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Dear Editor,

We are pleased to submit our manuscript to Photosynthesis Research.

Rubisco is encoded by multiple nuclear-encoded small subunit genes and a
chloroplast-encoded large subunit gene. Functional Rubisco in sufficient abundance to
support adequate rates of CO2 assimilation further depends on interaction with its
molecular chaperone, Rubisco activase, plus two specific phosphatases, and several
biogenesis chaperones and assembly factors.

The hexaploid wheat genome offers some variation in genetic sequences for the
various nuclear encoded ‘Rubiscosome’ genes. Using publicly available data, we
describe the ‘Rubiscosome’ genes, show that expression is balanced across
subgenomes under optimal conditions, and that heat stress induces some variation
but, overall, the expression remains balanced. These findings show that all three
genome copies of each gene must be considered in efforts aimed at engineering
Rubisco in wheat.

We look forward to hearing from you in due course.

On behalf of the authors,

Elizabete Carmo-Silva

Biotechnology and Biological Sciences
Research Council
(BB/S005072/1)

Prof. Elizabete Carmo-Silva

Functional and active Rubisco is essential for CO 2 fixation, and is a primary target for
engineering approaches to increasing crop yields. However, the assembly and
maintenance of active Rubisco is dependent on the coordinated biosynthesis of at
least 11 nuclear encoded proteins, termed the ‘Rubiscosome’. Using publicly available
gene expression data for wheat ( Triticum aestivum L.), we show that the expression
of Rubiscosome genes is balanced across the three closely related subgenomes that
form the allohexaploid genome. Each subgenome contains a near complete set of
homoeologous genes, and contributes equally to overall expression, both under
optimal as well as under heat stress conditions. The expression of the wheat thermo-
tolerant Rubisco activase isoform 1f increases under heat stress, and remains
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balanced across the subgenomes, albeit with a slight shift towards greater contribution
from the D subgenome. The findings show that the gene copies in all three
subgenomes need to be accounted for when designing strategies for crop
improvement.
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Abstract

Functional and active Rubisco is essential for CO; fixation, and is a primary target for engineering
approaches to increasing crop yields. However, the assembly and maintenance of active Rubisco is
dependent on the coordinated biosynthesis of at least 11 nuclear encoded proteins, termed the
‘Rubiscosome’. Using publicly available gene expression data for wheat (Triticum aestivum L.), we
show that the expression of Rubiscosome genes is balanced across the three closely related
subgenomes that form the allohexaploid genome. Each subgenome contains a near complete set of
homoeologous genes, and contributes equally to overall expression, both under optimal as well as
under heat stress conditions. The expression of the wheat thermo-tolerant Rubisco activase isoform
1B increases under heat stress, and remains balanced across the subgenomes, albeit with a slight
shift towards greater contribution from the D subgenome. The findings show that the gene copies in

all three subgenomes need to be accounted for when designing strategies for crop improvement.

Keywords: Triticum aestivum, hexaploid wheat, Rubisco, photosynthesis, gene expression,

heat stress
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Introduction

The CO; fixing enzyme of photosynthesis, ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), is a primary target for engineering efforts to increase the
efficiency of photosynthesis in crops such as wheat. Rubisco biogenesis is complex and is
further complicated by the hexaploid nature of the wheat genome. Here we aim to address
the research gap on the relative expression of Rubisco and its essential auxiliary factors
across the multiple nuclear genomes of wheat. This information is essential in designing
successful gene editing approaches towards improving the agricultural productivity and

climate resilience of wheat.

Plant Rubisco forms a hexadecamer which is composed of eight large and eight small
subunits. The large subunit is encoded by a single gene (rbcL) within the chloroplast
genome, while the small subunit is encoded by a gene family (RbcS) located in the nuclear
genome (Morita et al. 2016; Vitlin Gruber & Feiz 2018). Despite the spatial separation
between the two genes, stoichiometry is maintained between the nuclear encoded RbcS
and the chloroplast encoded rbcl at intermediate assembly stages. Mature RbcS
upregulates the transcription of rbcL, while unassembled rbcL monomers downregulate the

translation of further rbcL (Suzuki and Makino 2012; Wostrikoff and Stern 2007).

Plant rbcL. monomers are highly prone to aggregation and cannot spontaneously fold
into their functional form, requiring assistance from the nuclear encoded chloroplast
chaperonin complex (Bracher et al. 2017). The chloroplast chaperonin complex is
predominantly composed of a tetradecamer of Cpn60 subunits arranged into two
heptameric rings that form a cylindrical-like protein (Hayer-Hartl and Hartl 2020), and this is
capped by a ring of Cpn10 and Cpn20 co-factors. Cpn20 is a tandem repeat of Cpn10 and is
the most highly expressed chaperonin subunit in the chloroplast (Zhao and Liu 2018).
Following binding of ATP, the chaperonin complex undergoes a conformational change,
enclosing rbclL in a nano compartment that enables correct folding, the folded rbclL is

subsequently released upon hydrolysis of the bound ATP (Bracher et al. 2017).

Rubisco holoenzyme (rbcLsRbcSs) assembly requires assistance from at least four
known assembly chaperones, RbcX, Rubisco Accumulation Factor 1 (Raf1), Rubisco
Accumulation Factor 2 (Raf2), and Bundle Sheath Defective 2 (BSD2) (Aigner et al. 2017).
RbcX functions as a homodimer and plays a role in stabilising rbcL. It is not clear if rbcL

3
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subunits form dimers prior to or following their interaction with RbcX. RbcX binds
specifically to the C-terminus of an rbcL peptide and disassociates from the rbcl8 core prior
to binding of RbcS (Saschenbrecker et al. 2007). Rafl is reported to associate with Rubisco
assembly intermediates, binding to both RbcL; and Rbcls and therefore is proposed to
facilitate formation of rbcL dimers (rbcL;Raf11) which are capable of subsequently
assembling into the tetramer core (rbcLgRafls) (Hauser et al. 2015). Raf2 has been shown to
interact with both rbcL and RbcS in the stroma (Feiz et al. 2014). The role of Raf2 remains
unclear, though it has been reported that in mutants lacking Raf2, rbcL still associates with
the chaperonin complex, suggesting that Raf2, like Raf1, functions as a post chaperonin
assembly chaperone (Aigner et al. 2017; Gruber and Feiz 2018). Similar observations have
been reported for maize bsd2-m1 mutants, suggesting that Bundle Sheath Defective 2
(BSD2) also operates as a post chaperonin assembly chaperone (Feiz et al. 2014). BSD2 has
also been suggested to stabilise the rbcL8 core in the absence of RbcS, and the Bsd2-rbclL
interaction appears to be mediated by Raf2 (Aigner et al. 2017; Vitlin Gruber & Feiz, 2018).
The C terminus of BSD2 binds to the active sites of Rbcls preventing the binding of inhibitory
compounds (Hayer-Hartl and Hartl 2020). The interactions of RbcX, Raf1, Raf2, and BSD2
with rbcL appear to be dynamic, and the four auxiliary factors seem to play somewhat
redundant roles (Conlan et al. 2019), but they are all essential for in vitro Rubisco assembly

(Aigner et al. 2017).

Following assembly of the holoenzyme, the active sites require post translational
modifications to become active. Carbamylation occurs when CO; binds to a lysine (Lys-201)
within the active site and is subsequently stabilised with the binding of a Mg?* ion, rendering
the enzyme catalytically competent, ready to bind the substrate ribulose-1,5-bisphosphate
(Carmo-Silva et al. 2015). Following activation, naturally occurring sugar-phosphate
derivative compounds can act as potent inhibitors. These inhibitory compounds, including 2-
carboxy-D-arabinitol-1-phosphate (CA1P) and xylulose-1,5-bisphosphate (XuBP), play a key
role in regulating Rubisco catalysis (Parry et al. 2008; Lobo et al. 2019). Inactive, inhibitor-
bound Rubisco requires the function of its catalytic chaperone Rubisco activase (Rca), which
releases the inhibitors from Rubisco in an ATP dependant manner (Carmo-Silva et al. 2015).
Following removal from Rubisco, the inhibitory compounds are subsequently degraded by

the phosphatases CA1Pase and XuBPase (Sharwood 2017). rbcL, RbcS, Cpn60, Cpn20, RbcX,
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Rafl, Raf2, Rca, CA1Pase and XuBPase are all essential for Rubisco biogenesis and function

and therefore can be collectively referred to as the ‘Rubiscosome’ (Erb and Zarzycki 2018).

Excluding rbclL, all other Rubiscosome proteins mentioned above are encoded by the
nuclear genome. The nuclear genome of bread wheat contains a total of 21 chromosomes,
consisting of the three distinct diploid genomes originating from the hybridisation of three
closely related donor species. The first hybridization event occurred 300,000-500,000 years
ago with the hybridisation of the diploid genome of Triticum urartu (AA) with the diploid
genome of a closely related species to Aegilops speltoides (BB) forming the tetraploid
Triticum turgidum (AABB) (Huang et al. 2002). The tetraploid genome of T. turgidum (AABB)
was subsequently hybridised with the diploid genome of Aegilops tauschii (DD) forming the
hexaploid genome of T. aestivum (AABBDD) around 10,000 years ago (Krasileva et al. 2013).
Each donor genome (henceforth subgenome) contains a near identical set of homoeolog
genes, forming homoeolog triads (IWGSC 2014). Genes previously subject to speciation
(orthologous genes) become homoeologs when re-united in a single genome during
allopolyploidization (Glover et al. 2016). Therefore, the expression of each of the nuclear
encoded Rubiscosome proteins in wheat originates from a homoeolog triad spanning the A,

B, and D subgenomes.

Despite homoeologs being on average 97.2% identical across coding sequences
(Krasileva et al. 2017), variation exists within non-coding and repetitive sequences including
intronic sequences of homoeolog genes, enabling the subgenome origin of transcripts to be
determined (Feldman and Levy 2012). Analysis of triad expression of 53,259 wheat genes
(Ramirez-Gonzalez et al. 2018) showed that most triads were balanced (c.72.5%), meaning
that each of the three homoeologs contributed equally to the expression of the respective
gene. The same study found that, within asymmetric triads characterised by varied
contributions of the three subgenomes to the total expression of the respective gene, single
subgenome suppression was more common (c.20.5%) than single subgenome dominance
(c.7.1%). Overall expression of the D subgenome was slightly yet significantly more
abundant than the B and A subgenomes (33.65%, 33.29%, 33.06% respectively). As there is
no recombination between chromosomes of the three genomes (Martinez-Perez et al.
2001), gene homoeologs that encode enzymes have a high degree of retention (Feldman et

al., 2012). Therefore, multimeric enzymes such as Rubisco and the chaperonin complex are
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likely to feature subunits transcribed from homoeologs spanning all three wheat
subgenomes. The aim of this study was to characterise the relative subgenome
contributions to the expression of each Rubiscosome gene to inform biotechnological

efforts aimed at improving Rubisco function in hexaploid wheat.
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Materials and Methods
Identification of Rubiscosome genes within the hexaploid wheat genome.

In this study ‘Rubiscosome’ genes include RbcS, Cpn60, Cpn20, Rafl, Raf2, Bsd2,
RbcX, Rcal, Rca2, XuBPase, and CAl1Pase, with full names and functions listed in Table 1.
rbcL is omitted due to being encoded on the chloroplast genome and therefore disparate
from the hexaploid nuclear genome. The nuclear genome Rubiscosome genes were
identified using the BLAST search feature on EnsemblPlants (Howe et al. 2020). Nucleic and
amino acid sequences of Rubiscosome homologs from soybean (Glycine max), cowpea
(Vigna unguiculata), maize (Zea mays), tobacco (Nicotiana tabacum), and Arabidopsis
(Arabidopsis thaliana) were used for query sequences to assist in identifying wheat

homologs (Feiz et al. 2012, 2014; Aigner et al. 2017; Lin et al. 2020).

Rubiscosome Gene_IDs that were identified from the BLAST analysis were collected
and populated with relevant metadata including the encoded gene, gene locus coordinates,
and all corresponding Transcript_IDs. Gene_IDs correspond to a gene locus within the wheat
genome. A gene locus may contain several Transcript_IDs, each corresponding to a unique
predicted transcript. Transcript_IDs are denoted by a decimal number at the terminus of a
Gene_ID, for example TraesCS4A02G177500.1 and TraesCS4A02G177500.2 are
Transcript_IDs which correspond to the alpha and beta isoforms (respectively) of
TraesCS4A02G177500, the A subgenome homoeolog locus of Rca2. To further ensure that
the identified genes corresponded to the query genes, transcript and protein sequences for
all Transcript_IDs were downloaded in FASTA format for comparative analysis to a homolog
of a different species to the one used as the query sequence. Comparative analysis of
transcript and peptide sequences were all performed using the Geneious Alignment feature

of Geneious 9.1.8 (www.geneious.com).

Rubiscosome Gene_IDs

Table 2 contains the Gene_IDs of all loci encoding Rubiscosome proteins. Gene_IDs
were grouped together, by their subgenome location and by the Rubiscosome protein that

they encode. The majority of the Rubiscosome proteins are encoded by an even number of


http://www.geneious.com/
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loci which have been mapped to the A, B and D subgenomes, with some exceptions,

detailed below.

The Raf2 A (TraesCS5A02G545700) and B (TraesCS4B02G379500) homoeologs have
been mapped to chromosomes successfully in the reference genome used in this study. A
blast search query of the A and B sequences also returned a Gene_ID (TraesCSU02G129700)
which had been mapped to an unassigned chromosome category in the reference genome.
A sequence alignment of the mature protein sequence of these three Gene_IDs returned a
95.9% pairwise identity. Therefore, the unassigned TraesCSU02G129700 was assumed to be

the D subgenome homoeolog of Raf2.

The RbcS loci identified are not balanced equally in number across the three
subgenomes with the A, B, and D subgenomes containing 9, 8, and 8 homoeologs
respectively. It is not possible to determine which of the loci are homoeologous. For the
purpose of these analyses, expression data from each of RbcS loci have been grouped by
subgenome, meaning that the results for RbcS represent the total gene expression

conferred by the gene copies across the respective subgenomes rather than per homoeolog.

Expression Data Collection

The wheat expression browser (www.wheat-expression.com) contains expression
data from 36 independent studies (as of July 2021), incorporating a broad range of biotic
and abiotic stress conditions (Borrill et al. 2016). To establish the expression of Rubiscosome
genes under reasonably consistent, and stable conditions, and to prevent the results being
influenced by any stress imposed on the plants, six studies were selected which stated

similar photoperiod and temperature regimes for their plant growth conditions (Table 3).

Reference assemblies have struggled to compile the full hexaploid genome due to its
large size (~16 Gb) and repetitive sequences (~85%). The gene coordinates and annotations
of the 2018 RefSeq1.1 assembly was utilised in this study since this has successfully mapped
14.1 Gb of the wheat genome to the 21 chromosomes, and a further 481 Mb to an

‘unassigned chromosome’ (IWGSC 2018).
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Expression Data Analysis and Visualisation

Sample specific expression data per Gene_ID (Table 2) was downloaded from the
wheat expression browser in transcripts per million (tpm) format. The mean of the samples
per Gene_ID was then calculated. In the case of proteins that were encoded by multiple loci
per sub genome, the mean tpm per Gene_ID were summed to give total tpm per gene per

subgenome:

Total A subgenome expression of Cpn60
= TraesCS4A02G315500 tpm + TraesCS5A402G366800 tpm
In order to ensure that the relative expression of each of the Rubiscosome proteins
was standardised across subgenomes, the relative expression per subgenome of each

protein was expressed as a fraction of the total:

(Total A tpm)
(Total A tpm) + (Total B tpm) + (Total D tpm)

Relative A subgenome expression =

(Total B tpm )
(Total A tpm) + (Total B tpm) + (Total D tpm)

Relative B subgenome expression =

(Total D tpm)
(Total A tpm) + (Total B tpm) + (Total D tpm)

Relative D subgenome expression =

Finally, to visualise the total expression per Rubiscosome protein the sum of total

tpm per subgenome was calculated, and Log2 transformed:
Log2((Total Atpm) + (Total B tpm) + (Total D tpm))

All data wrangling was completed using the R Language, tidyr and dplyr packages as
part of the Tidyverse (Wickham et al. 2019). Figure 1 was generated using the R language
adaption of BioCircos.js (Cui et al. 2016). Ternary diagrams (Figures 2-3) were generated
using ggtern package (Hamilton and Ferry 2018). Code of the analysis is available at

https://github.com/LouisCaruana/Wheat-Rubiscosome-Expression-Balance-
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Results
Identification of Rubiscosome homoeolog loci within the hexaploid wheat genome

The blast search of the wheat hexaploid nuclear genome returned a total of 70 gene loci
that encoded Rubiscosome proteins. The Rubiscosome genes were well distributed across
the wheat chromosomes (Fig. 1), with only the chromosome 3 triplicate not encoding any
Rubiscosome genes. Most of the Rubiscosome genes showed a 1:1:1 correspondence of
homoeologs across the three subgenomes. This was not true of the multiple RbcS gene loci,
which included one transcript in subgenome A with no correspondence in subgenomes B
and D. RbcS gene copies were mostly located in tandem and distributed between
chromosome 2, with six copies per subgenome plus an additional copy on chromosome 2A,

and chromosome 5, with two copies per subgenome.

The chromosomal positions of each Rubiscosome gene triad are visualised by the
connecting lines in Figure 1. With a few exceptions, the A, B and D homoeologs of each gene
triad tended to show a similar position on the respective chromosomes. Cpn20 was encoded
by four discrete gene triads (Cpn20_1 to Cpn20_4), on chromosomes 2, 4, 6, and 7. Of the
two discrete Cpn60 gene triads, Cpn60_2 was encoded on chromosome 5 across the three
subgenomes, while Cpn60_1 homoeologs has been mapped to chromosomes 4A, 5B and
5D. The assumed D subgenome homoeolog of Raf2 has not been mapped to a chromosome
in the reference genome used, and therefore is displayed in the unassigned chromosome.
The other two subgenome homoeologs of Raf2 have been mapped to chromosomes 5A and
4B. The homoeolog loci of these gene triads spanning separate chromosome triplicates is

consistent with known translocation events within the wheat genome (IWGSC 2018).

Relative subgenome expression of the Rubiscosome is consistent across tissue types

The A, B, and the D loci of the majority of the Rubiscosome genes contributed
equally to the total gene expression of their respective genes in the studies used. Bsd2,
CA1Pase, Cpn20, Cpn60, Rafl, Raf2, RbcS, RbcX, Rca2, and XuBPase genes were all
expressed similarly by their respective loci in the leaves and shoots of hexaploid wheat, as
shown by the cluster of points in the centre of a ternary plot of expression balance (Fig. 2A).

The expression data available also allowed for an assessment of homoeolog expression

10
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balance in wheat spike tissue (Fig. 2B). Consistent with the largely balanced expression seen
in shoot and leaf tissues, wheat spikes were also observed to have balanced expression for
the Rubiscosome genes, except for Rcal. The two ternary plots display a nearly identical
data spread with most of the points clustering in the centre of the plots, indicative of
balanced expression between the 3 subgenomes in both tissue types. This suggests a
constitutive mechanism underpinning tissue-independent relative gene expression by each

respective locus.

Expression of Rcal stood out as relatively asymmetric when compared to the other
Rubiscosome genes. Total Rcal expression in the leaves and shoots of hexaploid wheat was
comprised of 22%, 23%, and 55% from the A, B, and D subgenomes respectively, however it
still fell within what is generally considered balanced expression. The trend toward
asymmetric expression of Rcal was more pronounced in the spike tissues, comprised of
19%, 16% and 65% from the A, B, and D subgenomes respectively. Rcal expression in the
spike fell on the boundary of balanced expression, A and B subgenome suppression, and D

subgenome dominance.

Heat stress alters the relative subgenome expression of some, not all, Rubiscosome genes

To assess how the expression balance of Rubiscosome gene homoeologs may be
impacted by heat stress, an important abiotic stressor of wheat photosynthesis, the same
analysis was carried out on samples from a heat tolerant wheat variety, TAM107 (Liu et al.
2015). Based on this analysis, Rubiscosome gene expression could be broadly split into two
groups based on whether there were dynamic changes under heat stress compared to
control conditions. Bsd2, CAlPase, Cpn20, Raf2, RbcS, Rca2 and, XuBPase showed no
change, while Cpn60, Rafl, RbcX, and Rcal all displayed changes in their expression balance

in response to heat stress (Fig. S1).

Cpn60 shifted from balanced expression across subgenomes under control
conditions to B subgenome supressed under heat stress. Rafl expression shifted towards D
subgenome suppression but remained within the balanced expression category. RbcX
expression shifted towards A subgenome suppression in response to heat stress and

displayed a considerable upregulation in total expression. Rcal displayed the largest shift in

11
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expression balance. Under control conditions, greater than half of Rcal expression is from
the B genome homoeolog (17%, 53%, and 28% from the A, B, and D subgenomes
respectively, Fig. 3). However, under heat stress conditions Rcal expression becomes more
evenly split between the B and D subgenomes, whilst the contribution of the A subgenome
remains low and near classification as A subgenome supressed. Rcal total expression also
massively increased from 102 transcripts per million under control conditions to 3152

transcripts per million when subjected to heat stress conditions.
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Discussion

Rubisco, the primary carbon-fixing enzyme, can constitute up to 50% of total protein
in leaves of C3 plants such as wheat (Parry et al. 2003; Carmo-Silva et al. 2015), and is a
prime target for improving the efficiency of photosynthesis. Leaves are the primary
photosynthetic organs of wheat; however, the importance of photosynthesis in non-foliar
tissues is increasingly recognised, with spike tissues shown to contribute up to 39% of grain
biomass (Zhang et al. 2020). Given the hexaploid genome of wheat, we set out to
characterise the relative subgenome contribution to the expression of known nuclear
encoded genes related to the synthesis and function of Rubisco, termed the Rubiscosome.
This analysis used publicly available data for gene expression in leaf and spike tissues of
hexaploid wheat (Borrill et al. 2016). The findings will inform approaches for improving
Rubisco biogenesis, activity, and regulation aimed at enhancing agricultural crop

productivity.

A total of seventy gene loci were identified across the wheat genome which encode
proteins currently known to be essential for Rubisco biogenesis and function. Due to the
similarity of the three subgenomes, the three homoeologs corresponding to each gene triad
were generally found to occur in a similar location on the respective chromosomes.
However, homoeologs of Raf2 and Cpn60 are located within translocated regions (Clavijo et
al. 2017), resulting in gene triads that span multiple chromosomes. The chaperonin Cpn20
was encoded by four distinct gene triads spread across four separate chromosomes, and the
RbcS gene family was comprised of tandemly organised genes in chromosomes 2 and 5. The
redundancy of RbcS gene copies might be explained as either a gene function protective
mechanism, or a subfunctionalisation mechanism, in the ancestral species of the three

diploid progenitors (Yamada et al. 2019).

The Rubiscosome gene expression was generally well balanced across the three
subgenomes in the leaves and spike tissues of hexaploid wheat (Fig. 2), i.e., there was no
clear dominant subgenome contribution towards overall Rubiscosome expression. This is
consistent with previous reports that the expression of over 70% of homoeolog triads are
balanced (Ramirez-Gonzalez et al. 2018). The total expression conferred by the gene triads
was also consistent between the leaves and spike tissues, suggesting that a functional

Rubiscosome is essential for both leaf and spike photosynthesis.
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The gene loci encoding Rcal did not display the same balanced expression as
observed for the majority of Rubiscosome genes. Instead, Rcal featured varying degrees of
asymmetric expression. A previous report stated that, based on unpublished expressed
sequence tags (EST) data, Rcal and Rca2 were most highly expressed by the B subgenome
(Carmo-Silva et al. 2015). The results reported herein, based on the gene expression data
from 7 studies, disagree with this affirmation. Rca2 expression remained consistently
balanced across the three subgenomes in different wheat cultivars, plant tissues and under
heat stress conditions (Fig. 2 and 3). Rcal expression displayed a more dynamic pattern,

with a trend towards subgenome D dominance in leaves and spikes (Fig. 2).

Analysis of expression data for the heat tolerant wheat variety TAM107 (Liu et al.
2015) showed an increase in Rcal expression in seedlings exposed to heat stress (40°C) for
up to 6 hours relative to control temperatures of 18-22°C (Fig. 3). This observation is
consistent with the 40-fold increase in Rcal gene expression reported for wheat plants after
4 hours exposure to heat stress (38°C), with no corresponding increase in Rca2 expression
(Degen et al. 2021). The wheat Rcal gene triad encodes a short isoform of Rca, while the
Rca2 gene triad produces both a short and a longer isoform via alternative splicing (Carmo-
Silva et al., 2015). Rcal protein has been shown to feature greater thermostability than the
two Rca2 isoforms (Scafaro et al. 2019; Degen et al. 2020). Upregulation of Rcal expression
in wheat plants under heat stress has been attributed to a heat responsive element that is
present in the promotor regions of all three Rcal homoeologs, while this is only present in

the A homoeolog of Rca2 (Jung et al. 2013; Degen et al. 2021).

The relative expression asymmetry of Rcal in TAM107 wheat appears to be dynamic.
While expression was upregulated by all three loci under heat stress conditions relative to
control, the D subgenome displayed a much greater increase than the A and the B
subgenome. This resulted in a shift in expression towards D subgenome dominance,
although overall expression remained balanced across the subgenomes, with some A
subgenome suppression evident (Fig. 3). It is possible that the presence of heat responsive
elements might show genotypic variation and the potential role of heat responsive elements
in Rca gene expression is an area that warrants further investigation as a possible target for

manipulating Rubisco regulation under heat stress.
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In conclusion, these results demonstrate that Rubiscosome genes are expressed in a
balanced manner across the three wheat subgenomes, and this balanced expression is
consistent across plant tissues. The findings resolve some uncertainty on the contribution of
the three subgenomes to the expression of the key photosynthetic regulatory protein Rca in
hexaploid wheat. Except for the relatively asymmetric expression observed in Rcal, there
was no dominant subgenome contribution towards overall expression of the remaining
Rubiscosome proteins. Therefore, gene editing strategies aiming to increase CO; fixation by
targeting Rubiscosome components should ensure that all the target homoeologs are
successfully edited to ensure consistent changes in gene expression and resulting

phenotype.

Acknowledgements

The authors thank Dr. Phillipa Borrill (University of Birmingham, United Kingdom) for useful
discussions and Dr. Mike Page (Lancaster University, United Kingdom) for providing query

sequences for the BLAST analysis.

15



©CO~NOOOTA~AWNPE

367

368
369
370

371
372

373
374
375

376
377
378

379
380
381

382
383
384
385
386
387

388
389
390
391

392
393
394

395
396

397
398

399
400
401

402
403
404

References

Aigner H, Wilson RH, Bracher A, Calisse L, Bhat JY, Hartl FU, Hayer-Hartl M (2017) Plant RuBisCo
assembly in E. coli with five chloroplast chaperones including BSD2. Science 358:1272-1278.
10.1126/science.aap9221.

Borrill P, Ramirez-Gonzalez R, Uauy C (2016) expVIP: A Customizable RNA-seq Data Analysis and
Visualization Platform. Plant Physiology 170:2172-2186. https://doi.org/10.1104/pp.15.01667

Borrill P, Harrington SA, Simmonds J, Uauy C (2019) Identification of Transcription Factors Regulating
Senescence in Wheat through Gene Regulatory Network Modelling. Plant Physiology 180:1740—
1755. https://doi.org/10.1104/pp.19.00380

Bracher A, Whitney SM, Hartl FU, Hayer-Hartl M (2017) Biogenesis and Metabolic Maintenance of
Rubisco. Annual Review of Plant Biology 68:29—60. https://doi.org/10.1146/annurev-arplant-
043015-111633

Carmo-Silva E, Scales JC, Madgwick P J, Parry MAJ (2015) Optimizing Rubisco and its regulation for
greater resource use efficiency. Plant, Cell & Environment 38:1817-1832.
https://doi.org/10.1111/pce.12425

Clavijo BJ, Venturini L, Schudoma C, Accinelli GG, Kaithakottil G, Wright J, Borrill P, Kettleborough G,
Heavens D, Chapman H, Lipscombe J, Barker T, Lu F-H, McKenzie N, Raats D, Ramirez-Gonzalez RH,
Coince A, Peel N, Percival-Alwyn L, Clark MD (2017) An improved assembly and annotation of the
allohexaploid wheat genome identifies complete families of agronomic genes and provides genomic
evidence for chromosomal translocations. Genome Research 27:885—-896.
https://doi.org/10.1101/gr.217117.116

Conlan B, Birch R, Kelso C, Holland S, De Souza AP, Long SP, Beck JL, Whitney SM (2019) BSD2 is a
Rubisco-specific assembly chaperone, forms intermediary hetero-oligomeric complexes, and is
nonlimiting to growth in tobacco. Plant Cell and Environment 42:1287-1301.
https://doi.org/10.1111/pce.13473

Cui Y, Chen X, Luo H, Fan Z, Luo J, He S, Yue H, Zhang P, Chen R (2016) BioCircos.js: An interactive
Circos JavaScript library for biological data visualization on web applications. Bioinformatics
32:1740-1742. https://doi.org/10.1093/bioinformatics/btw041

Degen GE, Worrall D, Carmo-Silva E (2020) An isoleucine residue acts as a thermal and regulatory
switch in wheat Rubisco activase. The Plant Journal 103:742-751. https://doi.org/10.1111/tp{.14766

Degen GE, Orr DJ, Carmo-Silva E (2021) Heat-induced changes in the abundance of wheat Rubisco
activase isoforms. New Phytologist 229:1298-1311. https://doi.org/10.1111/nph.16937

Erb TJ, Zarzycki J (2018) A short history of RubisCO: The rise and fall (?) of Nature’s predominant CO2
fixing enzyme. Current Opinion in Biotechnology 49:100-107.
https://doi.org/10.1016/j.copbio.2017.07.017

Feiz L, Williams-Carrier R, Wostrikoff K, Belcher S, Barkan A, Stern DB (2012) Ribulose-1,5-bis-
phosphate carboxylase/oxygenase accumulation factor1 is required for holoenzyme assembly in
maize. The Plant Cell 24:3435-3446. https://doi.org/10.1105/tpc.112.102012

16


https://doi.org/10.1126/science.aap9221
https://doi.org/10.1104/pp.15.01667
https://doi.org/10.1104/pp.19.00380
https://doi.org/10.1146/annurev-arplant-043015-111633
https://doi.org/10.1146/annurev-arplant-043015-111633
https://doi.org/10.1111/pce.12425
https://doi.org/10.1101/gr.217117.116
https://doi.org/10.1111/pce.13473
https://doi.org/10.1093/bioinformatics/btw041
https://doi.org/10.1111/tpj.14766
https://doi.org/10.1111/nph.16937
https://doi.org/10.1016/j.copbio.2017.07.017
https://doi.org/10.1105/tpc.112.102012

©CO~NOOOTA~AWNPE

405
406
407

408
409

410
411

412
413

414
415

416
417
418

419
420

421
422
423
424

425
426
427
428

429
430
431
432

433
434
435

436
437
438
439

440
441
442

443
444

Feiz L, Williams-Carrier R, Belcher S, Montano M, Barkan A, Stern DB (2014) A protein with an
inactive pterin-4a-carbinolamine dehydratase domain is required for Rubisco biogenesis in plants.
The Plant Journal: For Cell and Molecular Biology 80:862—869. https://doi.org/10.1111/tpj.12686

Feldman M, Levy AA, Fahima T, Korol A (2012) Genomic asymmetry in allopolyploid plants: Wheat as
a model. Journal of Experimental Botany 63:5045-5059. https://doi.org/10.1093/jxb/ers192

Feldman M, Levy AA (2012) Genome Evolution Due to Allopolyploidization in Wheat. Genetics
192:763-774. https://doi.org/10.1534/genetics.112.146316

Glover NM, Redestig H, Dessimoz C (2016) Homoeologs: What Are They and How Do We Infer
Them? Trends in Plant Science 21:609-621. https://doi.org/10.1016/j.tplants.2016.02.005

Hamilton NE, Ferry M (2018) ggtern: Ternary Diagrams Using ggplot2. Journal of Statistical Software
87:1-17. https://doi.org/10.18637/jss.v087.c03

Hauser T, Bhat JY, Mili¢i¢ G, Wendler P, Hartl FU, Bracher A, Hayer-Hartl M (2015) Structure and
mechanism of the Rubisco-assembly chaperone Rafl. Nature Structural & Molecular Biology 22:720-
728. https://doi.org/10.1038/nsmb.3062

Hayer-Hartl M, Hartl FU (2020) Chaperone Machineries of Rubisco — The Most Abundant Enzyme.
Trends in Biochemical Sciences 45:748-763. https://doi.org/10.1016/].tibs.2020.05.001

Howe KL, Contreras-Moreira B, De Silva N, Maslen G, Akanni W, Allen J, Alvarez-Jarreta J, Barba M,
Bolser DM, Cambell L, Carbajo M, Chakiachvili M, Christensen M, Cummins C, Cuzick A, Davis P,
Fexova S, Gall A, George N, Flicek P (2020) Ensembl Genomes 2020-enabling non-vertebrate genomic
research. Nucleic Acids Research 48:D0689-D695. https://doi.org/10.1093/nar/gkz890

Huang S, Sirikhachornkit A, Su X, Faris J, Gill B, Haselkorn R, Gornicki P (2002) Genes encoding plastid
acetyl-CoA carboxylase and 3-phosphoglycerate kinase of the Triticum/Aegilops complex and the
evolutionary history of polyploid wheat. Proceedings of the National Academy of Sciences 99:8133—
8138. https://doi.org/10.1073/pnas.072223799

Jung HS, Crisp PA, Estavillo GM, Cole B, Hong F, Mockler TC, Pogson BJ, Chory J (2013) Subset of
heat-shock transcription factors required for the early response of Arabidopsis to excess light.
Proceedings of the National Academy of Sciences 110:14474-14479.
https://doi.org/10.1073/pnas.1311632110

Krasileva KV, Buffalo V, Bailey P, Pearce S, Ayling S, Tabbita F, Soria M, Wang S, Akhunov E, Uauy C,
Dubcovsky J, IWGS Consortium (2013) Separating homeologs by phasing in the tetraploid wheat
transcriptome. Genome Biology 14:R66. https://doi.org/10.1186/gb-2013-14-6-r66

Krasileva KV, Vasquez-Gross HA, Howell T, Bailey P, Paraiso F, Clissold L, Simmonds J, Ramirez-
Gonzalez RH, Wang X, Borrill P, Fosker C, Ayling S, Phillips AL, Uauy C, Dubcovsky J (2017) Uncovering
hidden variation in polyploid wheat. Proceedings of the National Academy of Sciences 114:E913—
E921. https://doi.org/10.1073/pnas.1619268114

Lin MT, Stone WD, Chaudhari V, Hanson MR (2020) Small subunits can determine enzyme kinetics of
tobacco Rubisco expressed in Escherichia coli. Nature Plants 6:1289-1299.
https://doi.org/10.1038/s41477-020-00761-5

Liu Z, Xin M, Qin J, Peng H, Ni Z, Yao Y, Sun Q (2015) Temporal transcriptome profiling reveals
expression partitioning of homeologous genes contributing to heat and drought acclimation in

17


https://doi.org/10.1111/tpj.12686
https://doi.org/10.1093/jxb/ers192
https://doi.org/10.1534/genetics.112.146316
https://doi.org/10.1016/j.tplants.2016.02.005
https://doi.org/10.18637/jss.v087.c03
https://doi.org/10.1038/nsmb.3062
https://doi.org/10.1016/j.tibs.2020.05.001
https://doi.org/10.1093/nar/gkz890
https://doi.org/10.1073/pnas.072223799
https://doi.org/10.1073/pnas.1311632110
https://doi.org/10.1186/gb-2013-14-6-r66
https://doi.org/10.1073/pnas.1619268114
https://doi.org/10.1038/s41477-020-00761-5

©CO~NOOOTA~AWNPE

445
446

447
448
449

450
451
452
453

454
455

456
457
458

459
460

461
462

463
464
465
466

467
468
469

470
471
472

473
474
475

476
477
478

479
480
481

482
483
484

wheat (Triticum aestivum L.). BMC Plant Biology 15:152. https://doi.org/10.1186/s12870-015-0511-
8

Lobo AKM, Orr DJ, Gutierrez MO, Andralojc PJ, Sparks C, Parry MAJ, Carmo-Silva E (2019)
Overexpression of calpase Decreases Rubisco Abundance and Grain Yield in Wheat. Plant Physiology
181:471-479. https://doi.org/10.1104/pp.19.00693

Martin AC, Borrill P, Higgins J, Alabdullah A, Ramirez-Gonzalez RH, Swarbreck D, Uauy C, Shaw P,
Moore G (2018) Genome-Wide Transcription During Early Wheat Meiosis Is Independent of Synapsis,
Ploidy Level, and the Ph1 Locus. Frontiers in Plant Science 9:1791.
https://doi.org/10.3389/fpls.2018.01791

Martinez-Perez E, Shaw P, Moore G (2001) The Ph1 locus is needed to ensure specific somatic and
meiotic centromere association. Nature 411:204-207. https://doi.org/10.1038/35075597

Morita K, Hatanaka T, Misoo S, Fukayama H (2016) Identification and expression analysis of non-
photosynthetic Rubisco small subunit, OsRbcS1-like genes in plants. Plant Gene 8:26—-31.
https://doi.org/10.1016/j.plgene.2016.09.004

Parry MAJ (2003) Manipulation of Rubisco: The amount, activity, function and regulation. Journal of
Experimental Botany 54:1321-1333. https://doi.org/10.1093/jxb/ergl41

Parry MAJ, Keys AJ, Madgwick PJ, Carmo-Silva E, Andralojc PJ (2008) Rubisco regulation: A role for
inhibitors. Journal of Experimental Botany 59:1569—-1580. https://doi.org/10.1093/ixb/ern084

Ramirez-Gonzalez RH, Borrill P, Lang D, Harrington SA, Brinton J, Venturini L, Davey M, Jacobs J, van
EF, Pasha A, Khedikar Y, Robinson SJ, Cory AT, Florio T, Concia L, Juery C, Schoonbeek H, Steuernagel
B, Xiang D, Uauy C (2018) The transcriptional landscape of polyploid wheat. Science 361:6089.
https://doi.org/10.1126/science.aar6089

Saschenbrecker S, Bracher A, Rao KV, Rao BV, Hartl FU, Hayer-Hartl M (2007) Structure and Function
of RbcX, an Assembly Chaperone for Hexadecameric Rubisco. Cell 129:1189-1200.
https://doi.org/10.1016/j.cell.2007.04.025

Scafaro AP, Bautsoens N, den Boer B, Van Rie J, Gallé A (2019) A Conserved Sequence from Heat-
Adapted Species Improves Rubisco Activase Thermostability in Wheat. Plant Physiology 181:43-54.
https://doi.org/10.1104/pp.19.00425

Sharwood RE (2017) Engineering chloroplasts to improve Rubisco catalysis: Prospects for translating
improvements into food and fiber crops. The New Phytologist 213:494-510.
https://doi.org/10.1111/nph.14351

Suzuki Y, Makino A (2012) Availability of Rubisco small subunit up-regulates the transcript levels of
large subunit for stoichiometric assembly of its holoenzyme in rice. Plant Physiology 160:533-540.
https://doi.org/10.1104/pp.112.201459

The International Wheat Genome Sequencing Consortium, (2014) A chromosome-based draft
sequence of the hexaploid bread wheat (Triticum aestivum) genome. Science 345.
https://doi.org/10.1126/science.1251788

The International Wheat Genome Sequencing Consortium (IWGSC) (2018) Shifting the limits in
wheat research and breeding using a fully annotated reference genome. Science 361:7191.
https://doi.org/10.1126/science.aar7191

18


https://doi.org/10.1186/s12870-015-0511-8
https://doi.org/10.1186/s12870-015-0511-8
https://doi.org/10.1104/pp.19.00693
https://doi.org/10.3389/fpls.2018.01791
https://doi.org/10.1038/35075597
https://doi.org/10.1016/j.plgene.2016.09.004
https://doi.org/10.1093/jxb/erg141
https://doi.org/10.1093/jxb/ern084
https://doi.org/10.1126/science.aar6089
https://doi.org/10.1016/j.cell.2007.04.025
https://doi.org/10.1104/pp.19.00425
https://doi.org/10.1111/nph.14351
https://doi.org/10.1104/pp.112.201459
https://doi.org/10.1126/science.1251788
https://doi.org/10.1126/science.aar7191

©CO~NOOOTA~AWNPE

485
486

487
488
489
490

491
492
493

494
495
496

497
498
499

500
501

502

Vitlin Gruber A, Feiz L, (2018) Rubisco Assembly in the Chloroplast. Frontiers in Molecular
Biosciences 5:24. https://doi.org/10.3389/fmolb.2018.00024

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Francgois R, Grolemund G, Hayes A, Henry L,
Hester J, Kuhn M, Pedersen TL, Miller E, Bache SM, Miiller K, Ooms J, Robinson D, Seidel DP, Spinu V,
Yutani H (2019) Welcome to the Tidyverse. Journal of Open Source Software 4:1686.
https://doi.org/10.21105/joss.01686

Wostrikoff K, Stern D (2007) Rubisco large-subunit translation is autoregulated in response to its
assembly state in tobacco chloroplasts. Proceedings of the National Academy of Sciences 104:6466—
6471. https://doi.org/10.1073/pnas.0610586104

Yamada K, Davydov Il, Besnard G, Salamin N (2019) Duplication history and molecular evolution of
the rbcS multigene family in angiosperms. Journal of Experimental Botany 70:6127-6139.
https://doi.org/10.1093/jxb/erz363

Zhang M, Gao Y, Zhang Y, Fischer T, Zhao Z, Zhou X, Wang Z, Wang E (2020) The contribution of spike
photosynthesis to wheat yield needs to be considered in process-based crop models. Field Crops
Research 257:107931. https://doi.org/10.1016/].fcr.2020.107931

Zhao Q, Liu C (2018) Chloroplast Chaperonin: An Intricate Protein Folding Machine for
Photosynthesis. Frontiers in Molecular Biosciences 4:98. https://doi.org/10.3389/fmolb.2017.00098

19


https://doi.org/10.3389/fmolb.2018.00024
https://doi.org/10.21105/joss.01686
https://doi.org/10.1073/pnas.0610586104
https://doi.org/10.1093/jxb/erz363
https://doi.org/10.1016/j.fcr.2020.107931
https://doi.org/10.3389/fmolb.2017.00098

©CO~NOOOTA~AWNPE

503

504

505

Table 1 Names and functions of the Rubiscosome proteins explored in this study.

Protein Name Function
BSD2 Bundle Sheath Defective 2 Rubisco Assembly
Chaperone
CAlPase 2-carboxy-D-arabinitol-1- Auxiliary Factor
phosphate Phosphatase
Cpn20 Chaperonin 20 Chaperonin Subunit
Cpn60 Chaperonin 60 Chaperonin Subunit
Rafl Rubisco Accumulation Factor 1 Rubisco Assembly
Chaperone
Raf2 Rubisco Accumulation Factor 2 Rubisco Assembly
Chaperone
Rcal/Rca2 Rubisco Activase Rubisco Regulation
RbcS Rubisco Small Subunit Rubisco Subunit
RbcX RbcX Rubisco Assembly
Chaperone
XuBPase Xylulose-1,5-bisphosphate Auxiliary factor
Phosphatase
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Table 2 Gene identifiers for known components of the Rubiscosome in wheat.

Nomenclature of the A subgenome homoeolog of Bsd2 Gene ID explained: ‘Traes’ refers to

the species Triticum aestivum; CS refers to the accession, Chinese Spring; 7A refers to

chromosome 7, subgenome A; 02 refers to RefSeq v1.1; G refers to the locus encoding a

Gene; 341000 is the unique identifier for this locus.

Gene A Subgenome B Subgenome D Subgenome
Bsd2 TraesCS7A02G341000 | TraesCS7B02G242200 | TraesCS7D02G338600
CAlPase TraesCS4A02G184100 | TraesCS4B02G134600 | TraesCS4D02G129300
Cpn20 TraesCS6A02G340300 | TraesCS6B02G371500 | TraesCS6D02G320800
TraesCS5A02G212500 | TraesCS5B02G211200 | TraesCS5D02G219500
TraesCS7A02G161000 | TraesCS7B02G066000 | TraesCS7D02G162300
TraesCS2A02G146000 | TraesCS2B02G171400 | TraesCS2D02G150600
Cpn60 TraesCS4A02G315500 | TraesCS5B02G563900 | TraesCS5D02G550700
TraesCS5A02G366800 | TraesCS5B02G368900 | TraesCS5D02G376000
Raf1 TraesCS1A02G142000 | TraesCS1B02G159700 | TraesCS1D02G141100
Raf2 TraesCS5A02G545700 | TraesCS4B02G379500 | TraesCSU02G129700
RbcS TraesCS2A02G066700 | TraesCS2B02G079100 | TraesCS2D02G065100
TraesCS2A02G066800 | TraesCS2B02G079200 | TraesCS2D02G065200
TraesCS2A02G066900 | TraesCS2B02G079300 | TraesCS2D02G065300
TraesCS2A02G067000 | TraesCS2B02G079400 | TraesCS2D02G065400
TraesCS2A02G067100 | TraesCS2B02G079500 | TraesCS2D02G065500
TraesCS2A02G067200 | TraesCS2B02G078900 | TraesCS2D02G065600

TraesCS2A02G067300
TraesCS5A02G165400 | TraesCS5B02G162600 | TraesCS5D02G169600
TraesCS5A02G165700 | TraesCS5B02G162800 | TraesCS5D02G169900
RbcX TraesCS2A02G198700 | TraesCS2B02G226100 | TraesCS2D02G206500
TraesCS5A02G459200 | TraesCS5B02G468800 | TraesCS5D02G470300
Rcal TraesCS4A02G177600 | TraesCS4B02G140200 | TraesCS4D02G134900
Rca2 TraesCS4A02G177500 | TraesCS4B02G140300 | TraesCS4D02G135000
XuBPase TraesCS7A02G335600 | TraesCS7B02G247200 | TraesCS7D02G343300
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Table 3 Reported photoperiod and temperature regime in seven studies selected from the

wheat expression browser (Wwww.wheat-expression.com). *Data from Liu et al., (2015) was

exclusively used for heat stress analysis.

Study

Day:Night
Length
(h)

Day:Night
Temperature

(°C)

Heat Stress
Temperature

(°C)

Wheat

Variety

Study

Number

Developmental time-course of
Chinese Spring

(Ramirez-Gonzélez et al.,
2018)

16:8

25:15

NA

Chinese Spring

Chinese Spring seedling and
spikes at anthesis

(Ramirez-Gonzélez et al.,
2018)

12:12

20

NA

Chinese Spring

Chinese Spring leaves and
roots from seven leaf stage

(Ramirez-Gonzélez et al.,
2018)

12:12

20

NA

Chinese Spring

Chinese Spring early meiosis,
early prophase

(Martin et al., 2018)

16:8

20:15

NA

Chinese Spring

Developmental time-course of
Azhurnaya

(Ramirez-Gonzalez et al.,
2018)

16:8

25:15

NA

Azhurnaya

Gene expression during a time
course of flag leaf senescence

(Borrill et al., 2019)

16:8

20:15

NA

Bobwhite

*Drought and heat stress time
course in seedlings

(Liu et al., 2015)

16:8

22:18

40

TAM107
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Figure 1 Circular visualisation of the hexaploid wheat genome and the position of the
homoeolog triads used in this study. The tracks from the outside to the centre specify:
names of each homoeolog triad; chromosome name and length (100Mb tick size).
Connecting lines represent homoeologous relationships between genes across
chromosomes in subgenomes. Chromosome ‘Un’ indicates homoeologs unallocated to a
chromosome position, i.e., within the ‘unassigned chromosome’ of the RefSeq1.1 reference

genome.
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Figure 2 Relative expression and expression balance of Rubiscosome triads in the A) leaves

and shoots and B) spike of hexaploid wheat from six comparable studies (Table 3). The three
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531 axes each correspond to a subgenome indicated by the letter. The position of each symbol
532  represents the relative contribution of each subgenome specific homoeolog to the overall

533  expression of the respective gene. The size of each symbol is representative of the total
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expression of each gene triad (Log2 TPM).
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Figure 3 Relative expression and expression balance of Rcal and Rca2 in leaves and shoots
of hexaploid wheat heat tolerant cultivar TAM107 under control and heat stress conditions.
The three axes each correspond to a subgenome indicated by the letter. The position of
each symbol represents the relative contribution of each subgenome specific homoeolog to
the overall expression of the gene. The size of each symbol is representative of the total
expression of each gene triad (Log2 TPM). Data from Liu et al. (2015) was used for heat

stress analysis.
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