Figure 1. Synthetic Biology in Cotton. Image credlits (top to bottom): AgFax.com, Wikimedia, Business Insider.
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Executive Summary

Synthetic biology (SynBio) encompasses approaches that design and construct new biological
elements (e.g. enzymes, genetic circuits, cells) or redesign existing biological systems to build new
and improved functions. SynBio ‘upgrades’ the potential of genetic engineering, which involves the
transfer of single genes from one organism to another. SynBio enables the introduction of multiple
genes in a single transgenic event, either from a donor organism or synthetically generated. It can
also enable the assembly of novel genomes from the ground up from a set of standardised genetic
parts, which can then be transferred into the target cell or organism. SynBio also offers a number of
non-breeding applications, such as topical applications in replacement of chemical pesticides, which
can be further utilised by stable transformation.

Conventional breeding techniques have successfully introduced several beneficial agronomic traits
into cotton, such as fibre quality attributes, crop maturity and disease resistance. The adoption of
modern biotechnology approaches has enabled developments beyond the capacity or efficiency of
conventional breeding, such as broad-scale insect and herbicide resistance. However, cotton yields
continue to be challenged by abiotic and biotic factors. In addition, while progress in traditional
breeding is yet to reach a ceiling, genetic diversity in cultivated cotton germplasm is limited (Wendel
et al, 1992, Igbal et al., 2001). Therefore, more advanced cotton cultivar development approaches
are required to maintain and improve cotton yields and production efficiency, especially as climate
change increases the incidence of biotic and abiotic challenges.

This report describes several applications of synthetic biology to the cotton industry. The most
promising synthetic biology tools and approaches are discussed. Five major areas of potential
application of SynBio are discussed, with the following conclusions:

Insect pests: Potential long-term investment in developing RNAI trait against silverleaf whitefly.
Fungal diseases: Currently constrained by significant fundamental knowledge gaps.

Carbon assimilation: Research currently supported by CRDC in preparation for SynBio application in
the next 3 - 6 years. Additional opportunities (i.e. aquaporins) exist, warranting further research.

Nutrient acquisition: Long and short-term (scoping) investment opportunities in fundamental
research towards microbe attracting/enhancing root exudates via CRISPR-Cas9 or Golden Gate.

Seed oil quality: Currently an unviable investment opportunity in Australia.

Importantly, the challenges facing SynBio application in cotton include the need for more in-depth
fundamental genetic information and the need for a transformation system that is available for elite
cotton germplasm.
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Synthetic Biology: An Overview

What is Synthetic Biology ?

A consensus definition of synthetic biology (SynBio) was drafted by a group of European experts
more than a decade ago: “Synthetic biology is the engineering of biology: the synthesis of complex,
biologically based (or inspired) systems, which display functions that do not exist in nature”
(Synthetic Biology: Applying Engineering to Biology: Report of a NEST High Level Expert Group). This
engineering perspective may be applied at all levels of biological organisation, from the molecular
level to entire organisms. SynBio enables the rational and systematic design of biological systems
(Serrano, 2007). It encompasses approaches that design and construct new biological elements (e.g.
enzymes, genetic circuits, cells) or redesign existing biological systems to build new and improved
functions. These approaches can occur in two subfields: 1) using existing biological building blocks
to create combinations not present in nature; and 2) create non-natural building blocks to replicate
natural functions or develop novel functions. Through its evolution, synthetic biology has adopted
many of the commonly used engineering terms such as ‘switch’, ‘rewire’, and the ‘design, test and
redesign cycle'.

Defining what is classified as SynBio is heavily debated as many tools and approaches can be
considered synthetic. Furthermore, the evolution of technology and terminology has seen different
labels applied to similar scientific fields (i.e. biotechnology, genetic engineering, synthetic biology).
SynBio ‘upgrades’ the potential of genetic engineering, which involves the transfer or modification
of single genes or components (Serrano, 2007, Roell and Zurbriggen, 2020). This enables the
development of complex multigenic traits through the introduction of multiple genes (Roell and
Zurbriggen, 2020), either from a donor organism or synthetically generated. Therefore, SynBio can
more rapidly develop transgenic material with more complex modifications. For example, the
development of C4 rice required the introduction
of six genes. This transformation would have taken
years through traditional genetic engineering.
SynBio techniques (Golden Gate) enabled this
complex transformation to occur in six months
(Ermakova et al., 2020a). SynBio can also enable
the assembly of novel genomes from the ground
up from a set of standardised genetic parts, which
can then be transferred into the target cell or
organism (Serrano, 2007). Gene editing is a
promising technique which allows for an
organism’s genome to be modified without the |
introduction of foreign genetic material (Pixley et §
al, 2019). Topical application of dsRNA to elicit
gene silencing through RNA-interference (RNAI) is
another tool within the toolbox with great

Figure 2. The "design, build, test” cycle of synthetic biology.
potential for agricultural application, for example, /mage from Roell and Zurbriggen, 2020.

as a biopesticide. Topical RNA viral transfection can similarly be applied to crops to transiently alter
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agronomic traits, such as flowering time and stress responses by transiently expressing or silencing
regulatory genes (Torti et al, 2021). There are many SynBio tools and techniques suitable for
application in agricultural settings (Table 1) with the potential to develop novel agricultural products
and significantly improve agricultural management, productivity and sustainability. In extension to
this, new artificial promoter development will make it possible to turn genes on and off depending
on the presence of a chemical or biotic and abiotic elicitor.

Table 1. SynBio tools with potentially valuable applications in agriculture.

CRISPR-Cas9 Targeted /n vivo gene editing. An efficient tool for silencing, changing
or enhancing specific genes.
Golden Gate Simultaneous and directional /n vitro assembly of multiple DNA

fragments into a single construct. A valuable tool for stacking multiple
genes for complex, multi-gene traits.

RNAI Targeted gene silencing by RNA-interference (RNAi). Useful for
silencing undesirable genes (i.e. toxic compound in edible tissues) or
silencing critical processes in undesired organism (i.e. infection
mechanisms of fungal diseases).

Gene Drives Promoting deleterious alleles (i.e. lethal or sterile alleles in insect
pests).

Gene Synthesis Rapid assembly and cloning of identified genes into DNA constructs.

Regulated Promoters Regulated promoters can temporally control gene expression by

activating or deactivating downstream genes under specific
conditions, such as environmental stress or phenological
development.

Synthetic biology offers a range of research applications that can be classified as either 'fundamental’
or 'applied’. Significant advancements in understanding fundamental biology have been and
continue to be achieved using synthetic biology. However, there are numerous possible practical
applications, from medicine to agriculture. Agricultural industries continue to face severe challenges,
particularly those associated with climate change, while demand for agricultural products continues
to rise to support the ever-growing population. This challenge could be tackled using synthetic
biology techniques that enable even the most complex biological systems to be efficiently and
effectively redesigned.
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Is Synthetic Biology an Opportunity for the Cotton Industry?

Conventional hybridization and mutation breeding have successfully introduced several beneficial
agronomic traits such as maturity and growth habits suited to a range of season lengths and
production regions (Kandhro et al., 2002, Xanthopoulos and Kechagia, 2001), improved fibre quality
(Muthusamy and Jayabalan, 2011), photo-insensitivity (Raut et al., 1971), fungal pathogen resistance
(Ganesan and Jayabalan, 2006), herbicide tolerance (Rajasekaran et al., 1996) and heat tolerance
(Rodriguez-Garay and Barrow, 1988, Trolinder and Shang, 1991). In addition to conventional
breeding, the adoption of modern biotechnology approaches has genetically engineered cotton
varieties with additional traits such as insect and herbicide resistance.

Despite these advancements over the years, cotton yields continue to be challenged by the
occurrence of pests, weeds, pathogens and abiotic stresses. Introducing novel properties and
additional genetic diversity are required. However, the ability to further overcome these challenges
through conventional breeding is limited by the available diversity in the Gossypium hirsutum and
closely related species (Gingle et al., 2006, Wendel et al., 1992). Overcoming the genetic barriers and
reducing genetic drag (introducing unfavourable traits) for novel trait development is possible and
efficient through synthetic engineering, which is beginning to be investigated by CSIRO. Novel
cotton fibre properties such as stretchy, waterproof and coloured cotton and the introduction of
nitrogenases for improved nitrogen fixation are prominent examples of research currently underway
at CSIRO. Further adoption of new and innovative approaches using a SynBio toolkit are required to
address current and upcoming challenges to maintain Australia's standing as one of the leading
producers of the highest quality cotton.

This report will focus on the practical applications of synthetic biology in the cotton industry. It will
elaborate on popular and promising synthetic biology tools and approaches, and examples of how
they can be used to address some of the most significant challenges in the cotton industry. The aim
is not to exhaustively list every possible application of synthetic biology. Table 1 in the review by
Roell and Zurbriggen (2020) presents a more comprehensive list of possible applications of synthetic
biology in applied agricultural research (Appendix 1). Rather, the aim here is to outline some of the
most impactful applications of synthetic biology in the cotton industry. Some of the major limitations
and considerations of synthetic biology in agriculture will also be outlined.
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Promising SynBio Tools, Techniques and Approaches

CRISPR-Cas9 (gene editing)

CRISPR-Cas9 is one of the fastest, easiest and

cost-effective gene editing tools. It is

target sequence favoured as an alternative to classical plant

breeding and transgenic methods for its

simple design and easy construction of

reagents (Belhaj et al.,, 2015). This technique

is the application of a ‘natural process’ that

quide functions as an immune system/defence

s mechanism in bacteria and archaea. During

————— — e e viral infection of bacteria, CAS proteins stitch

T e e pieces of viral DNA into the bacteria’s CRISPR

region. This allows the bacteria to record and

recognise the infecting virus. These regions

are translated into guide RNA which bind to

the Cas9 protein. Cas9 uses the viral copy

T — RNA to recognise subsequent matching

to guide RNA invading viruses, destroying the invading

virus' DNA (Fig. 3). This mechanism is being

exploited by researchers by using Cas9 and a

guide RNA to identify any specific sequences

of DNA and edit it to another specific

sequence. This process can be used to knock

Cas9 enzyme cuts out specific genes (e.g. disease-causing

pothstrands of BNA - genes) or fix' genetic errors. This technique

can also be modified to promote gene

transcription by deactivating Cas9 so it can't

cut DNA, and adding transcriptional

activators (Konermann et al., 2015). CRISPR

mutation can also be used for gene silencing. Gene

_/ i otion  editing through such technology is viewed

- favourably in part because single-gene

knockouts or single base-pair mutations may

, , . avoid regulation (USDA, 2018). The

Figure 3. lllustration of how CRISPR-Cas9 edliting tool . .

functions. Image credit: Genome Research Limited. Australian government declared in 2019 that

gene editing techniques in plants and

animals that do not introduce new genetic material (i.e. incisions by CRISPR allowed to be

repaired naturally without guide RNA) will not be regulated. Editing techniques that do

incorporate new genetic material, such as the introduction of new amino acids or genes, will

require regulation by the Office of the Gene Technology Regulator (OGTR). However, all
Australian state governments except Tasmania are now allowing the use of GMO's.
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Golden Gate (gene introgression)
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Figure 4. Golden Gate assembly of desired DNA fragments into a destination vector. Polymerase Chain Reaction (PCR) is
used to multiply the number of copies of the desired DNA fragments with appropriate restriction (cutting) sites. Image from
ADDGENE.

This approach enables the assembly of multiple fragments of DNA into a single vector
backbone (a DNA molecule used as a vehicle to transfer genetic material into a cell) in a
‘single tube’ reaction. The destination vector is designed to contain recognition sequences to
allow precise assembly of desired fragments (Fig. 4). Recognition sites are incorporated into
the desired DNA fragments that facilitate its precise insertion into the destination vector. A
short digestion (enzymatic DNA-cutting) step ensures that only correctly assembled products
remain intact, and a final ligation (DNA-joining) step can remove fragments that are no longer
required in the final assembled product. This is a desirable approach for stacking multiple
genes for efficient multi-trait transfer with appropriate regulatory sequences. This design
enables gene parts to be selected that control gene expression and the ability to incorporate
multigene constructs that include metabolic pathways into plants.

RNA interference (RNAI; gene silencing)

Post-transcriptional gene silencing (PTGS) mechanisms are a naturally occurring pathways
found in eukaryotic organisms to protect against viruses and/or pathogens producing
aberrant RNA molecules. This process involves the recognition of the aberrant RNA which is
converted into double-stranded RNA (dsRNA). dsRNA is the elicitor of the RNAI response
which the DICER enzyme cleaves into 21 nucleotide small interfering RNA (siRNA) molecules.
The siRNA molecules are then bound to an argonaut protein and used as a guide strand to
recognise specific regions of messenger RNA (mRNA) for degradation (Fire, 1999). Ultimately,
this process affects the translation of specific genes. RNAI has been targeted as a process to

8
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silence genes for various agricultural applications such as inducing sterility or lethality in
insect pest and suppressing toxin production in edible crop tissues (Chen et al, 2015,
Jargensen et al., 2005, Kola et al., 2015, Liu et al., 2017, Worrall et al.,, 2019, Zhang et al., 2015).

Gene drives (promoting deleterious alleles)

Increases the frequency of deleterious alleles by inserting enzymes via CRISPR to destroy non-
desired genes in chromosomes, thus enabling the desired deleterious gene to be copied and
inherited. Some types of gene drives can be reversible and spatially restricted. This technology
could be used to target pests, weeds and diseases i.e. introduce sterility in insect pests or
inhibit seed setting in weeds.

Gene synthesis

Gene synthesis has revolutionised construction of plasmid DNA used for biotechnology and
SynBio. This process has increased the speed at which DNA constructs can be made,
drastically reducing the time required for even complex multi-gene constructs. Ultimately,
gene synthesis has enabled any gene identified from RNA sequence data to be cloned.

Regulated promoters

Understanding how promoters switch on and off is important for next generation solutions.
This has important agricultural applications, enabling genes to be activated or deactivated
during specific conditions. For example, water conservation genes can be activated during
the detection of drought stress. This is an efficient strategy, particularly for genes that may
be energetically expensive, for example, thus limiting their expression to when they're most
critically required will limit their trade-offs.
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Opportunities in Cotton
Insect Pests

Opportunities:
Complex, multi-gene resistance to current pests
New pest resistance traits for emerging pests & ‘Northern cotton’
RNAI Biopesticides & Gene Drive sterile pests

New, robust solutions to control insect pests and their ability to develop resistance is required
to sustain and improve cotton production. SynBio technologies present multiple solutions to
combat insect pests. Notable success has been achieved historically through the introduction
of genes for toxin production in targeted crop tissues. The introduction of the Cry protein
genes from Bacillus thuringiensis to develop Bt cotton is a prime example of the use of
‘traditional’ genetic engineering techniques to achieve resistance against cotton bollworm
(Helicoverpa armigera) and other Lepidoptera (Cousins et al., 1991, Fitt and Wilson, 2005,
Downes et al.,, 2016). Since 1992, total farm income gain has increased by approximately
AUD$180 per hectare and insecticide application has reduced by around 97% as a result of
adoption of Bt cotton varieties in Australia (Cotton Australia, 2021). Although resistant
individuals are emerging, H. armigera and other Lepidoptera continue to be controlled by
new Btvarieties (Downes et al., 2016, Tabashnik and Carriere, 2017).

The Bt trait offers no protection against significant secondary pests such as mirids, whitefly,
mites, aphids and thrips. The cessation of insecticides previously used to control Helicoverpa
spp. has resulted in the increased significance of these secondary insect pests. This is largely
because the Bt traits do not offer protection from these secondary pests which were
previously controlled by pesticides targeting Helicoverpa spp. (Wilson et al., 2013, Wilson et
al., 2018). Efforts are underway to protect cotton against these secondary insect pests. A new
genetically engineered trait has been developed by Bayer - ThryvOn - to provide increased
protection against mirids/lygus and thrips (Ellsworth et al., 2021). Further development of
cotton cultivars with control over a broader range of major insect pests is required.
Incorporating genes for resistance against additional pests such as two-spotted spider mite
and silverleaf whitefly into Bt cultivars is underway in the CSIRO cotton breeding program
and would be highly valuable (Wilson et al., 2018). Silverleaf whitefly would be a particularly
valuable target due to its ability to develop resistance against insecticides (da Silva Oliveira
et al,, 2021).

Technologies that enable more rapid development of novel protection is required as cotton
becomes exposed to new insect pests. ‘New' pests, such as the fall armyworm, are emerging
from other regions, or through the expansion of cotton into new areas such as Northern
Australia (Wilson et al., 2018). Interest in growing cotton in Northern Australia is increasing,
thus exposing "southern bred" cotton to new insect pests that these varieties have not been

10
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developed to withstand. The main pests of these Northern areas include the pink bollworm
and cluster caterpillar, which contributed to the collapse of the cotton industry in the Ord
River during the 1970s (Yeates et al., 2014). The pink bollworm is not effectively controlled by
Bt cotton due to evolved resistance against two of the three Bt genes (Mathew et al., 2018).
Therefore, the pink bollworm is a significant risk, and thus a valuable target for developing
Northern cotton varieties.

SynBio offers several solutions to insect pests in the cotton industry. These technologies offer
the unique ability to rapidly introduce multiple genes for more complex protection against
existing and new insect pests. This trait stacking technology may also enable development of
more complex protection to limit the development of resistance in pests such as H. armigera.
Stacking traits (e.g. through Golden Gate cloning) is likely to be the most efficient way of

Figure 5. Newly emerged silverleaf whitefly on cotton. Image from IPM Guidelines (cottoninfo.com.au).

developing new varieties with resistance to multiple insect pests that aren't controlled by the
Bt traits, such as whitefly and mites. Although this may be possible through breeding
(Miyazaki et al., 2013, Trapero et al., 2016), progress could be more rapid and efficient through
SynBio trait-stacking approaches. This would enable development of cultivars with resistance
against multiple insect pests. This technology limits the number of transformations required
to introduce multiple or multi-faceted traits such as resistances against a new suite of pests.
This highly targeted approach minimises genetic drag (i.e. of unfavourable genes) that can
occur with breeding from diverse genetic material.

RNA interference (RNAI) technology offers two different approaches to combat insect pests.
Firstly, through the production of biopesticides that are targeted to specific insect pests.
These highly specific topical applications reduce the need for chemical pesticides that may
be damaging to the environment and non-target organisms. Bioclays are an option for
deploying RNAI biopesticides that are being explored by CRDC for use against insect pests
including whitefly in the cotton industry. Bioclays are foliar sprays that are developed by
loading dsRNA molecules into layered double hydroxide nanoparticles for more stable
delivery of the RNA compared to "naked RNA" applications (Mitter et al., 2017, Worrall et al.,
2019). However, this field continues to be constrained by the inadequate synthesis of enough
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dsRNA or bioclay particles for large-scale applications. More rapid and efficient synthesis
procedures is required for topical RNAI to be viable for agricultural applications.

Secondly, insecticidal dsRNA molecules can be expressed by cotton itself, potentially
overcoming the manufacturing bottleneck of topical RNAIi. Consumption of diet containing
dsRNA and siRNA synthesised from genes such as an actin ortholog, ADP/ATP translocase,
a-tubulin, ribosomal protein L9 and V-ATPase A subunit have resulted in whitefly mortality
(Upadhyay et al., 2011). Expression of such genes can be temporally controlled or spatially
controlled. Temporal expression includes constitutive (continuous) or inducible (i.e. upon
detection of herbivorous damage) expression. Inducible expression of an insecticidal dsRNA
to induce RNAI is possible by introducing a promoter alongside the gene to activate it upon
damage by insect pests (Senthil-Kumar and Mysore, 2010). Spatial expression includes
ubiquitous (all tissues) or tissue-specific expression. Tissue-specific expression may be
particularly valuable for the control of sucking pests that feed on the phloem (sap). Expressing
insecticidal dsRNA with a phloem-specific promoter could enable specific expression in the
phloem to target sucking insect pests such as whitefly (Upadhyay et al., 2011). Phloem-
specific promoters have been identified in plants, including those used to protect against
bacterial disease (Dutt et al., 2012) and sucking insects (Javaid et al., 2016). Eakteiman et al.
(2018) deployed RNAI in Arabidopsis with a phloem-specific promoter to target a glutathione
S-transferase gene, BtGSTs5, in whitefly, but with sublethal effects. Full efficacy of RNAI
applications will rely on increasing the lethality of these molecules (Shelby et al., 2020),
particularly to at least the equivalence of an insecticide for topical dsRNA to outcompete
insecticides. Ultimately, further fundamental research (e.g. to identify genes for specific and
lethal toxin production and promoters for transient or tissue-specific expression) is required
to improve the impact of this approach. A review by (Shelby et al., 2020) summarises the
strategies and considerations for controlling whitefly and other insect pests using RNAI.

SynBio offers several other potential solutions to combat insect pests. Gene drives (promotion
of deleterious alleles) can enable effective and self-sustaining control of insect pest
populations through increasing the frequency of deleterious alleles such as sterility or lethal
alleles. Gene drives could also be used to revert resistant insect populations back to
susceptible. However, gene drives in insects are less favourable as controlling the travel of
the genetically modified insect population is almost impossible, relative to the control that
can be implemented for a GMO plant. Targeting the sensory ability of insect pests is also an
option, albeit not as prevalent as developing traits and topical applications. For example, the
insect pest could be modified to remove its ability to sense cotton. Similarly, the chemical
profile of cotton could be modified (or masked by a topical application) or make cotton
"invisible" or "repulsive" to the insect, an area under investigation by Michelle Rafter (CSIRO).
Given the complex challenge of controlling insect pests, a multi-faceted approach
incorporating IPM strategies is required for optimal control, likely through combining cultivar
resistance with management practices and topical applications.

12
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Fungal Diseases

Opportunities:
Dual resistance to multi-pathotype diseases
Topical gene silencing sprays

Fusarium and Verticillium wilt are two of the most concerning diseases in the global cotton
industry (Li et al., 2017b). These soil-borne fungi can exist in many different forms in the soil,
crop debris, other crops and weeds, and the severity of Verticillium wilt tends to worsen with
cold, wet conditions (Li et al, 2017b). These diseases can be managed to some degree
through integrated agronomic practices, while significant advances towards disease-resistant
cotton germplasm have been achieved through the CSIRO's cotton breeding program. Genes
encoding antifungal proteins and signalling pathways have been reported to improve
cotton’s resistance against fungal pathogens (Emani et al., 2003, Murray et al., 1999, Parkhi et
al., 2010) such as Verticillium wilt (Tian et al., 2010, Wang et al., 2004). However, it does not
appear that any of these studies have resulted in the significant levels of resistance required
to be incorporated into cultivars. There is great need for resistance to these diseases, and
currently high levels of activity globally in this area of research and development, particularly
by CSIRO. However, full resistance to these diseases is yet to be achieved.

Figure 6. Verticillium wilt symptoms in cotton. Image from https.//www.dpi.nsw.gov.au/about-us/media-
centre/releases/2017/api-research-protecting-australian-cotton-from-verticillium-wilt.

Several challenges constrain the development of Verticillium- and Fusarium-resistant cotton.
In Verticillium, for example, one of the biggest challenges to the cotton industry is the
existence of two pathotypes of Verticillium wilt, defoliating and non-defoliating Verticillium
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wilt (Li et al., 2017b), which can co-occur (Le et al., 2020). Breeding efforts thus far have been
unable to develop dual resistance to both pathotypes. There are no fungicides identified to
date for their control, and host plant resistance in combination with management practices
is the most economical and environmentally-friendly approach to managing Verticillium wilt
(Gore et al., 2017, Li et al., 2017b). Additionally, varieties that are more resistant to one of the
diseases tend to be susceptible to the other (Li et al., 2017b).

Trait stacking through Golden Gate could be beneficial for the development of cultivars with
dual resistance to both pathotypes of Verticillium. Dual resistance to both Verticillium and
Fusarium would also be highly valuable, albeit an ambitious task, but worth long-term
investment. Gene editing of cotton cultivars by CRISPR-Cas9 could also be an effective
approach to developing resistance, as this technology has been used to combat bacterial
blight (Xanthomonas) infection in cotton (Cox et al.,, 2017). However, these approaches rely
on the identification of genes for resistance to introduce into cotton cultivars, or genes to
target in the Verticillium genome to inhibit infection or survival. Although numerous genes,
quantitative trait loci (genomic regions) and proteins have been identified as potential
contributors to some level of resistance to Verticillium in some cotton cultivars and species
(Dong et al., 2019, Cheng et al., 2016, Duan et al,, 2016, Jun et al., 2015, Li et al,, 2014, Li et al.,
2018, Mo et al., 2015, Yang et al,, 2015, Yang et al., 2018, Zhang et al., 2014, Zhang et al.,
2017), the precise combination of genes and the location of their expression for conferring
optimal resistance remain elusive. Further research is required to understand the
pathogenicity of Verticillium and identify genes that may confer resistance and their function.
Additionally, the location of their expression (i.e. in the root hairs or xylem) could be critical
for effective resistance. This could be aided or fast-tracked through using CRISPR-Cas9 to
identify gene functions, while Golden Gate would enable gene combinations and expression
patterns to be tested. Additionally, although some wild species (from the A and D genomes)
have been screened for resistance, the full genetic diversity of the cotton (Gossypium) genus
of over 50 species is yet to be exploited. Screening more distantly related species (i.e. from
the B, C, E, F, G and K genomes) may be insightful, however, growing these species in field
experiments is likely to be challenging.

Topical RNAI can downregulate genes required for survival or initial infection and spread of
fungal diseases in the host (Majumdar et al., 2017). Topically applied double-stranded RNA
have been shown to induce antiviral RNAI in cowpea, inhibiting the bean common mosaic
virus (Worrall et al., 2019). However, topical applications are unlikely to contact, and thus
effectively control, soil-borne fungal pathogens present deep in the soil. Instead, host-
induced gene silencing is a more promising strategy to defend cotton against soil-borne
diseases such as Verticillium wilt. This approach gives plants the capacity to generate their
own molecules to elicit an RNAi response to target invading organisms, which has successfully
suppressed Verticillium wilt in transgenic tomato and tobacco (Song and Thomma, 2018).
Molecules that elicit RNAi could be designed to target specific functions involved in
pathogenicity. For example, velvet regulatory proteins involved in root colonisation and
propagation (Hofer et al, 2021) could be targeted and silenced by host-induced RNA..
Expressing these molecules in the correct tissues (i.e. the root hair or xylem) will be critical,
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which can be controlled through promoters targeted to these specific tissues. Designing
antifungal root exudates that express dsRNA or siRNA, or are comprised of certain antifungal
compounds could also be an effective approach to control soil-borne fungal diseases (Zhang
et al., 2020).

Case Study

Synthetic biology has been used to protect the Cassava industry from Cassava brown streak
disease (CBSD) that devastated production in Uganda, the Demographic Republic of Congo.
This disease caused crop damage of up to 70%, resulting in economic losses of $75 — 100 Mil.
and higher annually (Manyong et al, 2012, Ndyetabula et al., 2016). Transferring some
resistance was possible through conventional breeding; however, this process took a long
time to combine CBSD resistance while maintaining good root and harvest qualities (Jennings,
2003). Similar to the issues around Verticillium wilt in cotton, cultivars resistant to one virus
species were not resistant to the other virus species responsible for causing CBSD (Patil et al.,
2011). Stable and strong resistance to CBSD were achieved through transferring genes of
resistance from related species (Jennings, 2003, Patil et al., 2015). This research is being
advanced with the use of CRISPR-Cas9 genome editing, altering multiple genes
simultaneously to develop cassava cultivars with multi-gene tolerance to CBSD (Gomez et al,,
2019). RNAI has also been shown to efficiently control CBSD, conferring complete resistance
in 85 % of transgenic lines (Patil et al., 2011).

15



Synthetic Biology Opportunities in the Cotton Industry

Carbon Assimilation

Opportunities:
Enhancing productivity & thermotolerance through improving photosynthetic efficiency
Water-use efficient cotton through CAM photosynthesis & aquaporins

Targeting improved photosynthesis is one of the next frontiers for improving crop
productivity, resource-use efficiency and abiotic stress tolerance (Ainsworth and Ort, 2010,
Betti et al., 2016, Furbank et al., 2020, Long et al., 2006, Posch et al., 2019, Simkin et al., 2019,
Sharwood, 2017). Photosynthetic pathways and abiotic stress responses are highly complex,
impacting multiple pathways and processes. Therefore, traits that target improved
photosynthetic performance and resilience under abiotic stresses will require targeted
integration of multiple genes and possibly new reaction pathways. Enhancing photosynthetic
pathways would rely on the SynBio toolkit that can efficiently transfer large gene constructs
with specified expression patterns. Examples include enhancing photosynthetic enzymes,
improving water-use efficiency (WUE) by introducing novel aquaporins and modifying cellular
anatomy to improve mesophyll conductance (the diffusion of CO; into photosynthetic
chloroplasts). Heat shock proteins (Reddy et al., 2016) and altering root traits (Hu and Xiong,
2014) are also targets for improving cotton heat and drought tolerance and WUE that should
be considered, and could be particularly powerful when combined with photosynthetic
enhancements.

Enhancing productivity and thermotolerance through improving photosynthesis

Improving carbon assimilation and thermotolerance is likely to rely on modifying several key
photosynthetic enzymes (in bold below) involved in the Calvin-cycle (carbon fixation,
reduction and regeneration) and the electron transport chain ("light photosynthesis”).
Rubisco catalyses carbon fixation (carboxylation) inside the chloroplast and is a long-standing
target of photosynthetic enhancement for yield gain. Carboxylation by Rubisco is aided by its
'helper protein' Rubisco activase which prevents Rubisco becoming inactivated and is
thermolabile under abiotic stress (Kumar et al., 2009, Kurek et al., 2007, Sharwood, 2020).
Carbon assimilation and crop biomass and yield have been improved under heat stress by
introducing more thermostable Rubisco activase (Kumar et al., 2009, Kurek et al., 2007,
Scafaro et al,, 2019) or a catalytically superior Rubisco (Long and Ort, 2010, Zhu et al., 2010)
or by modifying both Rubisco and Rubisco activase (Qu et al., 2021). SBPase is involved in the
regeneration of RuBP during the Calvin-cycle, the substrate for carboxylation by Rubisco.
Overexpression and manipulation of SBPase can enhance photosynthesis under heat stress
in transgenic rice (Feng et al., 2007), prevent heat-induced yield reduction in soybean (Koéhler
et al., 2016) and improve vegetative biomass and seed yield in Arabidopsis (Simkin et al.,
2017). Overexpression or introduction of novel SBPase can also improve crop WUE (Lépez-
Calcagno et al, 2020). Cytochrome bsf is one of the four major light-harvesting protein
complexes in the chloroplast membrane, involved in electron transport reactions that provide
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energy for carboxylation by Rubisco. Overexpression of light harvesting complexes such as

bsf offer opportunities to improve carbon assimilation (Ermakova et al., 2019, Yamori et al.,
2016).
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Figure 7. The electron transport chain (in thylakoid membrane of chloroplast) and the Calvin-cycle (in the chloroplast). Key

enzymes targeted for photosynthetic enhancement indicated by * RCA: Rubisco activase. Image modified from Adachi et
al, 2020.

Improving crop water use efficiency and drought tolerance

Developing more productive, drought stress resilient and water-use efficient cotton is
required for productivity to continue in a warmer and drier world. SynBio can facilitate the
transfer of novel drought tolerance and improved WUE traits that are not possible through
conventional breeding.

Modifying Cs crops like cotton to have a more water-use efficient photosynthetic metabolism
is one such strategy that is only possible through more advanced technologies offered by
SynBio (DePaoli et al., 2014). CAM (crassulacean acid metabolism) and C4 photosynthesis are
renowned for being more water-use efficient than C3 photosynthesis (DePaoli et al., 2014,
Borland et al., 2014, Ermakova et al., 2020b). This is due to the presence of carbon-
concentrating mechanisms (CCM) that reduce the need for as much stomatal opening, thus
transpiring less water while maintaining carbon assimilation rates (Borland et al., 2014).
Consequently, CAM plants can use 20 — 80% less water to produce the same amount of
biomass compared to C3 and C4 plants (Antony and Borland, 2009, von Caemmerer et al.,
2012). An added bonus of this mechanism is that its expression can be induced. Facultative
CAM species are capable of expressing mRNA encoding for CAM enzymes in response to
abiotic stresses, “switching on” this mechanism when it is most needed. This could be
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exploited to develop cotton cultivars capable of switching to more water-use efficient
metabolisms when water is scarce. The potential productivity impact of introducing water-
conserving mechanisms needs to be carefully considered. Water-preserving traits are likely
to be most beneficial in rainfed production systems, particularly if inducing a yield penalty is
avoided.

Aquaporins are proteins that facilitate the movement of CO, and/or water in plants (Uehlein
et al., 2003). Expression and overexpression experiments revealed the influence of aquaporins
on photosynthesis, mesophyll conductance (Ermakova et al., 2021), stomatal conductance
and root hydraulic conductivity, and thus productivity and water use (Sade et al., 2009).
Consequently, aquaporins have emerged as another target for developing water-use efficient
and drought resistant crops.

Photosynthetic enhancement will rely on SynBio

If traits aren't found in closely related species suitable for crop breeding, photosynthetic
enhancement will rely on SynBio approaches. Photosynthetic manipulation is complex,
requiring the introgression or modification of multiple genes to improve biochemical
pathways. Therefore, rapid and efficient insertion of multiple transgenes into target crops will
be paramount (Castilho, 2015, Simkin et al., 2019). SynBio has enabled multiple genetic
modifications to occur in a single event, thus enabling effective and efficient improvement of
photosynthetic efficiency to improve crop performance, heat and drought resilience and WUE
(Kromdijk and Long, 2016, Kubis and Bar-Even, 2019, Ort et al.,, 2015, Shih et al., 2014, Simkin
et al, 2019). Multiple targets, such as Rubisco, Rubisco activase and possibly also their
supporting chaperones (Aigner et al, 2017), would be required to successfully enhance
photosynthesis and abiotic stress resilience. Additionally, tissue-specific expression would be
required. Stacking genes through Golden Gate would provide an efficient approach to this
multi-gene modification (Maurino and Weber, 2013, DePaoli et al., 2014). An alternative or
addition to gene stacking, gene editing through CRISPR-Cas9 could be used to edit amino
acids that confer a catalytic switch, enhancing photosynthetic activity of enzymes such as
Rubisco (Whitney et al., 2011, Sharwood, 2017).

The SynBio toolkit also offers the unique ability of specific regulated promoters to “switch on”
abiotic stress genes that improve CO> assimilation (i.e. increase Rubisco or Rubisco activase
activity) under high temperature (Venter, 2007). Further, this system could be designed to
"switch off" at certain developmental phases, to prevent the plant remaining in the vegetative
phase. This is a concern that must be addressed when aiming to stimulate photosynthesis in
non-determinant crops like cotton to avoid continued vegetative production. Careful
promoter design could enable high photosynthetic rates for rapid canopy establishment,
followed by 'normal’ photosynthesis for flowering and boll production. Regulated promoters
may also be extremely valuable for preventing yield penalties for conservative mechanisms
such as water-preserving mechanisms that may hinder yield under prolonged expression. This
approach would need to be experimentally tested through trialling a prototype under abiotic
stress conditions in the field.
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Nutrient Acquisition

Opportunities:
Nitrogenase introgression for nitrogen-fixing cotton
Establish & enhance plant-microbe interactions

Currently, productivity in western agriculture is sustained by a massive use of fertilisers. The
excessive use of fertilisers is environmentally damaging and consumer interest in more
sustainable products is increasing. Additionally, this practice is unsustainable due to expected
future rising energy costs to produce fertilisers, the low nitrogen-use efficiency of crops and
finite availability of macronutrients such as phosphorus (Heuer et al., 2017, Perchlik and
Tegeder, 2017, Rogers and Oldroyd, 2014). This challenge can be overcome by improving
crop nutrient-use efficiency, uptake or assimilation (Roell and Zurbriggen, 2020). Due to the
complexity of these traits and systems, SynBio offers some of the most efficient and effective
solutions. Some of the most supported approaches include engineering both crops and their
associated microbes to improve the fixation, mobilisation and uptake of macronutrients such
as nitrogen and phosphorus (Roell and Zurbriggen, 2020). Symbiotic relationships have
evolved between some plant species - most notably, legumes - and nitrogen-fixing bacteria.
This interaction delivers around 120 kg per ha of fixed nitrogen directly into the plant's roots
(Salvagiotti et al., 2008). Engineering maize to fix the equivalent of 50 kg (N) per ha could
substantially improve crop yield (Rogers and Oldroyd, 2014), as demonstrated through
modelling (Folberth et al., 2013). In addition to yield improvement, engineering crops to fix
their own nitrogen, will significantly reduce fertiliser use.
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Figure 8. The application of SynBio to improve nutrient acquisition in crops and reduce fertiliser usage. Figure from Roell
and Zurbriggen (2020), Current Opinion in Biotechnology.

Engineering crops to fix their own nitrogen is a promising crop modification to improve crop
nitrogen-use efficiency. Crop utilisation of nitrogen and phosphorus could be significantly
enhanced through several ways by looking towards microbes:

1) Introducing enzymes such as nitrogenases or phytases. Nitrogenases are enzymes that

naturally occur in some bacteria and Archaea, enabling them to fix nitrogen directly from the

atmosphere. SynBio approaches could enable nitrogenases to be introduced directly into

plant cell organelles. There is great interest in this area of research, with developments
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currently underway at CSIRO and other global research institutions. Cotton has been
successfully transformed to improve phosphorus (P) utilization through targeting the phytase
enzyme. Phytase activity was enhanced through inserting the pyk70 promoter from
Arabidopsis thaliana fused to a phytase gene (phyA) from the bacterium Aspergillus ficuum
in cotton. This modification improved the utilization of phytate as a P source, improving P
nutrition in P-deficient conditions. However, a cotton cultivar is yet to be developed and
released with this trait.

2) Enhancing existing microbial activity. Introducing new microbes to agricultural soils
(identified in nature or engineered) has been raised as an opportunity to improve nutrient
assimilation in crops. However, the difficulty in establishing a foreign microbe into a niche
that is likely already occupied by 'local' microbes adapted to local conditions raises concerns
around the feasibility of this approach. Instead, approaches that manipulate already-present
microbes presents a more feasible approach. SynBio offers the opportunity to enhance the
nitrogen fixation of soil microbes to increase the access of cotton to plant-available nitrogen
and improve cotton's nutrient use efficiency (Waltz, 2017). This could be achieved through
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Figure 9. The influence of root exudates on symbiotic microbes in an intercropping system (from Coskun et al., 2077,
Trends in Plant Science). AMF: arbuscular mycorrhizal fungi. PGPR: plant growth-promoting rhizobacteria. CB:
cyanobacteria.

SynBio in two ways: i) engineer and re-introduce existing microbes, or ii) engineer crops to
release favourable root exudates to manipulate or support microbial activity. The former has
been identified as a "risky" option, due to the issue of controlling the location of genetically
engineered material in microbial communities. Therefore, targeting ability of plants to attract
beneficial microbes or manipulate microbial pathways and thus the nitrogen cycle through
the production of root exudates (Bardgett et al., 2014, Coskun et al., 2017, Finzi et al., 2015)
is a more feasible agronomic application. This approach will rely on an improved
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understanding of species-specific interactions between cotton and available microbes, and
the composition of root exudates (i.e. carbohydrates, flavonoids and terpenoids identified
through metabolomics or transcriptomics) required to attract beneficial microbes or stimulate
biological nitrogen fixation and belowground nitrogen transfer (Coskun et al., 2017). After
this, the genes associated with such exudate components will need to be identified (i.e.
through genomics, transcriptomics or CRISPR-Cas9) in order to be upregulated or modified
through SynBio (i.e. through Golden Gate cloning or CRISPR-Cas9). Optimising root exudate
release to improve crop nitrogen use efficiency could also reduce nitrogen loss via leaching,
runoff and denitrification, thus mitigating nitrogen pollution (Coskun et al., 2017) from cotton
production. An important consideration of this research would be to avoid making root
exudates that are also attractive or beneficial to pathogens such as Verticillium. However, this
interaction also highlights the opportunity to target root exudates for Verticillium wilt
resistance (Zhang et al,, 2020). An ideal SynBio approach to address both soil-borne fungal
diseases and nutrient assimilation would be to express root exudates with the optimal
composition to attract beneficial microbes and deter/inhibit pathogenic microbes (personal
communication: Jonathan Plett).

3) Establishing rhizobium-legume-like interactions. Inducing nodule-formation and microbe-
recruitment in non-leguminous crops to mimic rhizobium-legume symbiosis (Rogers and
Oldroyd, 2014, Huisman and Geurts, 2020) could be another opportunity to enhance cotton's
nutrient assimilation while improving soil fertility. This would require the expression of
particular root exudate compounds such as flavonoids that induce the expression of
nodulation factors in local microbes that trigger root nodule formation (Beatty and Good,
2011, Oldroyd et al., 2009). Despite the immense interest and research in this field, developing
nodulation in non-leguminous crops is yet to be achieved. Hundreds of genes involved in
nodulation in legumes have been identified, but selecting the combination required to induce
nodulation in a non-nodulating crop has proven challenging (Huisman and Geurts, 2020).
CRISPR-Cas9 and RNAi have been suggested as tools to help narrow this search and identify
genes that are required for nodulation, while Golden Gate cloning technology is likely the
most efficient approach to transferring the large number of genes that are likely to be
required to successfully induce and support nodulation and nitrogen fixation (Huisman and

Figure 10. Nodulation on legume roots. Image from https.//biology.anu.edu.au/news-events/news/nodulation-legumes.
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Geurts, 2020). Huisman and Geurts (2020) presents a comprehensive review outlining the
limitations and requirements of engineering nodulation in crops.

Enabling crops to fix their own nitrogen, particularly when the crop needs it rather than when
it is convenient for the grower to apply, would be highly valuable and environmentally
beneficial. Introducing nitrogenases and modifying plant-microbe interactions are highly
complex, thus will likely require the transfer of large gene constructs with regulated
promoters for specific expression patterns. For example, introducing nitrogenases requires
the coordinated and localised expression of at least 16 nifgenes (Dixon et al., 1997, Temme
et al,, 2012) in the mitochondria (Vicente and Dean, 2017, and references therein) to overcome
its oxygen sensitivity issues (Allen et al., 2017). Therefore, more advanced techniques such as
Golden Gate would be superior over traditional genetic engineering approaches (Rogers and
Oldroyd, 2014). One potential criticism of inducing nitrogen fixation in crops is the potential
yield penalty associated with increased demands on photosynthetic productivity required to
support nitrogen fixation. This supports the need to also target photosynthetic enhancement,
as discussed in the previous subsection. SynBio offers the most efficient means of complex
multi-trait development required to overcome these challenges, that have the additional
benefit of stimulating significant yield gains.
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Seed oil

Opportunities:
Healthier/fortified cottonseed oil
Stable (high palmitic/stearic acid) cottonseed oil

Cottonseed oil is a major contributor to total vegetable oil production, ranked the 2" major
source of vegetable oil globally (Ashokkumar and Ravikesavan, 2013). Although it is
considered a valuable by-product of cotton lint production, breeding efforts tend to focus on
fibre production and overlook oil quality. This oversight has left cottonseed oil behind other
major oilseed crops in terms of consumer demand, resulting in recent reductions in market
shares (Sharif et al, 2019, Shockey et al., 2017). Cottonseed oil is comprised of ~55 %
polyunsaturated fatty acids (PUFA; linoleic acid), ~17 % monounsaturated fatty acids (MUFA,;
oleic acid) and ~26 % saturated fatty acids (primarily palmitic and stearic acid; Lukonge et al
2007). Cottonseed oil is considered a "heart oil” due to its fatty acid profile and absence of
cholesterol. It is also favoured as a cooking oil due to its favourable taste and cooking qualities
associated with its saturated and unsaturated fatty acid ratios (Agarwal et al., 2003).
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Figure 11. Cottonseed oil. Image from istockphoto.com/TolikoffPhotography.

Although cottonseed oil is considered moderately rich in PUFA and MUFA, further enhancing
the nutritional properties (e.g. high oleic/DHA/omega content) would improve the health
status of this oil to compete with the most highly regarded "healthy" oils. For example,
cottonseed oil contains less than half the amount of oleic acid of peanut or sunflower oil, and
not as rich in lineoleic acid as safflower oil (Sekhar and Rao, 2011). The production of these
fatty acids could be stimulated through SynBio approaches. For example, the RNAi gene
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silencing platform used to increase oleic acid production up to 80 % in linseed (Chen et al,
2015) could be deployed in cotton to increase the production of desirable fatty acids.

Gene silencing through RNAI has been shown to improve cottonseed oil quality. The toxic
terpenoid compound gossypol has been removed from seeds through the generation of
glandless cotton (Risco and Chase, 1997, Sunilkumar et al., 2006). This was achieved through
RNAI to disrupt the gossypol biosynthesis pathway (Sunilkumar et al., 2006). Early attempts
resulted in increased susceptibility of cotton plants to insect pests and pathogens due to the
important protective role of gossypol (Sunilkumar et al., 2006). However, tissue-specific
reduction of gossypol in seeds can be achieved through the adoption of gene silencing by
RNAI with tissue-specific promoters. Despite the potential value of gossypol-free cottonseed
oil, this is yet to be incorporated into cultivars.

In contrast, improving the stability of cottonseed oil through increasing the proportion of
stable fatty acids such as stearic and palmitic acid is also desirable. Although this would
reduce the "healthy" status of cottonseed oil, this would still be a healthier substitute for
partially hydrogenated vegetable oils (¢ransfats) and serve as a more sustainable replacement
of palm oil in baking and food processing (Hayes and Pronczuk, 2010, L'Abbé et al., 2009).
This would also further improve the value and application of cottonseed oil. Using RNAI, Liu
et al. (2017) successfully increased the palmitic acid and oleic acid content in cottonseed oil;
however, this was at the expense of stearic acid. Lukonge et al. (2007) noted similar difficulties
in developing cotton cultivars with higher percentages of stearic and linoleic acid through
breeding. Additional research, likely in the field of SynBio rather than conventional breeding,
is required to optimise the content of these stable fatty acids in cottonseed.

However, there are multiple challenges that have led to cottonseed oil becoming an
undesired product, which is a likely explanation for why these potentially valuable seed oil
traits haven't been incorporated into cotton. Cottonseed is no longer being crushed for oil in
Australia in part because the value of cottonseed as stockfeed is higher than cottonseed oll,
and cottonseed must be dehulled to process into oil. Cottonseed oil production, and thus
investment in its improvement, would only be viable if its value exceeds the value of stockfeed
cottonseed, but the volatility of the value of each of these products renders this area risky for
investment.
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Benefits, Limitations & Considerations of SynBio in Agriculture
Benefits:

SynBio is viewed as a field of biology that could be the key to achieving the “next Green
Revolution” that is required to sustainably feed a growing population in increasingly
challenging circumstances. It is currently believed that traits and properties that can be
selected for should be targeted by breeding approaches rather than SynBio approaches due
to the expense and risk of these relatively 'new’ approaches (verbal communication, Steve
Swain). However, traits that have reached their genetic potential through conventional
breeding would benefit from SynBio approaches by targeting traits from distantly related
species, other organisms or synthetically generated. SynBio can also generate non-breeding
solutions, ranging from topical applications against pests and diseases, generating sterile
pests and weeds, and novel properties such as enhanced oil profiles.

SynBio provides a range of tools to develop more complex traits and properties in crops more
rapidly than other approaches. A good example of this is C4 rice, a project that seeks to
improve photosynthetic, nitrogen- and water-use efficiency of rice. This goal requires the
conversion of its photosynthetic system from C3 to Cs4, a complex strategy that involves
complex anatomical and biochemical changes (Ermakova et al., 2020b, Hibberd et al., 2008,
Hibberd and Covshoff, 2010, Langdale, 2011, Sedelnikova et al., 2018). Introducing up to 20
genes is required to “completely rewire” rice metabolism and anatomy (Ermakova et al.,
2020b). The construction of such large and complex multi-gene vectors has largely been
enabled by falling gene synthesis costs, synthetic promoter systems and the establishment of
complex DNA assembly techniques such as Golden Gate (Ermakova et al., 2020b, Rogers and
Oldroyd, 2014). Gene synthesis through techniques such as Golden Gate have enabled rapid
and simple assembly of gene modules often in a ‘on pot cloning’ approach. The growth and
development of synthetic biology in the last 5 years has enabled the Cs4 rice project to adopt
a more rapid cycle of design, test and prototype coupled to the adoption of a rapid
Agrobacterium-based rice transformation system in a rice variety that is fast flowering, day
neutral, small and an established model for functional genomics (Ermakova et al., 2020b, Li et
al., 2017a). Therefore, synthetic biology offers multiple approaches to achieve complex and
ambitious crop modifications that are more rapid than other approaches such as conventional
breeding.

Molecular switches (i.e. regulated promoters) are another tool that can have agronomic
applications. Molecular switches activate a specific gene under specific conditions, thus
activating a trait or response only when needed. This is an efficient system that can reduce
resource waste (i.e. chemical defence production) when not needed. This technology can
develop "Smart Plants" that can adjust to the environment in new ways (Wright and
Nemhauser, 2019). This could be a valuable application in targeting abiotic stress resilience
(Degen et al.,, 2020) through the development of cotton cultivars that 'activate’ resilience
genes under the initial detection of abiotic stress conditions.
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Considerations:

Solutions need to be simple, accurate and affordable, addressing the challenges faced by
resource-poor farmers and underserved consumers (Pixley et al, 2019). As agriculture
becomes more globalised, issues and solutions would benefit from extending beyond an
Australian context in order to be economically viable and impactful. Additionally, equitable
access to the benefits of resulting GM crops requires affirmative policies, targeted
investments and excellent science (Pixley et al., 2019). Lack of success in some SynBio projects
has been due to focusing on humanitarian or environmental sustainability goals that are
difficult to monetize (Pixley et al., 2019). Financial benefit to multiple aspects of the value
chain need to be carefully considered to ensure SynBio projects are high value and impactful.

Limitations:

One of the biggest limitations constraining the progress of SynBio application is the cost of
deregulation and social licencing. Social acceptance is also a significant challenge to the
successful adoption of SynBio. Additionally, successful adoption, application and acceleration
of SynBio will rely on investment by various sectors.

Another significant limitation that has slowed the progress of applying SynBio is the
requirement to identify the precise gene(s) required for a targeted function. This is particularly
challenging and prolonged when addressing multigenic functions. Verticillium wilt is a good
example of such a challenge. Despite the monumental effort that has gone into the attempted
development of Verticillium-resistant cotton varieties, much more research to uncover the
genetic information behind this disease is required before SynBio can be applied. Therefore,
the application of SynBio will rely on the success of fundamental molecular and functional
genomics research.

Development of transgenic cotton plants depends on the optimisation of a suitable transgene
transfer and integration procedure. Currently, cotton is predominantly transformed through
Agrobacterium and particle bombardment-mediated gene transfer. Regeneration of plants
from transformed tissue has seen limited success arising from problems such as somaclonal
variation which prolongs culture periods, high frequency of abnormal embryo development,
low conversion rate of somatic embryos into plantlets and high genotype-dependency
(Mishra et al., 2003, Stelly et al., 1989, Sun et al., 2006). Additionally, only one cotton cultivar,
Coker, is amenable to transformation. Further research is required to streamline the
transformation and regeneration process and develop a transformation pathway in elite
germplasm.

Finally, any SynBio opportunity requires significant investment, both in time and finances, to
yield a technology, product or trait. Many years, likely a decade or longer, of fundamental
and proof-of-concept research, is required prior to the years (likely decades) required to
develop a SynBio technology, product or trait. Therefore, committing to a SynBio
development opportunity would depend on a partnership or co-investment to invest
adequate time, expertise and money into the project to be successful.
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Conclusions

The opportunities offered by SynBio to address various agronomic challenges are "endless".
However, assessing these opportunities with a realistic lens is critical. Despite the substantial
efficiency and effectiveness that can be achieved through SynBio techniques, there are
numerous challenges that have and continue to limit the successful application of SynBio.
Numerous risks, costs, regulations and public perceptions can limit the uptake of these
technologies. Additionally, developing SynBio technologies, products and traits requires
substantial investment - decades of research and development, and millions of dollars - to
be successful. Therefore, significant commitment in just one or two SynBio projects would be
advised. Ultimately, these outcomes need to have a clear value proposition, be highly
impactful (i.e. significantly improve cotton lint yield (> 10 %) or quality) and have a high benefit
to cost ratio in order to be feasible.

Overall assessments of the potential SynBio opportunities for the Australian cotton industry
are as follows:

Silverleaf Whitefly RNAI

Using RNAI technology to protect cotton against silverleaf whitefly is promising and likely
to be highly valuable. Given the challenges of manufacturing substantial quantities of
RNAi/Bioclays, the incorporation of RNAI as a spatially expressed trait in cotton is likely to
be more successful, and 'self-managed'. Fundamental research is emerging in this field in
various crops and various insect pests, which has provided substantial insight into the
potential of this approach. Further fundamental research is required to identify gene
targets with higher lethality and suitable phloem-specific promoters in cotton.

A long-term investment aided by co-investment would be required.

Dual Verticillium resistance

The development of dual pathotype Verticillium resistance may be one of the most
valuable opportunities for the cotton industry. However, despite substantial activity this
area of research, gains are yet to be made. Therefore, substantial fundamental research is
required to identify the suite of genes required for resistance against both pathotypes
without yield penalty, followed by various trials to determine the optimal location of
expression. Future long-term investment could be considered to stack such genes using
Golden Gate. However, further understanding around the molecular biology of Verticillium
wilt is required (i.e. by CSIRO).
Significant knowledge gaps remain in this field. Investment in the substantial
fundamental research required to bring this field to the level of applied SynBio research
is likely to require significant investment.
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Enhanced carbon assimilation

Research is currently underway and supported by CRDC (UWS2201) to determine whether
modifications to Rubisco, Rubisco activase and other photosynthetic proteins (e.g. SBPase,
ATPase, HSPs) can improve the photosynthetic thermotolerance of cotton. This work aims
to use Golden Gate to stack genes for superior Rubisco, Rubisco activase and other
identified proteins in the next 3 - 6 years. Alternative approaches, such as introducing Cs4
or CAM photosynthetic machinery are also possibilities being tested in other crops, but
these are much more complex transformations that should only be considered if SynBio
applications don't arise from UWS2201. Improving CO; diffusion through aquaporins
could further enhance carbon assimilation and WUE. Therefore, aquaporins present a new
opportunity for investment.

Research currently supported by CRDC in preparation for SynBio application in the next
3 - 6 years. Additional research into the potential for aquaporins to improve cotton WUE
could be a promising and comparatively simple future investment in addition to
uws2201.

Improved nutrient acquisition through microbial activity

The substantial research into nodulation is yet to successfully progress the generation of
nodulation in various crops, likely due to the complex suite of genes required. Thus,
investment in this area in cotton is not advised, unless future fundamental research reveals
significant findings.

However, nitrogen-use efficient cotton would be highly valuable economically and
environmentally. Improving NUE through nitrogenases is already being investigated by
CSIRO. However, enhancing microbial activity or attraction through the modification of
root exudates is an underexploited area in cotton that may hold potential and may be a
simpler transformation using Golden Gate or CRISPR-Cas9. Additionally, altering root
exudate composition to combat Verticillium wilt infection may warrant further exploration
of root exudates for multiple valuable agronomic functions. This opportunity would
require substantial fundamental research, thus requiring long-term investment. However,
an initial screening study could assess the potential of cotton root exudates to improve
microbial activity and Verticillium deterrence.

Long and short-term (scoping) investment opportunities of potential value exist.
Substantial fundamental research required prior to applied SynBio research.

Improved cottonseed oil quality

Cottonseed oil is an undesired product in Australia - lower in value than stockfeed
cottonseed.
Currently an unviable investment opportunity in Australia.
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Appendix

Table 2. Synthetic biology applications for future agriculture and food. Table from Roell and Zurbriggen (2020).

Approach

Description

Improving plant growth and agricultural yield

Improving carboxylation reactions

C4 photosynthesis in C3
plants

Implementation of
carbon-concentrating-
microcompartments

Synthetic pathways for
CO; assimilation

Implementation of C4 photosynthesis in C3
species includes biochemical and
developmental (Kranz-Anatomy) engineering
with the most prominent example of the C4
Rice Project (https://c4rice.com).

Implementation of algae (pyrenoid) or
cyanobacterial (carboxysomes) carbon
concentrating mechanism in plant
chloroplasts to suppress RubisCO oxygenase
activity

In vitro CO; fixation using a synthetic pathway
composed of 17 enzymes (CETCH cycle)

Minimizing (photo)-respiratory COlosses

Chloroplastic
photorespiratory bypass

Synthetic CO; neutral
photorespiration

Minimizing respiratory
CO: loss

Oxidation of glycolate in the chloroplast to
release two CO, molecules and native
photorespiratory flux knockdown resulted in a
40% biomass increase under field conditions

In vitro conversion of glycolate into glycoly-
CoA and re-assimilation into the CBBC
without CO; and nitrogen release. Two
enzymes were engineered for substrate and
co-factor specificity

Potential targets:

i) optimize protein turnover

ii) redesign respiratory metabolism,
iii) avoid futile cycle,

iv) efficient ion transport

Improving water use efficiency and photosynthetic light reactions

Optogenetic
manipulation of
stomatal kinetics

Accelerating recovery
from photoprotection

Guard-cell specific of a synthetic blue light-
gated K*-channel to allow rapid response of
stomatal opening under fluctuating light
conditions

Overexpression of PsbS and xanthophyll cycle
enzymes resulted in a faster restoration of
maximum CO, assimilation from
nonphotochemical quenching of chlorophyll
fluorescence
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Species

C3 crop plants
(e.g. Oryza
sativa)

C3 crop plants
(e.g. Oryza
sativa)

Nicotiana
tabacum

Arabidopsis
thaliana

Nicotiana
tabacum

Reference

(Schuler et al,,
2016)

(Mackinder et
al, 2016, Long
et al.,, 2018)

(Schwander et
al., 2016)

(South et al,,
2019)

(Trudeau et al.,
2018)

(Amthor et al.,
2019)

(Papanatsiou et
al., 2019)

(Kromdijk et al.,
2016)
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Approach Description Species
Design Breeding
Genetic manipulation of several
S o L Solanum
De novo domestication ~ domestication genes in wild type plants .
lycopersicum

enables a timesaving domestication process

Reducing synthetic fertilizer usage in agriculture

Establish functional nitrogenase or symbiotic nitrogen fixation in crop plants

Nicotiana
benthamiana

Functional nitrogenase
in plants

Expression of 16 nitrogenase genes in plant
mitochondria

Requires the expression of four regulatory

programs. The SynSym international consortia Several crop
addresses questions regarding synthetic plants
nitrogen fixation (https://synthsym.org)

Symbiotic nitrogen
fixation in crop plants

Synthetic microbiota for improved nutrient utilization

Cultivation with growth Different Rhizobiales isolated supported

. growth of Arabidopsis. In particular, Arabidopsis
promoting plant . . . . .
. . . taxonomic groups containing nitrogen-fixing  thaliana
microbiome bacteria .
nodule symbionts
. . Identification of root-associated fungus in
Plant microbiome . . . .
non-mycorrhizal plants to improve Arabis alpina

composition e

P phosphorous utilization
Construction of
synthetic microbiota for
crops

Within the private sector engineering the Several crop
microbiome of crops is already addressed plants

Increasing the nutritional value of crop plants

Increase provitamin A
content

GoldenRice project

. Oryza sativa
(http://www.goldenrice.org) Y

Increase VLC-PUFA Seed-specifically expression of VLC-PUFAs

content biosynthetic genes Canola sativa
Remove cyanogenic RNA interference targeting two cytochrome Manihot
glycosides P450 genes esculenta Crantz
. Fruit-specific expression of two transcription
Increased anthocyanin P P . ) P Solanum
factors (De/and Ros7) inducing .
content s . lycopersicum
anthocyananin biosynthesis
Reduced gluten content CRISPR/Cas9 mediated knockout of up to 45  7riticum
in wheat genes in wheat to lower gluten content aestivum

Vitamin B, biosynthesis Engineering £ colifor de novo vitamin
in plants B12 biosynthesis

Photoautotrophic organisms as production platform
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Brassica napus

Reference

(Zs6g6n et al,,
2018)

(Allen et al,,
2017)

(Rogers and
Oldroyd, 2014)

(Garrido-Oter et
al., 2018)

(Almario et al,,
2017)

(Waltz, 2017)

(Beyer, 2010)

(Ruiz-Lopez et
al., 2014, Napier
et al, 2019)

(Jgrgensen et

al., 2005)

(Butelli et al,,
2008)

(Sanchez-Ledn
et al, 2018)

(Fang et al.,
2018)
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Approach

Vaccine and cosmetic
production

Scalable production of
artemisinin in biomass
crops

Improving
saccharification
efficiency

Synthetic or biohybrid
systems

Description

Use mosses as green cell factory for the
production of vaccines and cosmetics

Chloroplastic expression of the core
artemisinic acid biosynthesis pathway and
additional enzymes to improve flux through
the pathway

TALEN-mediated mutagenesis of more than
100 caffeic acid O-methyltransferase alleles in
polyploid sugarcane to improve the
saccharification efficiency for biofuel
production

Construction of artificial leaves and synthetic
photosynthetic cell as solar energy driven
production platforms
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Species

Physcomitrella
patens

Nicotiana
tabacum

Saccharum
officinarum

Reference

(Reski et al.,
2018)

(Fuentes et al.,
2016)

(Kannan et al.,
2018)

(Nocera, 2012,
Berhanu et al.,
2019)



Synthetic Biology Opportunities in the Cotton Industry

2021. Biotechnology and Cotton [Online]. https://cottonaustralia.com.au/fact-sheet. [Accessed
2021].

ADACHI, S., OHKUBO, S., SAN, N. & YAMAMOTO, T. 2020. Genetic determination for source
capacity to support breeding of high-yielding rice (Oryza sativa). Molecular Breeding, 40.

AGARWAL, D. K., SINGH, P., CHAKRABARTY, M., SHAIKH, A. & GAYAL, S. 2003. Cottonseed oil
quality, utilization and processing. C/CR Technical bulletin, 25, 1-16.

AIGNER, H., WILSON, R., BRACHER, A., CALISSE, L., BHAT, J.,, HARTL, F. & HAYER-HARTL, M. 2017.
Plant RuBisCo assembly in £ coliwith five chloroplast chaperones including BSD2. Science,
358, 1272-1278.

AINSWORTH, E. A. & ORT, D. R. 2010. How do we improve crop production in a warming world?
Plant physiology, 154, 526-530.

ALLEN, R. S, TILBROOK, K., WARDEN, A. C., CAMPBELL, P. C,, ROLLAND, V., SINGH, S. P. & WOOD,
C. C. 2017. Expression of 16 nitrogenase proteins within the plant mitochondrial matrix.
Frontiers in plant science, 8, 287.

ALMARIO, J., JEENA, G., WUNDER, J., LANGEN, G., ZUCCARO, A., COUPLAND, G. & BUCHER, M.
2017. Root-associated fungal microbiota of nonmycorrhizal Arabis alpina and its
contribution to plant phosphorus nutrition. Proceedings of the National Academy of
Sciences, 114, E9403-E9412.

AMTHOR, J. S., BAR-EVEN, A, HANSON, A. D., MILLAR, A. H., STITT, M., SWEETLOVE, L. J. &
TYERMAN, S. D. 2019. Engineering strategies to boost crop productivity by cutting
respiratory carbon loss. 7he Plant Cell 31, 297-314.

ANTONY, E. & BORLAND, A. 2009. The role and regulation of sugar transporters in plants with
Crassulacean acid metabolism. Progress in Botany, 127-143.

ASHOKKUMAR, K. & RAVIKESAVAN, R. 2013. Genetic variation and heterotic effects for seed oil,
seed protein and yield attributing traits in upland cotton (Gossypium hirsutum L.). African
Journal of Biotechnology, 12.

BARDGETT, R. D., MOMMER, L. & DE VRIES, F. T. 2014. Going underground: root traits as drivers of
ecosystem processes. 7rends in Ecology and Evolution, 29, 692-699.

BEATTY, P. H. & GOOD, A. G. 2011. Future prospects for cereals that fix nitrogen. Science, 333, 416-
417.

BELHAJ, K, CHAPARRO-GARCIA, A, KAMOUN, S., PATRON, N. J. & NEKRASOV, V. 2015. Editing
plant genomes with CRISPR/Cas9. Current opinion in biotechnology, 32, 76-84.

BERHANU, S., UEDA, T. & KURUMA, Y. 2019. Artificial photosynthetic cell producing energy for
protein synthesis. Nature communications, 10, 1-10.

BETTI, M., BAUWE, H., BUSCH, F. A, FERNIE, A. R, KEECH, O., LEVEY, M., ORT, D. R, PARRY, M. A,
SAGE, R. & TIMM, S. 2016. Manipulating photorespiration to increase plant productivity:
recent advances and perspectives for crop improvement. Journal of Experimental Botany,
67, 2977-2988.

BEYER, P. 2010. Golden Rice and ‘Golden’crops for human nutrition. New Biotechnology, 27, 478-
481.

BORLAND, A. M., HARTWELL, J., WESTON, D. J., SCHLAUCH, K. A., TSCHAPLINSKI, T. J., TUSKAN, G.
A., YANG, X. & CUSHMAN, J. C. 2014. Engineering crassulacean acid metabolism to improve
water-use efficiency. Trend’s in plant science, 19, 327-338.

33



Synthetic Biology Opportunities in the Cotton Industry

BUTELLI, E., TITTA, L., GIORGIO, M., MOCK, H.-P., MATROS, A., PETEREK, S., SCHIJLEN, E. G., HALL, R.
D., BOVY, A. G. & LUO, J. 2008. Enrichment of tomato fruit with health-promoting
anthocyanins by expression of select transcription factors. Nature biotechnology, 26, 1301-
1308.

CASTILHO, A. 2015. Glyco-engineering. Methods in Molecular Biology, 1321, v-vii.

CHEN, Y., ZHOU, X.-R., ZHANG, Z.-J., DRIBNENKI, P., SINGH, S. & GREEN, A. 2015. Development of
high oleic oil crop platform in flax through RNAi-mediated multiple FAD2 gene silencing.
Plant Cell Reports, 34, 643-653.

CHENG, H.-Q, HAN, L.-B., YANG, C.-L,, WU, X.-M., ZHONG, N.-Q., WU, J.-H., WANG, F.-X., WANG,
H.-Y. & XIA, G.-X. 2016. The cotton MYB108 forms a positive feedback regulation loop with
CML11 and participates in the defense response against Verticillium dahliae infection.
Journal of experimental botany, 67, 1935-1950.

COSKUN, D., BRITTO, D. T., SHI, W. & KRONZUCKER, H. J. 2017. How Plant Root Exudates Shape
the Nitrogen Cycle. Trends in Plant Science, 22, 661-673.

COUSINS, Y., LYON, B. & LLEWELLYN, D. 1991. Transformation of an Australian cotton cultivar:
prospects for cotton improvement through genetic engineering. Functional Plant Biology,
18, 481-494.

COX, K., MENG, F., WILKINS, K., LI, F., WANG, P., BOOHER, N., CARPENTER, S., CHEN, L., ZHENG, H.
& GAO, X. 2017. TAL effector driven induction of a SWEET gene confers susceptibility to
bacterial blight of cotton. Nature Communications.

DA SILVA OLIVEIRA, C. E., HOFFMANN, L. V., TOSCANO, L. C, QUEIROZ, M. S., ZOZ, T. & WITT, T.
W. 2021. Resistance of cotton genotypes to silverleaf whitefly (Bemisia tabac/ [GENNADIUS]
Biotype B). /nternational Journal of Tropical Insect Science, 41, 1697-1707.

DEGEN, G. E.,, WORRALL, D. & CARMO-SILVA, E. 2020. An isoleucine residue acts as a thermal and
regulatory switch in wheat Rubisco activase. 7he Plant Journal, 103, 742-751.

DEPAOLI, H. C, BORLAND, A. M., TUSKAN, G. A., CUSHMAN, J. C. & YANG, X. 2014. Synthetic
biology as it relates to CAM photosynthesis: challenges and opportunities. Journal of
Experimental Botany, 65, 3381-3393.

DIXON, R., CHENG, Q. SHEN, G.-F., DAY, A. & DOWSON-DAY, M. 1997. Nif gene transfer and
expression in chloroplasts: prospects and problems. Plant and Soil 194, 193-203.

DONG, Q, MAGWANGA, R. O, CAI, X., LU, P, NYANGASI KIRUNGU, J., ZHOU, Z., WANG, X., WANG,
X, XU, Y, HOU, Y., WANG, K, PENG, R, MA, Z. & LIU, F. 2019. RNA-Sequencing,
Physiological and RNAi Analyses Provide Insights into the Response Mechanism of the ABC-
Mediated Resistance to Verticillium dahliae Infection in Cotton. Genes, 10, 110.

DOWNES, S., WALSH, T. & TAY, W. T. 2016. Bt resistance in Australian insect pest species. Current
Opinion in Insect Science, 15, 78-83.

DUAN, X., ZHANG, Z., WANG, J. & ZUO, K. 2016. Characterization of a novel cotton subtilase gene
GbSBTT in response to extracellular stimulations and its role in Verticillium resistance. PLoS
One, 11, e0153988.

DUTT, M., ANANTHAKRISHNAN, G., JAROMIN, M., BRLANSKY, R. & GROSSER, J. 2012. Evaluation of
four phloem-specific promoters in vegetative tissues of transgenic citrus plants. 7ree
physiology, 32, 83-93.

EAKTEIMAN, G., MOSES-KOCH, R., MOSHITZKY, P, MESTRE-RINCON, N., VASSAO, D. G., LUCK, K.,
SERTCHOOK, R., MALKA, O. & MORIN, S. 2018. Targeting detoxification genes by phloem-

34



Synthetic Biology Opportunities in the Cotton Industry

mediated RNAI: a new approach for controlling phloem-feeding insect pests. /nsect
biochemistry and molecular biology, 100, 10-21.

ELLSWORTH, P. C., BORDINI, I. & PIER, N. 2021. ThryvOn™ Cotton, Frequently Asked Questions.

EMANI, C., GARCIA, J. M., LOPATA-FINCH, E., POZO, M. J., URIBE, P., KIM, D. J., SUNILKUMAR, G.,
COOK, D. R, KENERLEY, C. M. & RATHORE, K. S. 2003. Enhanced fungal resistance in
transgenic cotton expressing an endochitinase gene from T7richoderma virens. Plant
Biotechnology Journal, 1, 321-336.

ERMAKOVA, M., ARRIVAULT, S., GIULIANI, R., DANILA, F., ALONSO-CANTABRANA, H., VLAD, D.,
ISHIHARA, H., FEIL, R., GUENTHER, M. & BORGHI, G. L. 2020a. Installation of C4
photosynthetic pathway enzymes in rice using a single construct. Plant Biotechnology
Journal.

ERMAKOVA, M., DANILA, F. R, FURBANK, R. T. & VON CAEMMERER, S. 2020b. On the road to C4
rice: advances and perspectives. The Plant Journal, 101, 940-950.

ERMAKOVA, M., LOPEZ-CALCAGNO, P. E., RAINES, C. A, FURBANK, R. T. & VON CAEMMERER, S.
2019. Overexpression of the Rieske FeS protein of the Cytochrome bsfcomplex increases Ca
photosynthesis in Setaria viridis. Communications Biology, 2, 314.

ERMAKOVA, M., OSBORN, H., GROSZMANN, M., BALA, S., MCGAUGHEY, S., BYRT, C., ALONSO-
CANTABRANA, H., TYERMAN, S., FURBANK, R. T., SHARWOOD, R. E. & VON CAEMMERER, S.
2021. Expression of a CO2-permeable aquaporin enhances mesophyll conductance in the C4
species Setaria viridis. 2021.04.28.441895.

FANG, H., LI, D., KANG, J., JIANG, P., SUN, J. & ZHANG, D. 2018. Metabolic engineering of
Escherichia coli for de novo biosynthesis of vitamin B 12. Nature communications, 9, 1-12.

FENG, L, WANG, K, LI, Y., TAN, Y., KONG, J., LI, H., LI, Y. & ZHU, Y. 2007. Overexpression of SBPase
enhances photosynthesis against high temperature stress in transgenic rice plants. Plant Cell
Reports, 26, 1635-1646.

FINZI, A. C, ABRAMOFF, R. Z., SPILLER, K. S., BRZOSTEK, E. R., DARBY, B. A., KRAMER, M. A. &
PHILLIPS, R. P. 2015. Rhizosphere processes are quantitatively important components of
terrestrial carbon and nutrient cycles. Global change biology, 21, 2082-2094.

FIRE, A. 1999. RNA-triggered gene silencing. 7rends in Genetics, 15, 358-363.

FITT, G. P. & WILSON, L. Integration of Bt cotton in IPM systems: an Australian perspective. Second
international symposium on biological control of arthropods, Davos, Switzerland'.(Ed. MS
Hoddle) pp, 2005. 381-388.

FOLBERTH, C.,, YANG, H., GAISER, T., ABBASPOUR, K. C. & SCHULIN, R. 2013. Modeling maize yield
responses to improvement in nutrient, water and cultivar inputs in sub-Saharan Africa.
Agricultural Systems, 119, 22-34.

FUENTES, P., ZHOU, F., ERBAN, A., KARCHER, D., KOPKA, J. & BOCK, R. 2016. A new synthetic
biology approach allows transfer of an entire metabolic pathway from a medicinal plant to a
biomass crop. £life, 5, e13664.

FURBANK, R. T., SHARWOQOOD, R., ESTAVILLO, G. M., SILVA-PEREZ, V. & CONDON, A. G. 2020.
Photons to food: genetic improvement of cereal crop photosynthesis. Journal of
Experimental Botany, 71, 2226-2238.

GANESAN, M. & JAYABALAN, N. 2006. Isolation of disease-tolerant cotton (Gossypium hirsutum L.
cv. SVPR 2) plants by screening somatic embryos with fungal culture filtrate. Plant cel| tissue
and organ culture, 87, 273-284.

35



Synthetic Biology Opportunities in the Cotton Industry

GARRIDO-OTER, R, NAKANO, R. T., DOMBROWSKI, N., MA, K.-W., TEAM, T. A, MCHARDY, A. C. &
SCHULZE-LEFERT, P. 2018. Modular traits of the Rhizobiales root microbiota and their
evolutionary relationship with symbiotic rhizobia. Ce// host and microbe, 24, 155-167. e5.

GINGLE, A. R, YANG, H., CHEE, P. W,, MAY, O. L., RONG, J,, BOWMAN, D. T., LUBBERS, E. L., DAY, J.
L. & PATERSON, A. H. 2006. An integrated web resource for cotton. Crop science, 46, 1998-
2007.

GOMEZ, M. A, LIN, Z. D., MOLL, T., CHAUHAN, R. D., HAYDEN, L., RENNINGER, K., BEYENE, G.,
TAYLOR, N. J., CARRINGTON, J. C,, STASKAWICZ, B. J. & BART, R. S. 2019. Simultaneous
CRISPR/Cas9-mediated editing of cassava elF4E isoforms nCBP-1 and nCBP-2 reduces
cassava brown streak disease symptom severity and incidence. Plant biotechnology journal,
17, 421-434.

GORE, M. E, ERDOGAN, O. & ALTIN, N. 2017. Searching for resistance sources to Verticillium wilt of
cotton in seedlings from Gossypium spp. Tropical Plant Pathology, 42, 28-31.

HAYES, K. & PRONCZUK, A. 2010. Replacing trans fat: the argument for palm oil with a cautionary
note on interesterification. Journal of the American College of Nutrition, 29, 2535-284S.

HEUER, S., GAXIOLA, R, SCHILLING, R.,, HERRERA-ESTRELLA, L., LOPEZ-ARREDONDO, D., WISSUWA,
M., DELHAIZE, E. & ROUACHED, H. 2017. Improving phosphorus use efficiency: a complex
trait with emerging opportunities. 7he Plant Journal, 90, 868-885.

HIBBERD, J. M. & COVSHOFF, S. 2010. The regulation of gene expression required for C4
photosynthesis. Annual review of plant biology, 61, 181-207.

HIBBERD, J. M., SHEEHY, J. E. & LANGDALE, J. A. 2008. Using C4 photosynthesis to increase the yield
of rice—rationale and feasibility. Current opinion in plant biology, 11, 228-231.

HOFER, A. M., HARTING, R, ABMANN, N. F., GERKE, J., SCHMITT, K., STARKE, J., BAYRAM, O., TRAN,
V.-T., VALERIUS, O., BRAUS-STROMEYER, S. A. & BRAUS, G. H. 2021. The velvet protein Vel1
controls initial plant root colonization and conidia formation for xylem distribution in
Verticillium wilt. PLOS Genetics, 17, e1009434.

HU, H. & XIONG, L. 2014. Genetic Engineering and Breeding of Drought-Resistant Crops. Annual/
review of plant biology, 65, 715-741.

HUISMAN, R. & GEURTS, R. 2020. A Roadmap toward Engineered Nitrogen-Fixing Nodule
Symbiosis. Plant Communications, 1, 100019.

IQBAL, M., REDDY, O., EL-ZIK, K. & PEPPER, A. 2001. A genetic bottleneck in the ‘evolution under
domestication’ of upland cotton Gossypium hirsutum L. examined using DNA fingerprinting.
Theoretical and applied genetics, 103, 547-554.

JAVAID, S., AMIN, I, JANDER, G., MUKHTAR, Z., SAEED, N. A. & MANSOCOR, S. 2016. A transgenic
approach to control hemipteran insects by expressing insecticidal genes under phloem-
specific promoters. Scientific reports, 6, 1-11.

JENNINGS, D. 2003. Historical perspective on breeding for resistance to cassava brown streak virus
disease. Cassava Brown Streak Virus Disease: Past, Present,

Future, 27-30.

JORGENSEN, K., BAK, S., BUSK, P. K., SORENSEN, C., OLSEN, C. E.,, PUONTI-KAERLAS, J. & MOLLER,
B. L. 2005. Cassava plants with a depleted cyanogenic glucoside content in leaves and
tubers. Distribution of cyanogenic glucosides, their site of synthesis and transport, and
blockage of the biosynthesis by RNA interference technology. Plant Physiology, 139, 363-
374.

36



Synthetic Biology Opportunities in the Cotton Industry

JUN, Z,, ZHANG, Z, GAO, Y., ZHOU, L., FANG, L., CHEN, X, NING, Z,, CHEN, T., GUO, W. & ZHANG,
T. 2015. Overexpression of GHRLK; a putative receptor-like kinase gene, improved cotton
tolerance to Verticillium wilt. Scientific reports, 5, 1-12.

KANDHRO, M. M., LAGHARI, S., SIAL, M. A. & NIZAMAN]I, G. S. 2002. Performance of early maturing
strains of cotton (Gossypium hirsutum L.) developed through induced mutation and
hybridization. Asian Journal of Plant Sciences.

KANNAN, B., JUNG, J. H., MOXLEY, G. W., LEE, S. M. & ALTPETER, F. 2018. TALEN-mediated targeted
mutagenesis of more than 100 COMT copies/alleles in highly polyploid sugarcane improves
saccharification efficiency without compromising biomass yield. Plant biotechnoloqy journal,
16, 856-866.

KOHLER, I. H., RUIZ-VERA, U. M., VANLOOCKE, A, THOMEY, M. L., CLEMENTE, T., LONG, S. P., ORT,
D. R. & BERNACCH], C. J. 2016. Expression of cyanobacterial FBP/SBPase in soybean
prevents yield depression under future climate conditions. Journal of Experimental Botany,
68, 715-726.

KOLA, V. S. R, RENUKA, P., MADHAV, M. S. & MANGRAUTHIA, S. K. 2015. Key enzymes and
proteins of crop insects as candidate for RNAIi based gene silencing. Frontiers in physiology,
6, 119.

KONERMANN, S., BRIGHAM, M. D., TREVINO, A. E., JOUNG, J., ABUDAYYEH, O. O., BARCENA, C,,
HSU, P. D., HABIB, N., GOOTENBERG, J. S., NISHIMASU, H., NUREKI, O. & ZHANG, F. 2015.
Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex. Nature,
517, 583-588.

KROMDIJK, J.,, GROWACKA, K., LEONELLI, L., GABILLY, S. T., IWAI, M., NIYOGI, K. K. & LONG, S. P.
2016. Improving photosynthesis and crop productivity by accelerating recovery from
photoprotection. Science, 354, 857-861.

KROMDIJK, J. & LONG, S. P. 2016. One crop breeding cycle from starvation? How engineering crop
photosynthesis for rising CO> and temperature could be one important route to alleviation.
Proceedings of the Royal Society B: Biological Sciences, 283, 20152578.

KUBIS, A. & BAR-EVEN, A. 2019. Synthetic biology approaches for improving photosynthesis.
Journal of Experimental Botany, 70, 1425-1433.

KUMAR, A, LI, C. & PORTIS, A. R. 2009. Arabidopsis thaliana expressing a thermostable chimeric
Rubisco activase exhibits enhanced growth and higher rates of photosynthesis at
moderately high temperatures. Photosynthesis research, 100, 143-153.

KUREK, I., CHANG, T. K., BERTAIN, S. M., MADRIGAL, A., LIU, L., LASSNER, M. W. & ZHU, G. 2007.
Enhanced thermostability of Arabidopsis Rubisco activase improves photosynthesis and
growth rates under moderate heat stress. 7he Plant Cel| 19, 3230-3241.

L'ABBE, M. R, STENDER, S., SKEAFF, C. & TAVELLA, M. 2009. Approaches to removing trans fats
from the food supply in industrialized and developing countries. European Journal of
Clinical Nutrition, 63, S50-S67.

LANGDALE, J. A. 2011. C4 cycles: past, present, and future research on C4 photosynthesis. 7he Plant
Cell 23, 3879-3892.

LE, D. P.,, GREGSON, A, TRAN, T. T. & JACKSON, R. 2020. Co-Occurrence of Defoliating and Non-
Defoliating Pathotypes of Verticillium Dahliae in Field-Grown Cotton Plants in New South
Wales, Australia. Plants, 9, 750.

37



Synthetic Biology Opportunities in the Cotton Industry

LI, C., HE, X, LUQ, X,, XU, L., LIU, L, MIN, L, JIN, L., ZHU, L. & ZHANG, X. 2014. Cotton WRKY'1
mediates the plant defense-to-development transition during infection of cotton by
Verticillium dahliae by activating JASMONATE ZIM-DOMAIN T expression. Plant physiology,
166, 2179-2194.

LI, G., JAIN, R, CHERN, M., PHAM, N. T., MARTIN, J. A, WEI, T, SCHACKWITZ, W. S., LIPZEN, A. M.,
DUONG, P. Q. & JONES, K. C. 2017a. The sequences of 1504 mutants in the model rice
variety Kitaake facilitate rapid functional genomic studies. 7he Plant Cell 29, 1218-1231.

LI, X, PEI, Y., SUN, Y., LIU, N, WANG, P., LIU, D, GE, X, LI, F. & HOU, Y. 2018. A cotton cyclin-
dependent kinase E confers resistance to Verticillium dahliae mediated by jasmonate-
responsive pathway. Frontiers in plant science, 9, 642.

LI, X, ZHANG, Y. N., DING, C.,, XU, W. & WANG, X. 2017b. Temporal patterns of cotton Fusarium
and Verticillium wilt in Jiangsu coastal areas of China. Scientific Reports, 7, 12581.

LIU, Q., WU, M., ZHANG, B., SHRESTHA, P., PETRIE, J., GREEN, A. G. & SINGH, S. P. 2017. Genetic
enhancement of palmitic acid accumulation in cotton seed oil through RNAi down-
regulation of ghkKAS2 encoding S -ketoacyl-ACP synthase Il (KASII). Plant biotechnology
Journal, 15, 132-143.

LONG, B. M., HEE, W. Y., SHARWOOD, R. E., RAE, B. D., KAINES, S., LIM, Y.-L., NGUYEN, N. D.,
MASSEY, B., BALA, S. & VON CAEMMERER, S. 2018. Carboxysome encapsulation of the CO»-
fixing enzyme Rubisco in tobacco chloroplasts. Nature communications, 9, 1-14.

LONG, S. P. & ORT, D. R. 2010. More than taking the heat: crops and global change. Current
Opinion in Plant Biology, 13, 240-247.

LONG, S. P, ZHU, X. G., NAIDU, S. L. & ORT, D. R. 2006. Can improvement in photosynthesis
increase crop yields? Plant, cell and environment, 29, 315-330.

LOPEZ-CALCAGNO, P. E., BROWN, K. L., SIMKIN, A. J., FISK, S. J., VIALET-CHABRAND, S., LAWSON,
T. & RAINES, C. A. 2020. Stimulating photosynthetic processes increases productivity and
water-use efficiency in the field. Mature Plants, 6, 1054-1063.

LUKONGE, E., LABUSCHAGNE, M. T. & HUGO, A. 2007. The evaluation of oil and fatty acid
composition in seed of cotton accessions from various countries. Journal of the Science of
Food and Agriculture, 87, 340-347.

MACKINDER, L. C., MEYER, M. T., METTLER-ALTMANN, T., CHEN, V. K., MITCHELL, M. C,, CASPARI,
O., ROSENZWEIG, E. S. F., PALLESEN, L., REEVES, G. & ITAKURA, A. 2016. A repeat protein
links Rubisco to form the eukaryotic carbon-concentrating organelle. Proceedings of the
National Academy of Sciences, 113, 5958-5963.

MAJUMDAR, R., RAJASEKARAN, K. & CARY, J. W. 2017. RNA interference (RNAI) as a potential tool
for control of mycotoxin contamination in crop plants: concepts and considerations.
Frontiers in plant science, 8, 200.

MANYONG, V. M., MAEDA, C., KANJU, E. & LEGG, J. Economic damages of cassava brown streak
disease in sub-Saharan Africa: a framework. International Institute of Tropical Agriculture
Conference, 2012.

MATHEW, L. G, PONNURAJ, J.,, MALLAPPA, B., CHOWDARY, L. R.,, ZHANG, J., TAY, W. T., WALSH, T.
K., GORDON, K. H. J., HECKEL, D. G, DOWNES, S., CARRIERE, Y., LI, X, TABASHNIK, B. E. &
FABRICK, J. A. 2018. ABC transporter mis-splicing associated with resistance to Bt toxin
Cry2Ab in laboratory- and field-selected pink bollworm. Scientific Reports, 8, 13531.

38



Synthetic Biology Opportunities in the Cotton Industry

MAURINO, V. G. & WEBER, A. P. 2013. Engineering photosynthesis in plants and synthetic
microorganisms. Journal of Experimental Botany, 64, 743-751.

MISHRA, R., WANG, H.-Y., YADAV, N. R. & WILKINS, T. A. 2003. Development of a highly
regenerable elite Acala cotton (Gossypium hirsutum cv. Maxxa)—a step towards genotype-
independent regeneration. Plant Cel|, Tissue and Organ Culture 73, 21-35.

MITTER, N., WORRALL, E. A, ROBINSON, K. E., LI, P., JAIN, R. G., TAOCHY, C,, FLETCHER, S. J.,
CARROLL, B. J., LU, G. M. & XU, Z. P. 2017. Clay nanosheets for topical delivery of RNAi for
sustained protection against plant viruses. Nature Plants, 3, 1-10.

MIYAZAKI, J., STILLER, W. N. & WILSON, L. J. 2013. Identification of host plant resistance to
silverleaf whitefly in cotton: Implications for breeding. Field Crops Research, 154, 145-152.

MO, H., WANG, X., ZHANG, Y., ZHANG, G., ZHANG, J. & MA, Z. 2015. Cotton polyamine oxidase is
required for spermine and camalexin signalling in the defence response to Verticillium
dahliae. The Plant Journal, 83, 962-975.

MURRAY, F., LLEWELLYN, D., MCFADDEN, H., LAST, D., DENNIS, E. S. & PEACOCK, W. J. 1999.
Expression of the Talaromyces flavus glucose oxidase gene in cotton and tobacco reduces
fungal infection, but is also phytotoxic. Molecular Breeding, 5, 219-232.

MUTHUSAMY, A. & JAYABALAN, N. 2011. In vitro induction of mutation in cotton (Gossypium
hirsutum L.) and isolation of mutants with improved yield and fiber characters. Acta
Physiologiae Plantarum, 33, 1793-1801.

NAPIER, J. A, OLSEN, R. E. & TOCHER, D. R. 2019. Update on GM canola crops as novel sources of
omega-3 fish oils. Plant Biotechnology Journal, 17, 703.

NDYETABULA, I, MERUMBA, S., JEREMIAH, S., KASELE, S., MKAMILO, G., KAGIMBO, F. & LEGG, J.
2016. Analysis of interactions between cassava brown streak disease symptom types
facilitates the determination of varietal responses and yield losses. Plant disease 100, 1388-
1396.

NOCERA, D. G. 2012. The artificial leaf. Accounts of chemical research, 45, 767-776.

OLDROYD, G. E., HARRISON, M. J. & PASZKOWSKI, U. 2009. Reprogramming plant cells for
endosymbiosis. Science, 324, 753-754.

ORT, D. R, MERCHANT, S. S, ALRIC, J., BARKAN, A., BLANKENSHIP, R. E., BOCK, R., CROCE, R,,
HANSON, M. R., HIBBERD, J. M. & LONG, S. P. 2015. Redesigning photosynthesis to
sustainably meet global food and bioenergy demand. Proceedings of the national academy
of sciences, 112, 8529-8536.

PAPANATSIOU, M., PETERSEN, J.,, HENDERSON, L., WANG, Y., CHRISTIE, J. & BLATT, M. 2019.
Optogenetic manipulation of stomatal kinetics improves carbon assimilation, water use, and
growth. Science 363, 1456-1459.

PARKHI, V., KUMAR, V., CAMPBELL, L. M., BELL, A. A., SHAH, J. & RATHORE, K. S. 2010. Resistance
against various fungal pathogens and reniform nematode in transgenic cotton plants
expressing Arabidopsis NPR1. 7Transgenic research, 19, 959-975.

PATIL, B. L, LEGG, J. P., KANJU, E. & FAUQUET, C. M. 2015. Cassava brown streak disease: a threat
to food security in Africa. Journal of General Virology, 96, 956-968.

PATIL, B. L, OGWOK, E., WAGABA, H, MOHAMMED, I. U., YADAV, J. S., BAGEWADI, B., TAYLOR, N.
J., KREUZE, J. F., MARUTHI, M. & ALICAI, T. 2011. RNAi-mediated resistance to diverse
isolates belonging to two virus species involved in Cassava brown streak disease. Molecular
plant pathology, 12, 31-41.

39



Synthetic Biology Opportunities in the Cotton Industry

PERCHLIK, M. & TEGEDER, M. 2017. Improving plant nitrogen use efficiency through alteration of
amino acid transport processes. Plant Physiology, 175, 235-247.

PIXLEY, K. V., FALCK-ZEPEDA, J. B., GILLER, K. E., GLENNA, L. L, GOULD, F., MALLORY-SMITH, C. A,,
STELLY, D. M. & STEWART JR, C. N. 2019. Genome editing, gene drives, and synthetic
biology: will they contribute to disease-resistant crops, and who will benefit? Annual Review
of Phytopathology, 57, 165-188.

POSCH, B. C., KARIYAWASAM, B. C., BRAMLEY, H., COAST, O., RICHARDS, R. A, REYNOLDS, M. P.,
TRETHOWAN, R. & ATKIN, O. K. 2019. Exploring high temperature responses of
photosynthesis and respiration to improve heat tolerance in wheat. Journal of experimental
botany, 70, 5051-5069.

QU, Y., SAKODA, K., FUKAYAMA, H., KONDQ, E., SUZUKI, Y., MAKINO, A., TERASHIMA, |. & YAMORI,
W. 2021. Overexpression of both Rubisco and Rubisco activase rescues rice photosynthesis
and biomass under heat stress. Plant Cell and Environment.

RAJASEKARAN, K., GRULA, J. W. & ANDERSON, D. M. 1996. Selection and characterization of
mutant cotton (Gossypium hirsutum L.) cell lines resistant to sulfonylurea and imidazolinone
herbicides. Plant Science, 119, 115-124.

RAUT, R, JAIN, H. & PANWAR, R. 1971. Radiation-induced photo-insensitive mutants in cotton.
Current Science (India), 40, 383-384.

REDDY, P. S, CHAKRADHAR, T., REDDY, R. A, NITNAVARE, R. B, MAHANTY, S. & REDDY, M. K.
2016. Role of heat shock proteins in improving heat stress tolerance in crop plants. Heat
shock proteins and plants. Springer.

RESKI, R., BAE, H. & SIMONSEN, H. T. 2018. Physcomitrella patens, a versatile synthetic biology
chassis. Plant cell reports, 37, 1409-1417.

RISCO, C. & CHASE, C. 1997. Handbook of Plant and Fungal Toxicants. CRC Press Boca Raton, FL.

RODRIGUEZ-GARAY, B. & BARROW, J. R. 1988. Pollen selection for heat tolerance in cotton. Crop
sclence, 28, 857-859.

ROELL, M.-S. & ZURBRIGGEN, M. D. 2020. The impact of synthetic biology for future agriculture
and nutrition. Current Opinion in Biotechnology, 61, 102-109.

ROGERS, C. & OLDROYD, G. E. 2014. Synthetic biology approaches to engineering the nitrogen
symbiosis in cereals. Journal of experimental botany, 65, 1939-1946.

RUIZ-LOPEZ, N., HASLAM, R. P., NAPIER, J. A. & SAYANOVA, O. 2014. Successful high-level
accumulation of fish oil omega-3 long-chain polyunsaturated fatty acids in a transgenic
oilseed crop. 7The Plant Journal, 77, 198-208.

SADE, N., GEBRETSADIK, M., SELIGMANN, R., SCHWARTZ, A., WALLACH, R. & MOSHELION, M.
2009. The Role of Tobacco Aquaporin1 in Improving Water Use Efficiency, Hydraulic
Conductivity, and Yield Production Under Salt Stress  Plant Physiology, 152, 245-254.

SALVAGIOTTI, F., CASSMAN, K. G., SPECHT, J. E., WALTERS, D. T., WEISS, A. & DOBERMANN, A.
2008. Nitrogen uptake, fixation and response to fertilizer N in soybeans: A review. Field
Crops Research, 108, 1-13.

SANCHEZ-LEON, S., GIL-HUMANES, J., OZUNA, C. V., GIMENEZ, M. J., SOUSA, C., VOYTAS, D. F. &
BARRO, F. 2018. Low-gluten, nontransgenic wheat engineered with CRISPR/Cas9. Plant
Biotechnology Journal, 16, 902-910.

40



Synthetic Biology Opportunities in the Cotton Industry

SCAFARO, A. P, BAUTSOENS, N., DEN BOER, B., VAN RIE, J. & GALLE, A. 2019. A conserved
sequence from heat-adapted species improves Rubisco activase thermostability in wheat.
Plant physiology, 181, 43-54.

SCHULER, M. L., MANTEGAZZA, O. & WEBER, A. P. 2016. Engineering C4 photosynthesis into C3
chassis in the synthetic biology age. The Plant Journal, 87, 51-65.

SCHWANDER, T., VON BORZYSKOWSKI, L. S., BURGENER, S., CORTINA, N. S. & ERB, T. J. 2016. A
synthetic pathway for the fixation of carbon dioxide in vitro. Science 354, 900-904.

SEDELNIKOVA, O. V., HUGHES, T. E. & LANGDALE, J. A. 2018. Understanding the genetic basis of C4
Kranz anatomy with a view to engineering C3 crops. Annual review of genetics, 52, 249-270.

SEKHAR, S. & RAO, B. 2011. Cottonseed oil as health oil. Pertanika Journal of Tropical Agricultural
Science, 34, 17-24.

SENTHIL-KUMAR, M. & MYSORE, K. 2010. RNAI in plants: recent developments and applications in
agriculture. Gene silencing. theory, techniques and applications, 183-199.

SERRANO, L. 2007. Synthetic biology: promises and challenges. Molecular Systems Biology; 3, 158.

SHARIF, I., FAROOQ, J.,, CHOHAN, S. M., SALEEM, S., KAINTH, R. A, MAHMOOD, A. & SARWAR, G.
2019. Strategies to enhance cottonseed oil contents and reshape fatty acid profile
employing different breeding and genetic engineering approaches. Journal of Integrative
Agriculture, 18, 2205-2218.

SHARWOOD, R. E. 2017. Engineering chloroplasts to improve Rubisco catalysis: prospects for
translating improvements into food and fiber crops. New Phytologist, 213, 494-510.

SHARWOOD, R. E. 2020. Mix-and-match Rubisco subunits. Nature Plants, 6, 1199-1200.

SHELBY, E. A, MOSS, J. B, ANDREASON, S. A, SSIMMONS, A. M., MOORE, A. J. & MOORE, P. J. 2020.
Debugging: Strategies and considerations for efficient RNAi-mediated control of the
whitefly Bemisia tabaci. Insects, 11, 723.

SHIH, P. M., ZARZYCK], J., NIYOGI, K. K. & KERFELD, C. A. 2014. Introduction of a synthetic CO»-
fixing photorespiratory bypass into a cyanobacterium. Journal of Biological Chemistry, 289,
9493-9500.

SHOCKEY, J.,, DOWD, M., MACK, B., GILBERT, M., SCHEFFLER, B., BALLARD, L., FRELICHOWSKI, J. &
MASON, C. 2017. Naturally occurring high oleic acid cottonseed oil: identification and
functional analysis of a mutant allele of Gossypium barbadense fatty acid desaturase-2.
Planta, 245, 611-622.

SIMKIN, A. J.,, LOPEZ-CALCAGNO, P. E. & RAINES, C. A. 2019. Feeding the world: improving
photosynthetic efficiency for sustainable crop production. Journal of Experimental Botany,
70, 1119-1140.

SIMKIN, A. J., LOPEZ-CALCAGNO, P. E., DAVEY, P. A, HEADLAND, L. R, LAWSON, T, TIMM, S,,
BAUWE, H. & RAINES, C. A. 2017. Simultaneous stimulation of sedoheptulose 1, 7-
bisphosphatase, fructose 1, 6-bisphophate aldolase and the photorespiratory glycine
decarboxylase-H protein increases CO> assimilation, vegetative biomass and seed yield in
Arabidopsis. Plant Biotechnology Journal, 15, 805-816.

SONG, Y. & THOMMA, B. P. H. J. 2018. Host-induced gene silencing compromises Verticillium wilt
in tomato and Arabidopsis. Molecular plant pathology, 19, 77-89.

SOUTH, P. F., CAVANAGH, A. P, LIU, H. W. & ORT, D. R. 2019. Synthetic glycolate metabolism
pathways stimulate crop growth and productivity in the field. Science, 363.

41



Synthetic Biology Opportunities in the Cotton Industry

STELLY, D. M., ALTMAN, D., KOHEL, R., RANGAN, T. & COMMISKEY, E. 1989. Cytogenetic
abnormalities of cotton somaclones from callus cultures. Genome, 32, 762-770.

SUN, H.-J., UCHII, S.,, WATANABE, S. & EZURA, H. 2006. A highly efficient transformation protocol
for Micro-Tom, a model cultivar for tomato functional genomics. Plant and Cell Physiology,
47, 426-431.

SUNILKUMAR, G., CAMPBELL, L. M., PUCKHABER, L., STIPANOVIC, R. D. & RATHORE, K. S. 2006.
Engineering cottonseed for use in human nutrition by tissue-specific reduction of toxic
gossypol. Proceedings of the National Academy of Sciences, 103, 18054-18059.

TABASHNIK, B. E. & CARRIERE, Y. 2017. Surge in insect resistance to transgenic crops and
prospects for sustainability. Nature Biotechnology, 35, 926-935.

TEMME, K., ZHAO, D. & VOIGT, C. A. 2012. Refactoring the nitrogen fixation gene cluster from
Klebsiella oxytoca. Proceedings of the National Academy of Sciences, 109, 7085-7090.

TIAN, J., ZHANG, X, LIANG, B., LI, S., WU, Z, WANG, Q. LENG, C., DONG, J. & WANG, T. 2010.
Expression of baculovirus anti-apoptotic genes p35 and op-iap in cotton (Gossypium
hirsutum L.) enhances tolerance to Verticillium wilt. PloS One, 5, e14218.

TORTI, S., SCHLESIER, R, THUMMLER, A., BARTELS, D., ROMER, P., KOCH, B., WERNER, S., PANWAR,
V., KANYUKA, K. & VON WIREN, N. 2021. Transient reprogramming of crop plants for
agronomic performance. Nature Plants, 7, 159-171.

TRAPERO, C., WILSON, I. W., STILLER, W. N. & WILSON, L. J. 2016. Enhancing integrated pest
management in GM cotton systems using host plant resistance. Frontiers in plant science, 7,
500.

TROLINDER, N. L. & SHANG, X. 1991. In vitro selection and regeneration of cotton resistant to high
temperature stress. Plant cell reports, 10, 448-452.

TRUDEAU, D. L., EDLICH-MUTH, C., ZARZYCKI, J., SCHEFFEN, M., GOLDSMITH, M., KHERSONSKY, O.,
AVIZEMER, Z., FLEISHMAN, S. J., COTTON, C. A. & ERB, T. J. 2018. Design and in vitro
realization of carbon-conserving photorespiration. Proceedings of the National Academy of
Sciences, 115, E11455-E11464.

UEHLEIN, N., LOVISOLO, C,, SIEFRITZ, F. & KALDENHOFF, R. 2003. The tobacco aquaporin NtAQP1
is a membrane CO; pore with physiological functions. Nature, 425, 734-7.

UPADHYAY, S. K., CHANDRASHEKAR, K., THAKUR, N., VERMA, P. C., BORGIO, J. F., SINGH, P. K. &
TULI, R. 2011. RNA interference for the control of whiteflies (Bemisia tabaci) by oral route.
Journal of biosciences, 36, 153-161.

VENTER, M. 2007. Synthetic promoters: genetic control through c¢is engineering. Trend’s in plant
science, 12, 118-124.

VICENTE, E. J. & DEAN, D. R. 2017. Keeping the nitrogen-fixation dream alive. Proceedings of the
National Academy of Sciences, 114, 3009-3011.

VON CAEMMERER, S., QUICK, W. P. & FURBANK, R. T. 2012. The development of C4 rice: current
progress and future challenges. Science, 336, 1671-1672.

WALTZ, E. 2017. A new crop of microbe startups raises big bucks, takes on the establishment.
Nature Biotechnology, 35, 1120-1122.

WANG, Y., CHEN, D., WANG, D., HUANG, Q, YAO, Z, LIU, F,, WEI, X,, LI, R, ZHANG, Z. & SUN, Y.
2004. Over-expression of Gastrodia anti-fungal protein enhances Verticillium wilt resistance
in coloured cotton. Plant Breeding, 123, 454-459.

42



Synthetic Biology Opportunities in the Cotton Industry

WENDEL, J. F., BRUBAKER, C. L. & PERCIVAL, A. E. 1992. Genetic diversity in Gossypium hirsutum
and the origin of upland cotton. American Journal of Botany, 79, 1291-1310.

WHITNEY, S. M., SHARWOOD, R. E., ORR, D., WHITE, S. J., ALONSO, H. & GALMES, J. 2011.
Isoleucine 309 acts as a C4 catalytic switch that increases ribulose-1, 5-bisphosphate
carboxylase/oxygenase (rubisco) carboxylation rate in Flaveria. Proceedings of the National
Academy of Sciences, 108, 14688-14693.

WILSON, L., DOWNES, S., KHAN, M., WHITEHOUSE, M., BAKER, G., GRUNDY, P. & MAAS, S. 2013.
IPM in the transgenic era: a review of the challenges from emerging pests in Australian
cotton systems. Crop and Pasture Science, 64, 737-749.

WILSON, L. J., WHITEHOUSE, M. E. A. & HERRON, G. A. 2018. The Management of Insect Pests in
Australian Cotton: An Evolving Story. Annual Review of Entomology, 63, 215-237.

WORRALL, E. A, BRAVO-CAZAR, A, NILON, A. T., FLETCHER, S. J.,, ROBINSON, K. E., CARR, J. P. &
MITTER, N. 2019. Exogenous Application of RNAi-Inducing Double-Stranded RNA Inhibits
Aphid-Mediated Transmission of a Plant Virus. Frontiers in Plant Science, 10.

WRIGHT, R. C. & NEMHAUSER, J. 2019. Plant synthetic biology: quantifying the “known unknowns”
and discovering the “unknown unknowns". Plant Physiology, 179, 885-893.

XANTHOPQULOS, F. & KECHAGIA, U. 2001. Improvement of two locally adapted cotton cultivars in
earliness by induced mutations. Australian journal of agricultural research, 52, 523-527.

YAMORI, W., KONDO, E., SUGIURA, D., TERASHIMA, 1., SUZUKI, Y. & MAKINO, A. 2016. Enhanced
leaf photosynthesis as a target to increase grain yield: insights from transgenic rice lines
with variable Rieske FeS protein content in the cytochrome bs/fcomplex. Plant Cell and
Environment, 39, 80-87.

YANG, C.-L, LIANG, S., WANG, H.-Y., HAN, L.-B., WANG, F.-X,, CHENG, H.-Q,, WU, X.-M., QU, Z.-L,,
WU, J.-H. & XIA, G.-X. 2015. Cotton major latex protein 28 functions as a positive regulator
of the ethylene responsive factor 6 in defense against Verticillium dahliae. Molecular plant,
8, 399-411.

YANG, Y., CHEN, T., LING, X. & MA, Z. 2018. Gbvdr6, a gene encoding a receptor-like protein of
cotton (Gossypium barbadense), confers resistance to Verticillium wilt in Arabidopsis and
upland cotton. Frontiers in plant science, 8, 2272.

YEATES, S., STRICKLAND, G. & GRUNDY, P. 2014. Can sustainable cotton production systems be
developed for tropical northern Australia? Crop and Pasture Science, 64, 1127-1140.

ZHANG, J,, KHAN, S. A, HASSE, C., RUF, S., HECKEL, D. G. & BOCK, R. 2015. Full crop protection
from an insect pest by expression of long double-stranded RNAs in plastids. Science 347,
991-994.

ZHANG, W., ZHANG, H., LIU, K., JIAN, G., Ql, F. & SI, N. 2017. Large-scale identification of
Gossypium hirsutum genes associated with Verticillium dahliae by comparative
transcriptomic and reverse genetics analysis. PLoS One, 12, e0181609.

ZHANG, X,, CHENG, W., FENG, Z,, ZHU, Q., SUN, Y., LI, Y. & SUN, J. 2020. Transcriptomic analysis of
gene expression of Verticillium dahliae upon treatment of the cotton root exudates. BMC
Genomics, 21, 155.

ZHANG, X., WANG, L., XU, X,, CAIl, C. & GUO, W. 2014. Genome-wide identification of mitogen-
activated protein kinase gene family in Gossypium raimondii and the function of their
corresponding orthologs in tetraploid cultivated cotton. BMC plant biology, 14, 1-17.

43



Synthetic Biology Opportunities in the Cotton Industry

ZHU, X.-G., LONG, S. P. & ORT, D. R. 2010. Improving photosynthetic efficiency for greater yield.
Annual review of plant biology, 61, 235-261.

ZSOGON, A, CERMAK, T., NAVES, E. R, NOTINI, M. M., EDEL, K. H., WEINL, S., FRESCHI, L, VOYTAS,
D. F., KUDLA, J. & PERES, L. E. P. 2018. De novo domestication of wild tomato using genome
editing. Nature biotechnology, 36, 1211-1216.

44



