesting as the area of the RbcL protein that these
residues are found unusually lacks conservation. However, these residues are directly
adjacent to the highly conserved loop 6 of the Rubisco protein which is directly involved in
Rubisco catalysis (Parry et al., 1992). Directional evolution studies focusing on the a6 region
of the RbcL protein found that changes had a distinctly negative effect, impairing
carboxylase activity (Ramage et al., 1998). Based on these results, (Ramage et al., 1998)
concluded that the a6 helices can influence movement and position of loop 6 and therefore
impacts the catalytic action of the Rubisco enzyme. Interestingly, form |A and IC Rubisco
forms have different conserved residues in the a6 helices compared to form IB and ID
Rubisco sequences (Matsumura et al., 2012). The mutation Y345F converting the conserved
Rhodobacter sphaeroides residue to the conserved form IB/ID equivalent residue improved

carboxylation rate by 27% (Zhou and Whitney, 2019).

Across form IA rbcl genes there is a degree of phylogenetic grouping based on temperature;
however, when the form ID rbcL phylogeny is considered, cold genes have evolved in
multiple lineages and frequently share common ancestors with Warm or Temperate genes.
This significantly reduces the chance of there being a common cold/warm adaptive trait
across multiple phylogenies. This is further confirmed by PAML analysis which failed to find

evidence of positive selection across the entire rbcL gene, irrespective of phylogeny.

123



However, when phylogeny was considered there was extensive evidence for episodic
selection in the form ID rbcL across lineages. When we compare these highlighted sites with
those positively selected in form IA rbcL, we find that a similar number of sites are positively
selected, and a slightly higher proportion are in close contact with the RbcS subunits in the
enzyme structure. Additionally, there are commonalities in the sites that are selected for;
namely, residues at 221 and 226 on the alignment which are implicated in RbcL/ RbcS
binding, as well as residues at the c-terminal of the rbcL genes. Both form IA in
cyanobacteria and red algae share a homologous Rubisco activase, the CbbX protein, which
is thought to have been transferred by lateral gene transfer (Zarzycki et al., 2012). The CbbX
protein is known to act on the C-terminal of the Rubisco large subunit and is highly species-
specific (Mueller-Cajar, 2017). The binding sites of the Cbbx may explain the positive
selection observed on the c-terminals of both form IA and ID RbclL. Interestingly, there was
also positive selection shared across both form IA and ID on the N-terminal domain between
al and BA secondary structural units. The residues positively selected for in form IA rbcL and
form ID rbcL are directly adjacent to the active site residue at 29 on the alignment (Whitney
et al., 2011). This active site on the N-terminal complexes with the C-terminal active sites on
the adjacent RbcL unit alignment (Whitney et al., 2011). There is a lack of conservation in
neighbouring residues to this active site at position 30 in form |IA and ID Rubisco, therefore

this region may highlight an area of evolutionary adaption on the large subunit.

Unlike form ID Rbcl there were several residues across the RbcS that were indicative of
warm and cold environments based on their biochemistry (Figure 3.14). These were largely
located towards the C-terminus of the RbcS protein in form ID Rubisco. The most important
sites being those between of the BD/BE gap at 125-129 and the BE at residues 135-139. This
is a significant area on the red type RbcS as unlike green type RbcS proteins, red type RbcS
have an extended BE-BF at the C-terminus (Bracher et al., 2017). This region of the RbcS is
involved in extensive interactions with multiple RbcL units in the holoenzyme structure. The
beta hairpin loop of the BE- BF regions on the RbcS extends into the axial pore of the
Rubisco enzyme. This extension is not only thought to aid form ID Rubisco biogenesis, but
additionally, interactions are involved in stabilising the enzyme complex owing to high

Rubisco specificity found in red algal Rubisco (Oh et al., 2023). Therefore, it particularly
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interesting that this area has been highlighted as an area which is divergent between Cold

and Warm species.

Not only this, but when we consider the MEME positive selection analysis, a number of the
residues between 135-139 of the BE secondary structural element, indicated by the random
forest model, are also positively selected for (Table 3.2). PAML analysis failed to highlight
any positively selected (Table 3.7) residues across the form ID rbcS gene; therefore, it is
clear that positive selection, highlighted by the MEME software is a result of adaptive
evolution. This highlights the significance of this area as a potential area of evolutionary

adaption to cold environments.

When we look more closely and compare the consensus sequences of this structure in
Warm and Cold form ID sequences, focusing predominantly on positively selected residues,
we find an interesting pattern emerging. Firstly, the consensus residue at 135 in Warm and
in Cold is V and D respectively, with reduced conservation in cold sequences. Valine
hydrophobic, aspartic acid is negatively charged 137 is Q and T 139 is A and G. Effectively,
amongst warm sequences there is predominance of hydrophobic residues which interact
with the highly hydrophilic residues on the a5 helices of the RbcL unit. The divergence from
this relationship in Cold sequences suggests that the electrostatic forces may be weakened

at this point between the RbcL and RbcS.

Based on this weakening of interactions between RbcL and RbcS units in cold species, we
can hypothesise that this in turn has an impact on the kinetic properties of Rubisco.
Weakened interactions could reduce specificity of the enzyme but allow Rubisco rate to
increase when rate is significantly limited due to low temperatures. The one available study
comparing red type Rubisco from cold environments demonstrated that psychrophilic
diatoms had rates proportionally higher than that of mesophilic diatoms at low

temperatures (Young et al., 2015).

Not only do we find positive selection on the form ID RbcS on the BE secondary structural
elements, but we also find extensive positive selection across the entire rbcS gene in form ID
organisms. This is striking, firstly because there were four positively selected residues in
form IA rbcS genes, compared to the 31 in total across the form ID rbcS genes. Secondly of

these 31 positively selected residues 87% were in close contact with RbcL units in the
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holoenzyme structure. This further highlights the important role that the RbcS protein plays
in the biogenesis and function of form ID Rubisco, and highlights that the interactions

between RbcL and RbcS are malleable based on either physiological or biophysical factors.

There is further evidence to suggest evolution in response to temperature with a relaxation
of selection pressure in form ID rbcS genes derived from cold environments. This relaxation
of sites associated with RbcL units may drive the loosened epistatic interactions within the
Rubisco enzyme, allowing increased kinetic rates at lower temperatures. Additionally, the
relaxation and intensification of selection of form IA rbcS genes had a strong phylogenetic
signal; being linked to proteobacterial and cyanobacterial lineages respectively. In form ID
rbcS genes, no phylogenetic signals were observed, thus strengthening the argument that

the environment is the evolutionary driver.

3.5 Conclusion

In conclusion, this study highlights regions of the Rubisco enzyme which have evolved within
form IA and ID Rubisco species. Within form IA Rubisco species, evolution and selection
pressure increased with evolution of photosynthesis in bacteria, namely into cyanobacteria.
This may be a result of multiple physiological changes such as the ubiquitous presence of
carboxysomes across cyanobacteria or the incorporation of Rubisco specific assembly
factors and activases. Positive selection in the RbcS unit was limited, but again intensified in
cyanobacteria. This is expected as there is evidence to suggest additional RbcS interactions

with carboxysomal proteins in its formation within cyanobacteria (Ryan et al., 2019).

However, in form ID Rubisco, there is significant evidence to suggest environmental
adaption to temperature especially within the RbcS unit with there being no links to
phylogeny. We see a relaxation of selection in Cold species and we propose this has resulted
in weakened epistatic interactions between RbcS and RbcL units. We know that the RbcS is
responsible in form ID organisms for the observed high specificity of Rubisco. As a result of
this, we theorise that the weakened interactions cause a decrease in specificity but an
increase in Rubisco rate. This adaption to the environment may be part of the adaptive
mechanisms that allow form ID Rubisco to be the dominant Rubisco species in polar

environments.
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Heterogenous expression of Red Algal Rubisco can Increase Carbon
Assimilation and Reduce Water Usage when coupled with Reduced

Stomatal Density In Wheat

4.1 Introduction

Future food security is threatened by an ever-changing climate. Desertification is reducing
viable farming land (Mirzabaev et al., 2019), whilst increasing temperatures, unpredictable
weather (Raza et al., 2019) and increased insect predation (Skendzi¢ et al., 2021)are putting
greater stress on the crops that remains. As a result of this efforts to ‘future-proof’ crop
production are being made through engineering drought resistance (Shinwari et al., 2020),
insect tolerance (Li et al., 2020) and maximising yields by increasing carbon assimilation (Wu

et al., 2023).

The enzyme Rubisco is considered a significant bottleneck in photosynthesis especially
within Cs crops where the enzyme is environmentally constrained through its complex
biogenesis (Bracher et al., 2017). As a result of this previous modelling strategies have been
implemented to hypothesise the benefits of heterogenetic expression of more efficient
Rubisco species in crops (Zhu et al., 2004), (Igbal et al., 2021), (Wu et al., 2019), (Wu et al.,
2023).

The outcomes of these modelling experiments have been conflicting with some studies
presenting significant improvements in assimilation (>25%) (Zhu et al., 2004), (Igbal et al.,
2021). On the other hand, studies suggest that altering the maximum carboxylation rate
(Vcmax) alone is not enough. This is because photosynthesis remains constrained by the
supply of ATP from the light reactions and conductance of CO; through the mesophyll (Wu et
al. 2019). Additionally, Busch (2020) argues that the ‘inefficient’ process of photorespiration
is intrinsically necessary for the plant; acting as an energy dissipation pathway, preventing
oxidative damage under high-light conditions. As well as this, the photorespiratory pathway
provides the precursors for the synthesis of a number of essential amino acids. Thus

significantly reducing photorespiration may have a detrimental effect on the plant.
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Despite this conflicting information, a potential application of heterogeneous Rubisco
expression is in that of increasing drought tolerance through maximising water use
efficiency. Previous studies have demonstrated that it is possible to increase drought
resistance in crop plants by significantly reducing the density or size of stomata (Caine et al.,
2019) (Xie et al., 2012), (Liu et al., 2015). The effects of which have been shown to not have

a detriment on carbon assimilation or yields (Dunn et al., 2019).

In this study we explore the concept of increasing water use efficiency by reducing stomatal
density with simultaneous heterologous expression Rubisco from alternative forms. Form IA,
IC and ID Rubisco have been shown to have a greater variability of kinetic parameters
relative to that of form IB from Cs plants (Oh et al., 2023). The fastest form | Rubisco can be
found in that of form IA organisms of the cyanobacterial Synechochus sp. (Lin et al., 2014).
Whilst the most specific and efficient Rubisco enzyme previously discovered belongs to a
form ID red algal species (Andrews and Whitney, 2003). This poses engineering
opportunities that have not been fully explored. As reducing stomatal density will inevitably
change the intercellular CO; (Ci) environment, we can hypothesise that a foreign Rubisco
would be better suited to this decreased Ci environment. This is because aquatic
environments can often be limiting in CO, and therefore the organisms have adapted

accordingly (Bar-On and Milo, 2019).

Through modelling efforts built on the ‘big leaf concept’ which simulates the carbon
assimilation across an entire field as if it was one big leaf (Igbal et al., 2021), (Rogers et al.,
2017), (Bonan, 2019). We explore the effects that reducing stomatal density and
heterogenous expression of aquatic Rubisco may have on overall Carbon assimilation across
a growing season in wheat. As a result, our null hypothesis is that wheat Rubisco is optimally
suited to its environment and carbon assimilation would not be improved by an aquatic
Rubisco species. Additionally, we can hypothesise that reducing stomatal density will not
influence water usage and carbon assimilation will remain unchanged. Furthermore coupling
both changes to stomatal density and Rubisco species will have a detrimental effect on
carbon assimilation over an entire growing season. These hypothesises will be examined in

this study.
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4.2 Methodology

4.2.1 Model overview

This model builds on principles implemented in (Igbal et al., 2021) who developed an earth
system model with a combined sunlit/ shaded model applied for photosynthetic dynamics
through a leaf canopy. In short this primarily involves the input of PAR and temperature
which are then translated to net radiation absorbed through the canopy using a radiative
decay function. From this Vmax and Jmax are calculated for the sunlit and shaded portions of

the plant and this allows for an overall calculation of net assimilation.

Internal CO2 concentrations are intrinsic to assimilation rates and this is solved through a
Newton-Raphson iterative process balancing outputs of Stomatal conductance and An
calculations (Sun et al., 2012). Stomatal conductance requires the environmental inputs of

wind, humidity, and soil water content.

Finally calculations of Rn and Gs allow for the estimation of transpiration through the
Penman-Monteith equation for transpiration. Transpiration rate has a direct effect on
internal leaf temperature and thus another iterative process was used to balance leaf

temperature derived from assimilation calculations and transpiration (Figure 4.1).

In this model heterologous Rubisco expression was modelled in a wheat system. The Rubisco
kinetic values were taken from a number of previous studies on aquatic Rubisco from form

IA, 1B, IC and ID organisms (Table 4.1).

For this the Rubisco Kt and Sc/o Was used, maintaining native expression levels, heat

activation values and Jmax (Which is calculated from Vcmax).
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Table 4.1- The Rubisco kinetic properties used for modelling

Phylogenetic Group  Form Organism Keat Scio  Reference
Angiosperm IB Triticum aestivum 2.2 100 Sharwood et al. (2016)
Proteobacteria IA Allochromatium vinosum 6.7 41 Jordan and Chollet (1985)
IA Rhodobacter capsulatus 2.5 25.9 Horken and Tabita (1999b)
IA Thiobacillus denitrificans 1.4 53.4 Hernandez et al. (1996)
Cyanobacteria IA Prochlorococcus marinus 6.6 59.9  Shih etal. (2016)
IB Synechococcus elongatus 9.8 50.3 Shih et al. (2016)
IB Synechococcus sp. 8.6 43.3 Ninomiya et al. (2008)
Green algae 1B Chlamydomonas 1.8 64  zhuand Spreitzer (1994)
reinhardtii
Proteobacteria IC Rhodobacter sphaeroides 3.7 58.4  Gunnetal. (2020)
IC Cupriavidus necator 2.1 74 Lee et al. (1991)
IC Bradyrhizobium japonicum 2.2 74.8 Horken and Tabita (1999a)
IC Xanthobacter flavus 1.4 44.4 Horken and Tabita (1999a)
Red macroalgae ID Griffithsia monilis 2.6 167  Whitney et al. (2001)
Red microalgae ID Galdieria sulphuraria 1.2 166  Whitney et al. (2001)
ID Galdieria partitia 1.6 238.1 Uemuraet al. (1997)
ID Cyanidium caldarium 1.3 224.6  Uemuraetal. (1997)
ID Porphyridium purpureum 1.4 143.5 Uemura et al. (1997)
ID Porphyridium cruentum 1.6 128.8 Read and Tabita (1994)
ID Nannochloropsis sp. 1 27 Tchernov et al. (2008)
ID Olisthodiscus luteus 0.8 100.5 Read and Tabita (1994)
Diatom ID Cylindrotheca N1 0.8 105.6 Read and Tabita (1994)
ID Cylindrotheca fusiformis 2 110.8 Read and Tabita (1994)
ID Thalassiosira weissflogii 3.2 79 Young et al. (2016)
ID Thalassiosira oceania 2.4 80 Young et al. (2016)
ID Chaetoceros calcitrans 2.6 57 Young et al. (2016)
ID Chaetoceros muelleri 2.4 96 Young et al. (2016)
ID fr 7:;%‘;5%’ um 3.2 108  Young et al. (2016)
ID Fragilariopsis cylindrus 3.5 77 Young et al. (2016)
ID Thalassiosira hyalina 4.1 99 Valegard et al. (2018)
ID Bacterosira bathyomphala 4.6 87 Valegard et al. (2018)
ID Skeletonema marinoi 4.6 96 Valegard et al. (2018)
ID ;Z‘:(’;;f;if;g i 4.7 82  Valegard et al. (2018)
ID Thalassiosira antarctica 3.7 90 Valegard et al. (2018)
Coccolithophorid 1D Pleurochrysis carterae 3.3 102  Heureux et al. (2017)
ID Tisochrysis lutea 2.2 89 Heureux et al. (2017)
ID Pavlova lutheri 2.5 125 Heureux et al. (2017)
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4.2.2 Sampling site and measurements

The sample site used for the modelling efforts in this study was the IT-CA2 site (42.3772,
12.0260) located in central Italy. The field in question is situated 200m above sea level and
as a result has a relatively low annual temperature of 14°C a year and an annual rainfall of
766 mm. The field is planted on a rotational basis alternating between bare grassland and
winter wheat, Triticum aestivum L. The years examined were the 2012-2013 growing season
with winter wheat being sowed at the start of November 2012 and the crop being harvested
in the July of 2013 (Sabbatini et al., 2016). No fertilizer was applied during this growing

period and crops were only lightly irrigated in the summer months.

In the field there were two fluxnet towers positioned at opposing ends of the field
measuring environmental parameters and CO; flux measurements at 30 minute intervals
(Sabbatini et al., 2016). Daily averages were taken for each environmental parameter after
time periods with solar radiation less than 5 W m? were removed, as these were deemed as
nighttime observations where gas exchange should be minimal (Houborg et al., 2012), (Igbal

etal., 2021).
4.2.3 Intercellular CO; and carbon assimilation

Objectively intercellular CO; concentrations (C;) are difficult to measure as it depends on two
variables which are challenging to quantify. These are mesophyll conductance levels and
intercellular respiration levels as well as abundance and rate of carbonic anhydrase in the
chloroplast providing Rubisco with CO;. Therefore, in earth systems models Ciis simplified to

equation (4.1).

1.4 1.6 (4.1)

This highlights the need for a consensus Ciwhich is complementary to both Gs and Net
carbon assimilation. However, to achieve this an initial guess is required for An and Gs

calculations. This initial guess is taken as (equation 4.2) which is an estimated ratio for wheat
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(Bonan, 2019). For the purpose of this modelling study Chloroplastic CO, concentrations are

assumed to be equal to Ci concentrations and thus Ciis used throughout.

Ci = 0.87Ca (4.2)

This estimate allows the calculation of An (equation 4.3) as the minimum of calculated
values for the Rubisco limited rate Ac (equation 4.4) the light limited rate Aj (equation 4.5)

and the phosphate limited rate A, (equation 4.6).

An = min(Ac, Aj,Ap — Rd) (4.3)
Vemax(ci- T *) (4.4)
Ac = 0i

Ci+ Kc(1+ m)

Ai _Jmax(ci- T *) (4.5)
~ Aci+ 8T x
Ap = 3Tp (4.6)
e 0i (4.7)
~ Sc/o

Where Oi (equation 4.7) is the intercellular oxygen concentration, assumed to be a
constant 210 mmol O, moltand I' * is the CO, compensation point calculated as per

(equation 4.7). Vcmax Was calculated at 25°C for sunlit and shaded leaves as shown below.
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Vemax25 < —Co « Kcat « FLnr « N (4.8)

N =1/(SLA*CN))/14.0057 (4.9)
Vemax25 sun = Vemax25s - {[1_ e—(Kn+Kb)LAI] ;} (4.10)
' Kn + Kb
1 1 (4.11)
% 25,shad =V 25 . ([1 - e KnLAI|___ _ [1 — g~ (Kn+Kb)LAI
cmares, S cmax d ¢ ]kn [ ¢ ]Kn+Kb}

Where Co represents the moles of Rubisco active sites per mole of Rubisco (Houborg et al.
2013), FLnr represents the fraction of total soluble protein that is made up by Rubisco at
25°C, defined as 0.4120 in wheat (Igbal et al. 2021). Keat is the catalytic rate of wheat umol
m=2stand N is the nitrogen content per unit leaf area g N m? derived from the specific leaf
area carbon content (SLA g C m2) and C:N ratio which are both defined for wheat as 0.07

and 20:1 respectively (equations 4.8, 4.9)

Vcmax Was adjusted to temperature specific values using equation (4.12) as was Sc/o using
specificic heat activation values for the Keat and S¢/o of Rubisco respectively. Ta represents the
air temperature (°K) and the R constant was 8.314 J K. This also allowed the calculation of

Qio values (Ito et al. 2015)(equation 4.13).

HA 298.15
10 (4.13)

Vemax1T2-T1

Quo = Vemax?2

Stomatal conductance was also calculated using the initial C; guess (equation 4.2).

An
Gs = g0 + glbw Ehs (4.14)

An (4.15)
Cs = Ca——
S a Gb
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For this g0 and g1 represent known minimum and maximum values for stomatal
conductance defined as 0.01 and 5.78 in wheat (mol m?2s1), hs is the external relative
humidity and Cs is the surface level CO, concentration (umol mol?). bw describes soil water
content 6. This is calculated as per equation 4.16. Oy is the soil water content at wilting
point, defined as 0.1. 8. is the soil water content at saturation point. This is soil dependant,
for this study the ITA-2 landsite was planted on silty clay loam and therefore 6, was fixed at

0.477.

6 -6, (4.16)

bw=—2
Y=, o,

Once stomatal conductance and An were calculated on estimate C; values an iterative

process was used to find a fixed Ciwhich satisfies both the output of An calculations and Gs.

For this the Newton-Raphson approach was applied as per Sun et al. 2012. This involved an
iterative method used to a find a derivative (equation 4.18) which adjusted Cion each
iteration until a convergence was met (i.e the function (equation 4.17) was reduced to

<0.001). The function used to represent the relationship between Gs and An was equation

(4.17).
l A(Ci) . (4.17)
f(x) = |Cs- ——=|—1- [(Ci/Ca)Ca]
Gs
ooy e+ () - F(X)] (4.18)
flx) = 70

The adjusted C; values were then used to calculate final values for An and Gs for sunlit and

shaded leaf fractions (equations 4.3, 4.14). mu8
4.2.4 Net radiation absorbed

To calculate net radiation absorbed through a canopy, assumptions were made about the

leaf angle based on the growth dynamics of wheat, defined as the Ross indices which
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indicates deviation from a spherical growth pattern. This then allowed calculations
pertaining to the reflectance and vertical transmission of radiation both upwards and

downwards through the canopy.

[Tsha(x) = I7d(x) + [”bs(x) (4.19)
[7sun(x) = I7sha(x) + (1 — wf)Kb gy (4.20)

These components allow the calculate the net radiation absorbed by the shaded leaf
fraction (equation 4.19) and the sunlit leaf fraction (equation 4.20). The shaded leaf fraction
is calculated by the sum off the diffuse (I”d(x)) and scattered beam radiation I~ bs(x).
Whereas the net radiation absorbed by the sunlit fraction is the sum of the shaded net
radiation absorbed, the total downwards direct beam radiation (I, 5), multiplied by the
direct beam distinction coefficient (Kb) and the scattering beam coefficient (wf ) (equation
4.20). More details on how each parameter can be calculated in equations 4.19 and 4.20 can
be found in (Igbal et al., 2021), (Bonan, 2019). When multiplied with reported LAl the above
calculations can be used to calculate total absorbed radiation in sunlit and shaded leaf

fractions.
4.2.5 Transpiration

Leaf transpiration was predicted using the Penman-Monteith equation for
evapotranspiration (Goudriaan and Van Laar, 2012), (Wu et al., 2023) which uses inputs of
temperature and net radiation (Rn) for calculations as well as resistance parameters for

water movement through the leaf.

SRn+ VPD, — PaCp/rbh (4.21)
AT =
s + y(rsw + rbw)rbh
VPDy = SVPiear — SVPaew—point (4.22)
17.502T
SVP = 0.61365¢24097+T (4.23)
dew — point = Ta — ((100 — RH)/5) (4.24)
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PaC 101.325 1012 (4.21)
= | —-] %

a-p Ryes ¥ Ta

leaf width (4.22)
rbh =100 * | ———
o 1 . (4.23)
- GS pal?"

Dair = ATM X 100000 (R 445 X (Ta + 273.15)) (4.24)
_s (4.25)

rsw = e
rbw = 093 x rbh (4.26)

Rn is sum of net radiation absorbed by sunlit and shaded leaf partitions (W m™2) calculated
from equations (4.19, 4.20). The vapor pressure deficit (VPD) (kPa) (equation 4.22)
represents the difference in partial pressure between the leaf and the air. Saturated vapor
pressure (SVP) (kPa) (equation 4.23) was used to calculate VPD. y represents the
psychometric gas constant of 0.066 kPa. s (constant) is calculated as the difference between

SVP at Ta+1 and To'4. PaCp is dry air density (kg m™3) x specific heat capacity of air J kg*K1.

rbh, rsw and rbw all represent resistance values. rsw is the stomatal resistance calculated
from Gs (equation 4.23), rbw (equation 4.25) is the leaf boundary layer resistance to water
vapour and rbh is the leaf boundary layer resistance to heat (equation 4.22). ATM is 1.01

bars.

Once T was calculated, leaf temperature was calculated by rearranging T to assess Tieaf
(equation 4.27). This was combined with an iterative process which adjusted Tieat
sequentially with VPD then Transpiration to a value between 10°C colder and 2°C warmer
than air temperature. The resulting value was then used to calculate a final value for An

using equation (equation 4.3).
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(4.27)
_ y(rtw)RnPaCp / —VPD;

T, = .
leaf S +y(rtw) air
R (sRn+VPD; — PaCp rbh — sAE / )rbh (4.28)
rwe= AE Xy
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Model Architecture

Environmental Parametres and Assumptions
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radiation

Radiation absorbed by shaded leaf = sum(diffuse + scattered beam
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Vcmax25

|
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Transpiration
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Leaf Temperature

If Temp_-Temp,<-100r >2. ThenTemp, is adjusted
accordingly up or down 1°C and Transpiration is recalculated.
Once Temp,is within tolerance range, An is recalculated

Figure 4.1 — Schematic showing how the field level Carbon assimilation is modelled for wheat across the growing season.




4.2.6 Model validation, statistical analysis and packages

Each daily modelled net assimilation was compared with daily averaged CO; flux data from
the measurement towers across the entire growing season. To assess the simulations the
total mean absolute error and determination coefficient (R?) were used to compare
modelled and observed values using custom functions implemented in Rstudio

(V.2023.09.1.494)

Significant difference between total carbon assimilation and transpiration between Rubisco
species was assessed using Mann-Whitney U comparison of medians assuming unequal

variance (Rstudio ‘stats’ v.4.3.0). All graphs were generated using ggplot2 (v.3.4.2)

4.3 Results

4.3.1 Comparison of leaf level carbon assimilation in wheat with foreign aquatic Rubiscos

The net carbon assimilation by wheat was modelled at the leaf-level at 25°C and 1800 pmol
PAR m=2 st for predicted C; concentrations (344.8 umol mol?) derived from ambient C,
concentrations. Additionally, the effect on net carbon assimilation was modelled under the
heterogenic expression of aquatic Rubiscos assuming equivalent expression levels of foreign
Rubisco in a wheat system. At the leaf level, wheat was capable of fixing 27.14 umol of CO;
m2 s being the 12t most efficient Rubisco modelled in this study (Figure 4.2). Only form ID
Rubisco species were higher with Rubisco from G. monillis having the highest overall fixation
at 30.06 umol of CO; m2 st (Figure 4.2). All IB, IC, and IA Rubisco species were less efficient
at fixing carbon dioxide under the above conditions with Rubisco from

Rhodobacter capsulatus, form IA, being the least efficient at 14.28 umol of CO> m2 s (Figure
4.2).
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Figure 4.2 — The net assimilation of CO2 (umol m2 s!) was modelled at the leaf level in a
wheat system with native Rubisco and heterogenically expressed Rubisco for a number of
aquatic organisms of differing Rubisco form (Table 4.1). For this temperature was assumed
to be 25°C and net radiation was set at 1800 umol PAR m s’1. C;was estimated at 0.87Ca
Vemar Ko

giving a concentration of 344.8 umol mol™. Sc/o is calculated as

¢  Vomax

Being the most efficient Rubisco at ambient CO; conditions, the carbon assimilation of G.
monillis was modelled at a range of Cienvironments once again constraining temperature to
25°C under and radiation to 1800 umol PAR m~ s (Figure 4.5). A limited rate was superior
at low Ci concentrations with heterogenic expression of G. monillis, relative to wheat (Figure
4.3). Additionally, the Ajlight limited rate was also improved with heterogenic expression of
G. monillis. increasing the maximum Net assimilation. The relative difference between G.
monillis Rubisco and T. aestivum Rubisco decreases with increasing Ciconcentrations (Figure

4.3)
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Figure 4.3- A modelled ACI curve for the net carbon assimilation (umol m2 s?) in a wheat
system with the native wheat Rubisco compared to heterogenic expression of Griffithsia
monills Rubisco. For this temperature was kept constant at 25°C and net radiation was set at

1800 umol PAR m2 s1, C umol mol* was increased sequentially by 10 pmol mol™.

4.3.2 Comparison of simulations with real world ecosystem exchange over a growing

period in wheat

Using environmental parameters derived from fluxnet data corresponding to Field ITA-2 and
LAl measurements, the Net CO; assimilation per day was modelled for wheat crop across a

growing season of 211 days. This started in November 2012 and ended in July 2013. The
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modelled Net daily CO> assimilation (umol m d!) was contrasted with the observed CO;
uptake measured as the inverse of NEE (umol m2 dt) from the fluxnet data tower. This
comparison between modelled and observed Net CO; assimilation showed an accurate level

of performance from the model (r?= 0.90, MAE =0.98) (Figure 4.4A).

Following the calculation of net assimilation, transpiration was calculated using the Penman-
Monteith evapotranspiration equation. For this parameters of Rn (W m2) and Gs (mol m2s
1) were required for calculations with Gs being derived from an iterative process, balancing
Ci between assimilation rate and Gs. The resulting calculations are shown in Figure 4.4B and
Figure 4.4C respectively. This highlights that stomatal conductance and transpiration both

closely follow the Net assimilation of the wheat crop.
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Figure 4.4- A) The comparison between observed and modelled net CO; assimilation values.
The time period (days) represents the time across the 2012-2013 growing season for winter
wheat at fluxnet site ITA-CA2. Observed values are represented by turquoise bars and
modelled values are highlighted by the black line. B) is represented as the mean
Transpiration (umol m2 s1) for each day highlighted by the blue line, calculated for the 2012-
2013 winter wheat growing season. C) is the average Gs (mol m2 s) for each day

highlighted by the blue line, calculated for the 2012-2013 winter wheat growing season.
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4.3.2 Temperature response of Rubisco
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Figure 4.5 — Vcmax (umol m2 s'1) was calculated for Rubisco species reported with
corresponding heat activation values (Sharwood et al., 2016), (Hermida-Carrera et al., 2016).
Temperatures were fixed at 5,15,25 and 35°C and the x-axis was plotted on a logio scale to
linearly represent the exponential relationship between temperature and Vcmax. Each line
colour represents a different species reported, thus highlighting the diversity in the
temperature response across different Rubisco species. For this analysis there was assumed
to be no inhibition of the Rubisco enzyme at higher temperatures and the quantity of

Rubisco assumed to be 1 mol (Thus Vcmax at 25°C is the reported Keat).
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Table 4.2- The calculated Q10 values for Rubisco species reported alongside their

corresponding Heat Activation values (Sharwood et al., 2016) (Hermida-Carrera et al., 2016)

Species Kcat Sc/o KcatHA Sc/oHA Q10
Triticum aestivum 2.2 100 41.2 24.1 1.78
Hordeum vulgare 2.4 99.2 27.9 21.2 1.48
Avena sativa 2.3 99.9 41.5 23.6 1.79
Oryza sativa 2.1 93.1 46.4 24.6 1.91
Solanum

lycopersicum 2.3 92.4 34.6 21.8 1.62
Capsicum annuum 1.9 96 39.2 24.1 1.73
Solanum tuberosum 2 95.4 46.2 24.7 1.91
Ipomoea batatas 2.5 98.5 334 22.8 1.60
Coffea arabica 2.1 98.7 39 23.4 1.73
Glycine max 1.5 97 55.2 26.5 2.17
Cucurbita maxima 2.2 98.4 48.7 21.1 1.98
Lactua sativa 2.2 94 33.3 21.2 1.59
Brassica oleracea 2.1 96.2 45.7 21.8 1.90
Spinacia oleracea 2.4 97 48 25.2 1.96
Beta vulgaris 2 101 51.2 19.8 2.05
Urochloa panicoides 5.6 78.3 57.3 22.3 2.23
Megathyrsus

maximus 53 80.3 50.2 22.2 2.02
Panicum deustum 5 84.8 59.5 20.8 2.30
Panicum milliaceum 2.1 79.9 71.6 28.6 2.72
Panicum coloratum 34 84.8 58.3 235 2.26
Panicum virgatum 3.3 82.6 58.1 23.8 2.26
Panicum milioides 2.2 92.3 68.4 27.6 2.61
Panicum bisulcatum 2.6 87.7 71.2 29.7 2.71
Saccharum

officinarum 3.9 82.2 30.2 25.8 1.53
Zea mays 4.1 87.3 31 24.3 1.54
Setaris viridis 5.9 72.7 56.6 253 2.21
Cenchrus ciliaris 6 69.9 54.9 20.3 2.16

There is limited information on the temperature response of Rubisco outside of plants. As a
result, the idea of using a fixed function, used to represent the relationship between
temperature and Vcmax Was explored. The Vemax Was calculated at 5, 15, 25 and 35°C for a
number of Rubiscos reported in the literature alongside their respective HA values (Table
4.2) (Sharwood et al. 2016) (Hermida-Carrera et al., 2016 ). It is also important to note that

there was assumed to be no limitation of Rubisco at higher temperatures for these
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calculations unlike in further modelling efforts where Rubisco was assumed to begin to be

self-inhibited passed 25°C.

From Figure 4.5 as well as the calculated Q10 values (Table 4.2) it is possible to see that
there is significant diversity in the temperature response of Rubisco. Q10 values range from
1.53 in Saccharum officinarum to >2.6 in multiple Panicum spp. As a result of this, using a
fixed function to represent the relationship between temperature and Vcmax would not be
appropriate. Therefore going forward, when modelling aquatic Rubisco in wheat the native

HA for wheat was applied.

In previous studies it has been shown to be possible to significantly reduce the stomatal
density of wheat to reduce transpiration rates (Dunn et al., 2019) Based on this concept, a
number of studies on Arabidopsis thaliana were collated to assess the effect of reducing

stomatal density on the Gmax of the wheat plant Figure 4.6.

The results from this show that there is a strong linear correlation (R?= 0.8457) between that
of Gmax and Stomatal density. This shows that it is possible to reduce stomatal density by

50% and get a hypothetical reduction in Gmax by 50% also Figure 4.6.
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Figure 4.6— The relationship between GsMax and stomatal density was assessed by collating
multiple values reported in various studies (Dow et al., 2014), (Lampard et al., 2008), (Hara
et al., 2007) on Arabidopsis thaliana. A linear function was applied to this relationship
through Pearson’s rank correlation. The R?value represents goodness of fit and p highlights
statistical significance of correlation. Errors bars are used to demonstrate standard deviation

of reported measurements.

4.3.3 Modelling effects of heterogenous Rubisco expression from aquatic species

The effects of heterogenous expression of aquatic Rubisco in wheat, assuming native
expression levels and temperature response were measured over a growing season (Figure
4.7A). For this the carbon assimilation over the growing season was summed giving an

overall total for carbon assimilated.

Figure 4.7A and Table 4.3 shows that wheat outperformed the vast majority of aquatic
Rubisco species with the exception of a few red algae in terms of carbon assimilated over
the growing season. Rubisco derived from G. monilis was responsible for the greatest
guantity of CO, assimilated over the growing season improving expression relative to wheat
by 8.76% however this difference was not deemed to be significant (P=0.407). Heterogenous
expression of Rubisco, from O. luteus, also a form ID Rubisco species, had the greatest

negative impact on CO; assimilation, reducing total CO; assimilated by 63.69% (P<0.001).

CO2 assimilation over a growing season was also modelled for wheat and heterogenous
expression of aquatic Rubisco assuming a 50% reduction in stomatal density and therefore a
50% reduction in Gsmax. This showed a reduction but not a proportional reduction in the
total Carbon assimilated for wheat going from 850.49 umol m to 734.76 umol m2. This was
also coupled with a small but significant reduction in Ci concentrations of 37.4 pmol mol*
(P<0.001) within the plant. As well as a 35.59% reduction in the mean transpiration rate

(umol m2s?) (Figure 4.5) (Table 4.5).
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When the total carbon assimilated in wheat was compared to carbon assimilated through
heterogenous expression of aquatic Rubisco with 0.5Gsmay, a different pattern emerged to
modelled total assimilation in native Gsmax. With native Gsmax levels there were only four
aquatic Rubiscos that appeared to improve carbon assimilation over a growing season.
Opposingly at 0.5Gsmax there were 13 aquatic Rubiscos that improved assimilation. All these

Rubiscos were derived from form ID red algal sources.

Furthermore the relative improvement of carbon assimilation proportional to wheat
increased at 0.5Gsmax. For example at native Gsmax levels, heterogenous expression of G.
monillis Rubisco was shown to improve carbon assimilation by 8.75% (Table 4.3). When
Gsmax Was reduced by 50% this percentage increased to 23.58% (Table 4.4) over a growing
season. On the other hand heterogenous expression of T. dentricans was modelled to have a
greater detriment to carbon assimilation with the difference increasing to 69.54% when

GsmaxWas reduced by 50% (Figure 4.7) (Table 4.4).
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Figure 4.7- A Represents the total carbon assimilation across a growing season relative to

wheat simulations with foreign Rubisco derived from the species listed. Relative difference is
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represented as a percentage and GsMax was set to native levels. B Represents the total
carbon assimilation relative to wheat for simulations where Gsmax was reduced by 50% to
simulate reduced stomatal density as such. Again, wheat Rubisco was exchanged with
foreign Rubisco derived from various aquatic sources. The form of which is represented by
the colour of the far as described in the figure legend (1A= Turquoise, IB=Green, IC=0range,

ID=Burgandy).
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Table 4.3 -Comparison of Total Carbon assimilated by Wheat over a growing season with

modelled heterogenous expression of alternative aquatic Rubisco species at normal Gsmax

Total Carbon Assimlation Relative_Difference relative to T.

Species Form pmol m2 aestivum (%) P-value
Triticum aestivum 1B 850.487 NA NA
Prochlorococcus marinus IA 459.335 -45.992 0.000
Allochromatium vinosum IA 581.144 -31.669 0.002
Rhodobacter capsulatus IA 462.620 -45.605 0.000
Thiobacillus denitrificans IA 330.940 -61.088 0.000
Synechococcus elongatus B 553.057 -34.972 0.001
Synechococcus sp. 1B 538.939 -36.632 0.001
Chlamydomonas reinhardtii B 722.115 -15.094 0.185
Rhodobacter sphaeroides IC 718.651 -15.501 0.146
Cupriavidus necator IC 712.733 -16.197 0.178
Bradyrhizobium japonicum IC 726.410 -14.589 0.228
Xanthobacter flavus IC 409.678 -51.830 0.000
Griffithsia monilis ID 924.965 8.757 0.407
Galdieria sulphuraria ID 757.502 -10.933 0.244
Galdieria partitia ID 896.551 5.416 0.667
Cyanidium caldarium ID 799.700 -5.971 0.489
Porphyridium purpureum ID 765.214 -10.026 0.340
Porphyridium cruentum ID 810.269 -4.729 0.637
Nannochloropsis sp. ID 450.889 -46.985 0.000
Olisthodiscus luteus ID 308.823 -63.689 0.000
Cylindrotheca N1 ID 425.282 -49.995 0.000
Cylindrotheca fusiformis ID 801.177 -5.798 0.688
Phaeodactylum tricornutum ID 871.303 2.448 0.379
Thalassiosira weissflogii ID 763.807 -10.192 0.166
Thalassiosira oceania ID 706.946 -16.878 0.107
Chaetoceros calcitrans ID 690.937 -18.760 0.873
Chaetoceros muelleri ID 829.327 -2.488 0.862
Fragilariopsis cylindrus ID 754.994 -11.228 0.301
Thalassiosira hyalina ID 822.483 -3.293 0.665
Bacterosira bathyomphala ID 777.318 -8.603 0.494
Skeletonema marinoi ID 811.258 -4.612 0.754
Thalassiosira nordenskioeldii ID 709.478 -16.580 0.168
Thalassiosira antarctica ID 748.572 -11.983 0.326
Pleurochrysis carterae ID 834.924 -1.830 0.968
Tisochrysis lutea ID 810.722 -4.676 0.711
Pavlova lutheri ID 880.234 3.498 0.618

*P-values were calculated from the median of wheat total carbon assimilation and

heterogenic Rubisco assimilation using a Mann-Whitney U test assuming unequal variance.
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Table 4.4 -Comparison of Total Carbon assimilated by Wheat over a growing season with

modelled heterogenous expression of alternative aquatic Rubisco at half Gsmax

Total Carbon Assimilation

Relative_Difference relative to T.

Species Form pmol m2 aestivum (%) P-value*
Triticum aestivum 1B 734.769 NA NA
Prochlorococcus marinus 1A 481.320 -34.494 0.000
Allochromatium vinosum 1A 574.737 -21.780 0.003
Rhodobacter capsulatus 1A 356.857 -51.433 0.000
Thiobacillus denitrificans 1A 236.437 -67.822 0.000
Synechococcus elongatus 1B 551.684 -24.917 0.001
Synechococcus sp. 1B 540.148 -26.487 0.001
Chlamydomonas reinhardtii 1B 663.958 -9.637 0.177
Rhodobacter sphaeroides IC 715.526 -2.619 0.140
Cupriavidus necator IC 641.008 -12.761 0.167
Bradyrhizobium japonicum IC 638.533 -13.097 0.214
Xanthobacter flavus IC 296.119 -59.699 0.000
Griffithsia monilis ID 908.062 23.585 0.397
Galdieria sulphuraria ID 742.673 1.076 0.252
Galdieria partitia ID 851.853 15.935 0.652
Cyanidium caldarium ID 770.526 4.866 0.506
Porphyridium purpureum ID 733.907 -0.117 0.337
Porphyridium cruentum ID 779.915 6.144 0.633
Nannochloropsis sp. ID 336.139 -54.252 0.000
Olisthodiscus luteus ID 223.750 -69.548 0.000
Cylindrotheca N1 ID 342.297 -53.414 0.000
Cylindrotheca fusiformis ID 721.796 -1.766 0.669
Phaeodactylum tricornutum ID 840.750 14.424 0.364
Thalassiosira weissflogii ID 732.721 -0.279 0.153
Thalassiosira oceania ID 648.551 -11.734 0.199
Chaetoceros calcitrans ID 666.081 -9.348 0.870
Chaetoceros muelleri ID 759.029 3.302 0.865
Fragilariopsis cylindrus ID 737.207 0.332 0.376
Thalassiosira hyalina ID 802.658 9.240 0.781
Bacterosira bathyomphala ID 773.699 5.298 0.479
Skeletonema marinoi ID 808.308 10.008 0.744
Thalassiosira nordenskioeldii ID 716.047 -2.548 0.212
Thalassiosira antarctica ID 728.149 -0.901 0.313
Pleurochrysis carterae ID 816.089 11.067 0.898
Tisochrysis lutea ID 741.826 0.960 0.707
Pavlova lutheri ID 830.830 13.074 0.611

*P-values were calculated from the median of wheat total carbon assimilation and

heterogenic Rubisco assimilation using a Mann-Whitney U test assuming unequal variance.
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Figure 4.8- A is the mean daily C; (umol mol) modelled in wheat across a growing season.
Additionally heterogenic expression of foreign Rubisco was modelled in a wheat system, the
resulting mean Ci values are also reported. Light grey bars represent Ciconcentrations under
native Gsmax conditions, dark grey bars represent C; concentrations when Gsmax was reduced
by 50%. B Is the total of the mean daily Transpiration (umol m2 s) across a growing season
for wheat and wheat with heterogenic Rubisco from aquatic algae. The light blue bars
represent transpiration rates under native Gsmax conditions, dark blue bars represent

transpiration rates when Gsmax was reduced by 50%.
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Mean Transpiration

Mean Transpiration

pmol m2 st 1mol m2s? Ci pmol mol? Ci pumol mol?
Species Form Gsmax 0.5Gsmax P-value* | Gsmax 0.5Gsmax P-value*
Triticum aestivum 1B 1.875 1.383 0.058 393.720 356.272 0.000
Prochlorococcus marinus 1A 1.439 1.148 0.064 387.865 361.084 0.000
Allochromatium vinosum 1A 1.595 1.220 0.097 390.688 354.799 0.000
Rhodobacter capsulatus 1A 1.516 1.172 0.499 382.781 353.438 0.000
Thiobacillus denitrificans 1A 1.272 1.065 0.184 395.612 362.200 0.000
Synechococcus elongatus  IB 1.557 1.212 0.063 393.633 354.333 0.000
Synechococcus sp. 1B 1.572 1.202 0.055 388.299 355.596 0.000
Chlamydomonas
reinhardtii 1B 1.733 1.305 0.099 391.191 356.013 0.000
Rhodobacter sphaeroides  1C 1.732 1.304 0.105 391.632 370.332 0.000
Cupriavidus necator IC 1.715 1.293 0.090 391.832 356.168 0.000
Bradyrhizobium
japonicum IC 1.732 1.302 0.088 393.334 357.133 0.000
Xanthobacter flavus IC 1.397 1.108 0.244 392.832 359.512 0.000
Griffithsia monilis ID 1.967 1.433 0.039 394.560 359.423 0.000
Galdieria sulphuraria ID 1.782 1.334 0.044 396.648 360.853 0.000
Galdieria partitia ID 1.923 1.408 0.036 396.292 359.851 0.000
Cyanidium caldarium ID 1.832 1.359 0.039 396.925 360.894 0.000
Porphyridium purpureum ID 1.777 1.327 0.053 396.060 359.815 0.000
Porphyridium cruentum ID 1.828 1.355 0.053 393.036 358.517 0.000
Nannochloropsis sp. ID 1.511 1.169 0.477 383.781 352.817 0.000
Olisthodiscus luteus ID 1.255 1.055 0.101 400.130 365.994 0.000
Cylindrotheca N1 ID 1.393 1.126 0.083 398.257 363.018 0.000
Cylindrotheca fusiformis ID 1.821 1.350 0.054 393.013 357.222 0.000
Phaeodactylum
tricornutum ID 1.782 1.329 0.087 393.542 365.293 0.000
Thalassiosira weissflogii ID 1.705 1.286 0.085 393.089 359.069 0.000
Thalassiosira oceania ID 1.751 1.315 0.108 393.709 358.021 0.000
Chaetoceros calcitrans ID 1.867 1.378 0.059 385.699 357.931 0.000
Chaetoceros muelleri ID 1.887 1.388 0.056 393.510 364.962 0.000
Fragilariopsis cylindrus ID 1.789 1.334 0.088 390.967 364.935 0.000
Thalassiosira hyalina ID 1.859 1.373 0.058 390.963 368.528 0.000
Bacterosira
bathyomphala ID 1.805 1.342 0.060 393.322 370.755 0.000
Skeletonema marinoi ID 1.849 1.368 0.059 391.597 370.316 0.000
Thalassiosira
nordenskioeldii ID 1.728 1.298 0.060 391.796 369.020 0.000
Thalassiosira antarctica ID 1.759 1.314 0.057 393.286 369.588 0.000
Pleurochrysis carterae ID 1.888 1.390 0.057 391.327 364.545 0.000
Tisochrysis lutea ID 1.844 1.365 0.060 393.466 356.472 0.000
Pavlova lutheri ID 1.922 1.408 0.053 391.765 357.957 0.000

*P-values were calculated from the median of Transpiration or C; values under Gsmax and

0.5 Gsmax conditions. A Mann-Whitney U test assuming unequal variance was used to

assess this difference.
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4.4 Discussion

4.4.1 Model evaluation

This study builds on the models developed by (Igbal et al., 2021) and previous
implementations of Earth systems models used to simulate photosynthesis (Chen and
Blankenship, 2011) (Houborg et al., 2012). Like previous ESM studies it continues to
demonstrate a high level of performance in predicting carbon assimilation over growing

seasons.

Modelling efforts to predict the impact of the heterogenous expression of aquatic Rubisco
on wheat photosynthesis has been limited. (Zhu et al., 2004) demonstrated that the
heterogenous expression of G. monillis may result in a 25% increase in carbon assimilated.
However this study was a snapshot of a single day in a growing season and the temperature
was assumed to be an optimal 25°C (Zhu et al., 2004). G. monillis was also examined in this
study as it is widely regarded as the most efficient Rubisco found to date due to its high
specificity to Kcat ratio). However the potential improvement in carbon assimilation over a

growing season was calculated to be closer to 8% (Figure 4.8).

A significant limitation of this study is highlighted by the predefined fixed Carbon: Nitrogen
ratios used as well as the fixed Rubisco:TSP content. We previously demonstrated (Figure
2.8) that Rubisco large and small subunit expression has a highly nuanced relationship with
the environment and temperature, varying significantly across parameters. (Wu et al., 2019)
has made efforts to correct for this over-simplification of nitrogen budgets. In (Wu et al.,
2019) they successfully combine photosystems models with APSIMv.7.8 yield models. The
APSIM component allows for dynamic estimates of specific leaf nitrogen levels based on

developmental and environmental conditions (Wu et al., 2019), (Wu et al., 2023).

Another significant limitation stems from the lack of HA values for Rubisco measured from
aquatic organisms. Comparing the Vcmax of Rubisco with accompanying HA values
demonstrated a greater variability in Qo values than was previously considered for Rubisco
(Sage, 2002). As the rate of Rubisco has an exponential relationship with temperature the

specific effect of temperature on carbon assimilation is amplified.
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In this study a significant modification made to the model developed by (Igbal et al., 2021)
was the fixing of Jmax to native values from wheat. ESM models (Kattge and Knorr, 2007)
(Medlyn et al., 2002) estimate Jmax to be 1.67 x Vcmax. In the model developed by Igbal et al.
2021 Vcmax changed based on the heterogenous expression of Rubisco and Jmaxincreased/
decreased proportionally. In this study Jmax Was fixed for the native value of wheat and Vcmax
depended on Rubisco kinetic properties. As a result of the fixation of Jmax to native
conditions, percentage increases in carbon assimilation in this model are significantly lower
than those demonstrated by the heterogenous expression of plant Rubisco in (Igbal et al.,

2021).
4.4.2 Heterogenous expression

Rubisco is historically considered the key bottle neck in photosynthesis. However recent
modelling efforts by (Busch, 2020), (Wu et al., 2019), (Wu et al., 2023) have demonstrated
that heterogenous expression of Rubisco may not be as productive as previously envisioned

(Zhu et al., 2004).

What appears to be imperative is a more holistic response to improving photosynthesis,
focusing on multiple aspects of photosynthesis simultaneously to improve overall
production. (Busch, 2020) demonstrate that under ‘optimal conditions’ Rubisco is not the
limiting factor and that photorespiratory pathways can be a necessary energy sink for the
plant. Additionally, (Wu et al., 2023) demonstrate that a combinatorial improvement of
Rubisco, mesophyll conductance and the electron transport chain, are necessary to improve

overall Carbon assimilation and yields.

In this study we demonstrate that the previously calculated improvements to carbon
assimilation achieved through heterogenous expression of Rubisco are overexaggerated (Zhu
et al., 2004, Igbal et al., 2021) (Figure 4.3, Figure 4.5). Despite this it is still possible to
achieve up to 8% increase in carbon assimilation in wheat through heterogenic expression of
G. monillis which when considered over an entire field could result in significant

improvements to yields.

In this study we also demonstrated that many aquatic Rubiscos, if expressed in wheat would
result in a detriment to growth, still assuming native expression levels. This is due to the fact

that many aquatic Rubiscos, particularly those derived from bacterial sources are often very
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fast but lack specificity (Davidi et al., 2020). Within these microbial organisms the kinetic
properties are considered advantageous due to presence of highly efficient CCMs allowing
the accumulation of CO; to high concentrations around the Rubisco enzyme (Sun et al.,

2022).

Previous studies have shown that it is possible to express form IA Rubisco in tobacco (Chen
et al., 2022) and carbon assimilation levels can be comparable to that of the wild type
despite expression only being at 40% of native levels (Chen et al., 2022). However, to achieve

this plants must be supplemented with a 1% CO; environment, artificially increasing Cilevels.

However, when hypothetically expressed within wheat as wheat examined here, under

ambient CO; conditions, the lack of specificity becomes a detriment.

The few Rubisco species that were modelled to improve carbon assimilation in wheat were
all derived from red algae (containing Form ID Rubisco). Form ID Rubisco has been
demonstrated to frequently break the canonical Rubisco trade-off theory, being commonly
found to have far higher specificity than would be expected from its Keat (Oh et al., 2023),
(Flamholz et al., 2019), (Young et al., 2016). As a result of this higher specificity Carbon

assimilation can be improved in crops that lack a CCM such as wheat.

4.4.3 Form ID allows maintenance of carbon assimilation whilst reducing transpiration

As outline above the efficacy of heterogenous expression of Rubisco to improve Carbon
assimilation in crops is overstated. However a potential application of heterogenous Rubisco

expression may be in improving water usage within crops.

The concept of significantly reducing stomatal density in wheat has been demonstrated by
(Dunn et al., 2019), (Caine et al., 2019) (Xie et al., 2012), (Liu et al., 2015). Through
manipulating expression of epidermal patterning factors it is possible to achieve stomatal
density reductions by >50%. The result of this being proportional reductions in Gsmax and

significant increases in stomatal resistance (Bertolino et al., 2019).

A similar concept was applied in this modelling study, reducing the Gsmax of wheat by 50% as
if one had reduced stomatal density by such. As a result of this change, modelled mean

transpiration levels in wheat dropped >30%. However, a similarly proportional decline in C;
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levels observed or carbon assimilation over the growing season was not found when wheat
Gsmaxand wheat 0.5Gsmax Were compared. These results are concurrent with the in vivo

experiments in wheat Dunn et al. 2019.

When the reduced stomatal density was compared with heterogenous rubisco simulations
an interesting pattern emerged. Under Gsmax conditions the greatest increase in carbon
assimilation was achieved through heterogenous expression of G. monillis totalling a net
increase of 8%. However, at 50% Gsmax this difference in assimilation between wheat and G.
monillis increased to 24%. This is a theme that is observed across a number of red algal
Rubiscos with total assimilation increasing, relative to wheat when Gsmax was reduced by
50%. This discrepancy in relative assimilation must be attributed to the higher specificity
levels in red algae. This improvement is reflected in the ACI curves comparing native wheat
Rubisco and heterogenic expression of G. monillis Rubisco. G. monillis being more specific
and faster than wheat Rubisco resulted in an improvement in both the Ac and A; limited rate
of photosynthesis. (Wu et al., 2023) demonstrated that an improvement in the Rubisco rate
alone only improves the Ac limited rate of the enzyme and as result has negligible effect on
carbon assimilation at typical Cilevels. Improving A; has a more pronounced effect on
assimilation as this difference is observed at Ciconcentrations >300 pmol mol™* (Wu et al.,
2023). As the mean C; of wheat over the growing season at Gsmax and 0.5 Gsmax was found
to be 393.72 and 356.27 (umol mol?) respectively, this would explain why the transgenic
expression of faster, less specific Rubisco from namely cyanobacteria had a detrimental

effect on carbon assimilation.

Considering the ACI curve of wheat and G. monillis further, at increasing Ci concentrations
over 300 umol mol?, the discrepancy between G. monillis and wheat assimilation begins to
narrow. This explains why the relative difference between wheat and G. monillis at 0.5Gsmax
is 24% and at native Gsmax the difference is 8%. This is due to the fact that a more specific,
faster Rubisco improves carbon assimilation proportionally higher at reduced C;

concentrations (observed as the reduced Ci concentrations at 0.5 Gsmax).

It is important to note that carbon assimilation does not necessarily equate to increased
yields despite the aforementioned study by (Dunn et al., 2019) showing that reducing
stomatal density not significantly reduce yields. Additionally, transpiration is a necessary
process for the plant, maintaining leaf temperatures up to 13°C below ambient conditions
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(Deva et al., 2020). This study focused on winter wheat being harvested in early July
(Sattorini et al., 2016) meaning that temperatures rarely exceeded 25°C. However crops
grown through summer months may require irrigation and a high rate of transpiration to

maintain homeostasis within the plant.

4.5 Conclusion and future prospects

This study builds on previous ESM models (Igbal et al. 2021), (Chen and Blankenship, 2011)
(Houborg et al., 2012) which have been demonstrated to be incredibly useful resources in
modelling photosynthesis over extended periods. It also highlights the fact the heterogenous
expression of Rubisco can improve carbon assimilation over a growing season however

previous gains in carbon assimilation have been overstated.

Despite this, heterogenous expression of G. monillis Rubisco, when coupled with reduced
stomatal density has significantly improved water use efficiency as well as amplified
improvements in carbon assimilation, relative to wheat. This is due to the high specificity of
G.monillis Rubisco allowing it to perform more effectively under reduced Ci levels as a result

of reduced Gsmax.

Previous studies have demonstrated the potential improvements that red algal Rubisco
could make on improving crop yields however heterogenous expression of red Rubisco in
green systems is still a significant stumbling block in this process. Previous efforts have failed
to successfully express form ID Rubisco in plants (Whitney et al., 2001), (Lin et al., 2018).
Recent efforts by (Zhou et al., 2023) have shown that it is possible to use a form IC Rubisco
chassis with modified form ID Rubisco parts for successful expression in Tobacco. However,
the illusive red algal chaperones, facilitating complete heterogenous Rubisco expression, are
still illuding researchers to this day. Even with the discovery of the red algal chaperones,
achieving native expression levels of a foreign Rubisco is a further challenge, but one that

would be worthwhile based on the simulations conducted in this study.

A future world that is hotter and more arid in many parts of the world, possess an existential
risk to human food security. This study demonstrates that the hypothetical coupling of

reduced stomatal density and heterogenous expression of red type Rubisco could help

162



alleviate this challenge simultaneously increasing water use efficiency and carbon

assimilation.
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5.1 General Discussion

Rubisco is the enzyme central to photosynthesis fixing carbon to the five carbon RuBP for
the synthesis of more complex sugars. Rubisco is the dominant carbon fixing enzyme on the
planet being responsible for 250 billion tonnes per year globally (Bracher et al., 2017) of
which 50% of that is taken up by marine organisms (Irion et al. 2021). Despite this
importance, much of the focus on Rubisco has been within land plants and the need for its
optimisation within economically important crops. This is because Rubisco is considered to
be an inefficient enzyme with a slow catalytic rate and promiscuity, frequently incorrectly
binding O,. Despite the prevalence of Rubisco in marine environments and improved
Rubisco kinetics that we observed in aquatic systems (Bar-On and Milo, 2019) these
environments still remain underexploited for their diversity. As a result of this the diversity,
ecological importance and potential application for improving crop yields of marine Rubisco

is the focus of this study.

Marine systems are vulnerable to climate change experiencing inflated temperature rises,
especially within polar regions (Rantanen et al., 2022) and this temperature rise has knock-
on effects shifting the marine biochemical environment. In this study we explored the effects
that temperature and other environmental parameters have on the expression of
photosynthetic genes within marine systems. The most notable factor driving expression
patterns was environmental temperature with almost all photosynthetic gene expression
being significantly correlated with temperature. In opposition to the consensus,
photosynthetic genes corresponding to the photosystem architecture were negatively
correlated with temperature differing significantly in expression levels between tropical and
polar environments. From this negative correlation we hypothesised that this was a
necessary mechanism in balancing flux of energy from photosystems to the slow catalytic
rates of enzymes at low temperature in order to reduce reactive oxygen species build up. A
more simple explanation may be the fact that many of the metagenomic samples were
taken during austral summer. This is a time of maximal productivity in polar waters and as a

result this explains the higher expression of photosystem genes in this period.

When Rubisco abundance and expression was assessed. It was shown that form ID Rubisco
sequences were the dominant form in polar environments and alpha-cyanobacterial form IA
Rubisco dominated tropical environments. This corresponds with a number of previous
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studies assessing taxonomic abundance of these regions (Cabello-Yeves et al., 2022) When
Rubisco and Rubiscosome genes were considered a highly nuanced expression pattern
emerged. This deviates from the established trend in form IB land plants where Rubisco
expression decreases with rising temperature (Ohba et al., 2000), (Cavanagh et al., 2023),
(Devos et al., 1998), (Peng et al., 2021). The driving hypothesis between this negative
correlation found in land plants is that Rubisco concentration must increase under cold
temperatures to negate the effects of slowed kinetic action. Despite this form IA, IC and ID
were all shown to be positively correlated with temperature in the earth’s seas and oceans.
A possible explanation for this positive correlation with temperature is that there is
environmental adaption of the Rubisco enzyme within these species to overcome slow

kinetic constraints in cold climates. This was explored in chapter 3.

Rubisco sequences from form IA and ID organisms were the focus due to the high
abundance in polar and tropical environments. A Gaussian process model built on
sequences extracted in this study highlighted that it was possible to predict environmental
temperature from sequence structure. This was particularly true when the ESM-2
transformer was applied to sequences as a numerical representation of 3D structure (Lin et
al., 2022). This model points to underlying patterns in the sequence data that were

indicative of environmental adaption.

Despite this, previous experiments have shown evidence of environmental evolution within
form IB land plants, but have failed to demonstrate environmental evolution in form IA and
IB microorganisms (Kapralov and Filatov, 2007), (Goudet et al., 2020). PAML models (Yang,
2007) have been the basis for this assessment of selection however the architecture of the
PAML site-models requires a consensus of positive selection across all lineages and thus
creates a bias for smaller datasets (Murrell et al., 2012). Additionally (Bouvier et al., 2021)
argues that evolution in Rubisco is under represented by the phylogenetic bias observed
across Rubisco studies. Therefore PAML may be inappropriate when analysing evolution
across clades from within a single Rubisco form examined here. As a result MEME selection
(Murrell et al., 2012) was used in conjunction with RELAX selection (Wertheim et al., 2015)

programmes implemented. This allows for variation across lineages.

Within form IA organisms RELAX (Wertheim et al., 2015) showed increased selection
pressure on cyanobacterial lineages relative to proteobacterial lineages. This intensification
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of selection may be explained by the ubiquitous presence of carboxysomes in alpha-
cyanobacteria (Cabello-Yeves et al., 2022) and the lack of in many proteobacterial species
possessing CbbQO form IA operons. This discrepancy in carboxysome presence was also
detected by the random forest model highlighting residues of the form IA N-terminus which
are only found in proteobacteria lacking carboxysomes (Badger and Bek, 2008). We can posit
that the ubiquity of carboxysomes in cyanobacteria, results in overall increase in epistatic
interactions between Rubisco and carboxysome shell proteins and therefore necessitates a

greater level of selection pressure applied to the form IA rbcl genes.

Unlike within form IA organisms, there was no phylogenetic link to the intensification or
relaxation of selection pressure in form ID Rubisco species. However there was widespread
positive selection on the rbcS gene at loci that were in close contact with the Rbcl protein.
The majority of these positively residues were located on the BE-BF loop at the carboxy-
terminal of the RbcS protein which were also highlighted as indicative of ‘warm’ and ‘cold’
sequences by the random forest model. This is significant as this extension of the RbcS
protein is not found within form IB or IA RbcS proteins. There has been a significant focus in
the literature around form ID Rubisco as many species break the canonical trade-off of rate
and specificity with specificity far higher than would be expected (Oh et al., 2023). It is
known that the specificity of Rubisco is derived in the large part from interactions with the
small subunit (observed as differences in specificity between form Il and form | Rubisco). It is
also true that the most significant structural difference between red and green type RbcS
proteins is visualised as the extended BE-BF loop of red Rubisco which has a highly invasive
interation with the axial pore of Rubisco (Joshi et al., 2015). Therefore it would not be
grandiose to hypothesise that the high specificity of form ID Rubisco is derived from the
interactions of the BE-BF loop with the large subunit (which does not differ significantly
between red and green Rubisco species). This is a hypothesis that requires further
examination but to date investigation remains challenging due to our inability to successfully
express form ID Rubisco in a heterologous system. This is due to the absence of knowledge
on the hypothetical red-type Rubisco chaperone which appears to be required for Rubisco
assembly within green systems (Oh et al., 2023). Additionally due to the contiguous nature
of Rubisco genes located within the chloroplast of red organisms, nuclear transformation of

existing red systems such as the well-established Phaeodactylum tricornutum is redundant.
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Recent efforts by (Zhou et al., 2023) showed that it was possible to express form IC Rubisco
within Tobacco and modify loop 6 with elements from G. monillis, improving the specificity
of the heterologously expressed enzyme (Zhou et al., 2023). A similar approach, modifying
the readily expressed form IC chassis with G. monillis BE-BF loops from the small subunit

may be a viable option.

Most importantly efforts to heterlogously express form ID Rubisco in green systems are with
the assumption that it will significantly improve crop yields. Zhu et al. 2004 predicted that
heterologous expression of G. monillis could improve carbon assimilation by in excess of 30%
in certain crop species. In this study we modelled the effects of expressing a number of algal
and bacterial from aquatic environments including G. monillis. Opposingly to previous
findings the maximal gain in carbon assimilation was found to be closer to 8% across an
entire growing season in winter wheat. This discrepancy in improvements is due to the fact
that in Zhu et al. 2004 assumed optimal light and temperature. Under suboptimal conditions
(cold and low light) improvements in net carbon assimilation are not solely limited by the
rate of Rubisco. Greater improvements in carbon assimilation may be observed in summer

crops.

In this study we demonstrated that greater improvements in relative carbon assimilation can
be observed when we simultaneously reduce Gsmax through reducing stomatal density. This
lowers the internal CO; environment in which a more specific Rubisco can perform more
efficiently. G. monillis Rubisco has the highest specificity to rate ratio currently observed. As
a result the greatest modelled improvements in wheat crop with reduced stomatal density
were observed through the heterologous expression of G. monillis. This modelling effort
shows that it is possible to simultaneously improve water use efficiency and improve carbon

assimilation through the heterologous expression of form ID Rubisco.
Conclusions and prospects 5.2

This study examines Rubisco from marine systems and highlights its diversity in expression
patterns and evolution across forms and phylogenetic lineages from different environments.
Most importantly this study demonstrates an impetus for further research into Rubisco from

marine environments. Rubisco derived from form ID organisms showed there was the
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potential to increase plant productivity and reduce water usage in economically important

crops.

Future work must continue to kinetically categorise marine Rubisco with a focus on form ID
organisms due to their heightened specificity. Alongside this research we must continue to
find the illusive red-type chaperones to allow heterologous expression in green systems. In a
future world where climate change continues to increase global temperatures and the
aridity of large swathes of crop land, this study highlights an engineering opportunity to

maintain high food productivity under increasing environmental pressures.
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