,frontlers Research Topics


https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/journals/plant-science

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88974-564-7
DOI 10.3389/978-2-88974-564-7

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Plant Science

1 February 2022 | Chloroplast Biotechnology for Crop Improvement


https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/

CHLOROPLAST BIOTECHNOLOGY
FOR CROP IMPROVEMENT

Topic Editors:

Clelia De-la-Peiia, Scientific Research Center of Yucatan (CICY), Mexico
Thomas D. Sharkey, Michigan State University, United States

Patricia Ledn, National Autonomous University of Mexico, Mexico

Citation: De-la-Pefa, C., Sharkey, T. D., Leodn, P, eds. (2022). Chloroplast
Biotechnology for Crop Improvement. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88974-564-7

Frontiers in Plant Science 2 February 2022 | Chloroplast Biotechnology for Crop Improvement


https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/journals/plant-science
http://doi.org/10.3389/978-2-88974-564-7

Table of Contents

05

08

19

30

45

62

76

90

106

121

Editorial: Chloroplast Biotechnology for Crop Improvement

Clelia De-la-Pefia, Patricia Ledn and Thomas D. Sharkey

Higher Stomatal Density Improves Photosynthetic Induction and Biomass
Production in Arabidopsis Under Fluctuating Light

Kazuma Sakoda, Wataru Yamori, Tomoo Shimada, Shigeo S. Sugano,
Ikuko Hara-Nishimura and Yu Tanaka

Phosphoglucoisomerase Is an Important Regulatory Enzyme in
Partitioning Carbon out of the Calvin-Benson Cycle

Alyssa L. Preiser, Aparajita Banerjee, Sean E. Weise, Luciana Renna,
Federica Brandizzi and Thomas D. Sharkey

Plastid-Targeted Cyanobacterial Flavodiiron Proteins Maintain
Carbohydrate Turnover and Enhance Drought Stress Tolerance in Barley
Fahimeh Shahinnia, Suresh Tula, Goetz Hensel, Narges Reiahisamani,
Nasrin Nasr, Jochen Kumlehn, Rodrigo Gomez, Anabella F. Lodeyro,
Néstor Carrillo and Mohammad R. Hajirezaei

A Multi-OMICs Approach Sheds Light on the Higher Yield Phenotype and
Enhanced Abiotic Stress Tolerance in Tobacco Lines Expressing the Carrot
lycopene -cyclasel Gene

Juan C. Moreno, Silvia Martinez-Jaime, Monika Kosmacz,

Ewelina M. Sokolowska, Philipp Schulz, Axel Fischer, Urszula Luzarowska,
Michel Havaux and Aleksandra Skirycz

Transformation of Long-Lived Albino Epipremnum aureum ‘Golden
Pothos’ and Restoring Chloroplast Development

Chiu-Yueh Hung, Jianhui Zhang, Chayanika Bhattacharya, Hua Li,
Faroogahmed S. Kittur, Carla E. Oldham, Xiangying Wei, Kent O. Burkey,
Jianjun Chen and Jiahua Xie

Nanotechnology Approaches for Chloroplast Biotechnology
Advancements

Gregory M. Newkirk, Pedro de Allende, Robert E. Jinkerson and

Juan Pablo Giraldo

Mass Production of Virus-Like Particles Using Chloroplast Genetic
Engineering for Highly Immunogenic Oral Vaccine Against Fish Disease
Yoichi Nakahira, Kaori Mizuno, Hirofumi Yamashita, Minami Tsuchikura,
Kaoru Takeuchi, Takashi Shiina and Hidemasa Kawakami

Daucus carota DcPSY2 and DcLCYB1 as Tools for Carotenoid Metabolic
Engineering to Improve the Nutritional Value of Fruits

Daniela Arias, Anita Arenas-M, Carlos Flores-Ortiz, Clio Peirano,

Michael Handford and Claudia Stange

Engineered Accumulation of Bicarbonate in Plant Chloroplasts: Known
Knowns and Known Unknowns

Sarah Rottet, Britta Forster, Wei Yih Hee, Loraine M. Rourke, G. Dean Price
and Benedict M. Long

Frontiers in Plant Science

3 February 2022 | Chloroplast Biotechnology for Crop Improvement


https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/journals/plant-science

136 The Algal Chloroplast as a Testbed for Synthetic Biology Designs Aimed at
Radically Rewiring Plant Metabolism
Harry O. Jackson, Henry N. Taunt, Pawel M. Mordaka, Alison G. Smith and
Saul Purton

151 Complete Chloroplast Genome Sequence of Erigeron breviscapus and
Characterization of Chloroplast Regulatory Elements
Yifan Yu, Zhen Ouyang, Juan Guo, Wen Zeng, Yujun Zhao and Lugi Huang

Frontiers in Plant Science 4 February 2022 | Chloroplast Biotechnology for Crop Improvement


https://www.frontiersin.org/research-topics/15043/chloroplast-biotechnology-for-crop-improvement
https://www.frontiersin.org/journals/plant-science

'," frontiers
in Plant Science

EDITORIAL
published: 01 February 2022
doi: 10.3389/fpls.2022.848034

OPEN ACCESS

Edited and reviewed by:
Soren K. Rasmussen,
University of Copenhagen, Denmark

*Correspondence:

Clelia De-la-Pena
clelia@cicy.mx
orcid.org/0000-002-9093-9489

Specialty section:

This article was submitted to
Plant Biotechnology,

a section of the journal
Frontiers in Plant Science

Received: 03 January 2022
Accepted: 10 January 2022
Published: 01 February 2022

Citation:

De-la-Peria C, Ledn P and Sharkey TD
(2022) Editorial: Chloroplast
Biotechnology for Crop Improvement.
Front. Plant Sci. 13:848034.

doi: 10.3389/fpls.2022.848034

Check for
updates

Editorial: Chloroplast Biotechnology
for Crop Improvement

Clelia De-la-Peria ™, Patricia Leén? and Thomas D. Sharkey3*%

" Unidad de Biotecnologia, Centro de Investigacion Cientifica de Yucatan, Mérida, Mexico, ? Instituto de Biotecnologia
Universidad Nacional Auténoma de Mexico, Cuernavaca, Mexico, * MSU-DOE Plant Research Laboratory, Michigan State
University, East Lansing, M, United States, * Department of Biochemistry and Molecular Biology, Michigan State University,
East Lansing, M, United States, ° Plant Resilience Institute, Michigan State University, East Lansing, M, United States

Keywords: chloroplast, crops, biotechnology, editorial, photosynthesis

Editorial on the Research Topic
Chloroplast Biotechnology for Crop Improvement

Ever since the first photosynthetic eukaryote organisms appeared, chloroplasts have been an
enigmatic cellular compartment where complex biochemical and molecular processes essential for
the plant take place. As a result, substantial efforts in plant biotechnology have been linked to
improve photosynthetic efficiency and also the production of a diversity of important compounds
synthesized in this organelle that are of biological, medical and industrial importance.

Chloroplast biotechnology may open new frontiers of crop development (Maliga and Bock,
2011) having broad impacts on medicine, fuel, food, bioplastics, and chemicals and also may help
mitigate deleterious effects of global warming on plant function and productivity. Therefore, it is
of central importance to study and investigate the molecular mechanisms that chloroplasts use and
that can be exploited by crop biotechnology in the future. Understanding how chloroplasts work
will open opportunities for modifications and improvement that would benefit our modern society.

This Research Topic includes an excellent combination of Reviews and Original Research
Articles focused on Chloroplast Biotechnology for Crop Improvement, and provides up-to-
date information on chloroplast genome sequencing, photosynthesis improvement, chloroplast
metabolic engineering, and plastid-related metabolite production, using new approaches and
novel technologies.

One of the biotechnological tools for crop improvement has been the use of high-throughput
technologies such as the newest-generation sequencing to obtain genome sequence information,
the use of nanotechnology for plastid transformation, and genetic engineering. For instance,
in their Original Research article Yu et al. reported the complete chloroplast genome of an
important medicinal plant Erigeron breviscapus identifying regulatory elements and providing a
foundation for the establishment of the subsequent chloroplast genetic transformation system
for genetic improvement. On the other hand, specific topics on the role of nanotechnology are
discussed by Newkirk et al. providing interesting new insights and up to date status into this
field. In their Review, they highlight recent discoveries on the interactions between chloroplasts
and nanomaterials, nanomaterial uses for crop performance monitoring and improvement
and nanotechnological applications for plastid synthetic biology that enable chloroplast uses
for manufacturing. These tools may allow increased plant productivity and make sustainable
technologies widely available.

It is known the potential risk of contaminating genetically modified (GM)-free cropland
with GM pollen or seed can be increased if GM plants are cultivated in areas where there are
wildtype relatives of the respective GM plant present. Alternatively, the integration into the
plastid genome of the genes of interest can avoid the risk of GM pollen spread and sterility
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technologies may prevent the genetic exchange altogether (Clark
and Maselko, 2020). Since chloroplast transformation has many
advantages over the classic genomic transformation such as high
expression and transgene safety, identification of high efficiency
regulatory elements is central for developing and improving
efficient chloroplast transformation in diverse species. In their
Research Topic Shahinnia et al. offer a convincing case for
engineering the photosynthetic electron transport chain with
heterologous proteins, aimed to increase barley productivity.
Furthermore, Moreno et al. found that the manipulation of
carotenoid metabolism results in higher biomass production
under normal cultivar conditions, with improved stress tolerance
bearing no negative impact on the overall plant growth.
In their Research Topic Moreno et al. take advantage of a
multi-OMICs (transcriptomics, proteomics, metabolomics, and
lipidomics) approaches to deeply characterize the phenotype of
transgenic tobacco plants overexpressing the carrot lycopene
B-cyclase 1 (LCYBI) gene. This study will certainly help in
the future identification of transcription factors associated with
stress responses.

Photosynthetic carbon assimilation has two major problems:
stomatal density and CO; levels, and different authors address
these challenges in crop productivity. Sakoda et al., using
different Arabidopsis genotypes that differ in stomatal density,
find that most of the effects of stomatal density are on
photosynthesis, CO, assimilation rate, and biomass production.
The authors also demonstrated that a short-term effect on
photosynthesis rate measured per unit leaf area can well translate
to significant whole-plant growth effects. Also, the effect of
CO;-concentrating mechanisms was highlighted in the Review
of Rottet et al., who give an overview of the major candidate
proteins to be considered for engineering carbon concentrating
mechanisms into Cj chloroplasts and highlight the complexities
associated with the heterologous expression and generation
of functional HCOj transport systems in Cj chloroplasts for
increased Rubisco carboxylation rate and thereby for higher
photosynthetic rates.

Understanding the control mechanisms underlying carbon
partitioning is critical for engineering starch content and
metabolic flux in plants (Santelia and Zeeman, 2011; Kolling
et al, 2015). In the Research Topic of Preiser et al,
kinetic properties of plastidic and cytosolic isoforms of
phosphoglucoisomerase in the presence and absence of different
regulatory factors was characterized. This is an important
question for exploring plant carbon partitioning dynamics, which
vary with growth, environmental conditions, metabolic state, and
the circadian clock.

High-value nutritional compounds and therapeutic proteins
have been obtained from chloroplasts. Jackson et al. review
current knowledge on Chlamydomonas chloroplast system as a
potential tool for testing synthetic biology strategies, which could
be further translated in higher plants. In their Review, Jackson
et al. describe some of the radical synthetic biology (SynBio) ideas
and Design-Build-Test-Learn (DBTL) strategies highlighting the
speed and versatility of Chlamydomonas chloroplast genetic

engineering for improving photosynthesis, carbon fixation,
nitrogen fixation, and production of novel metabolites. Arias
et al. investigate the effect of the direct expression of transgenes
phytoene synthase (DcPSY2) and lycopene cyclase (DcLCBI)
from Daucus carota and carotene desaturase (XdCrtI) from
yeast Xanthophyllomyces dendrorhous in tomato and apple fruits.
They find a clear increase in the B-carotene and carotenoid
levels demonstrating the potential use of these genes for
biotechnological applications. This kind of Research Topic will
certainly help to increase the nutritional value in fruits.

On the other hand, in their Research Topic, Hung et al.
show that a long-lived albino mutant can be used as a model
for analyzing the function of chloroplast-development genes
and facilitate the purification of therapeutic proteins without
chlorophyll interference. Vaccine production is one of most
intensively studied fields in molecular farming. The production
of proteins in chloroplasts can considerably reduce the costs
of producing proteins focused on the pharmaceutical area.
Whereas, many scientists have developed different systems to
produce large amounts of vaccines, Nakahira et al. reported in
their Research Topic, chloroplast transformation to optimize a
high production of recombinant protein in transgenic plants
without the risk of gene transfer through pollen distribution,
i.e., via maternal inheritance. They reported the production
of virus-like particles (VLPs) of red-spotted grouper nervous
necrosis virus (RGNNV) in tobacco plants using chloroplast
transformation techniques.

The Research Topic presented here is significant because
it is expected to increase and strengthen the information
needed to develop, in the near future, novel approaches to
manipulate and selectively activate chloroplast development
to increase crop productivity. New approaches of the type
presented here, and the advancement of new technologies
will certainly increase our knowledge of currently known
photosynthetic organisms and will facilitate the understanding
of their roles as sources of sustainable foods, novel
biopharmaceuticals, and next-generation biomaterials essential
for modern society.
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Higher Stomatal Density Improves
Photosynthetic Induction and
Biomass Production in Arabidopsis
Under Fluctuating Light

Kazuma Sakoda’2*, Wataru Yamori', Tomoo Shimada?, Shigeo S. Sugano?,
Ikuko Hara-Nishimura® and Yu Tanaka®”
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Stomatal density (SD) is closely associated with photosynthetic and growth
characteristics in plants. In the field, light intensity can fluctuate drastically within a
day. The objective of the present study is to examine how higher SD affects stomatal
conductance (gs) and CO» assimilation rate (A) dynamics, biomass production and
water use under fluctuating light. Here, we compared the photosynthetic and growth
characteristics under constant and fluctuating light among three lines of Arabidopsis
thaliana (L.): the wild type (WT), STOMAGEN/EPFL9-overexpressing line (ST-OX), and
EPIDERMAL PATTERNING FACTOR 1 knockout line (epf7). ST-OX and epf? showed
268.1 and 46.5% higher SD than WT (p < 0.05). Guard cell length of ST-OX was
10.0% lower than that of WT (p < 0.01). There were no significant variations in gas
exchange parameters at steady state between WT and ST-OX or epf7, although these
parameters tended to be higher in ST-OX and epf7 than WT. On the other hand, ST-OX
and epf1 showed faster A induction than WT after step increase in light owing to the
higher gs under initial dark condition. In addition, ST-OX and epf7 showed initially faster
gs induction and, at the later phase, slower gs induction. Cumulative CO» assimilation in
ST-OX and epf1 was 57.6 and 78.8% higher than WT attributable to faster A induction
with reduction of water use efficiency (WUE). epf1 yielded 25.6% higher biomass than
WT under fluctuating light (o < 0.01). In the present study, higher SD resulted in faster
photosynthetic induction owing to the higher initial gs. epf7, with a moderate increase in
SD, achieved greater biomass production than WT under fluctuating light. These results
suggest that higher SD can be beneficial to improve biomass production in plants under
fluctuating light conditions.

Keywords: leaf photosynthesis, fluctuating light, photosynthetic induction, stomata, stomatal density and
conductance, water use efficiency
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Stomatal Density Affects Photosynthetic Dynamics

INTRODUCTION

Enhancing leaf photosynthesis has been attempted to drive
further increases in biomass production in crop plants (von
Caemmerer and Evans, 2010; Yamori et al, 2016; Sakoda
et al., 2018). Gas diffusional resistance from the atmosphere
to the chloroplast is one of the limiting factors for leaf
photosynthetic capacity (Farquhar and Sharkey, 1982). Stomata,
pores on the epidermis of plant leaves, function to maintain
the balance between CO; uptake for photosynthesis and water
loss for transpiration (Mcadam and Brodribb, 2012). It has been
highlighted that the conductance to gas diffusion via stomata (g;)
can be a major determinant of CO, assimilation rate (A) (Wong
etal., 1979). The potential of g, is mainly determined by the size,
depth, and opening of single stoma, and their density (Franks
and Beerling, 2009). It has been controversial how the change
in the stomatal density (SD), defined as the stomata number per
unit leaf area, affects photosynthetic and growth characteristics
in plants (Lawson and Blatt, 2014). Doheny-Adams et al. (2012)
reported that lower SD yielded higher growth rate and biomass
production in Arabidopsis under constant light owing to the
favorable water condition and temperature for metabolism and
low metabolic cost for stomatal development (Doheny-Adams
et al., 2012). Contrastingly, lower SD resulted in the depression
of g; and/or A in Arabidopsis and poplar plants (Biissis et al.,
2006; Yoo et al., 2010; Wang et al., 2016). An SDD1 knockout
line of Arabidopsis with higher SD showed higher g; and A than
a wild-type line, depending on light condition (Schliiter et al.,
2003). Previously, we reported that higher SD by overexpressing
STOMAGEN/EPFLY resulted in the enhancement of g; and
A in Arabidopsis under constant and high light conditions
(Tanaka et al., 2013). Therefore, SD manipulation could have the
potential to enhance photosynthetic and growth characteristics
in plants, even though that effect can depend on the species or
environmental conditions.

In the field, light intensity can fluctuate at different scales,
from less seconds to minutes, over the course of a day owing
to changes in the solar radiation, cloud cover, or self-shading
in the plant canopy (Kaiser et al., 2018). The gradual increase
in A can be shown after the transition from low to high
light intensity, and this phenomenon is called “photosynthetic
induction.” A simulation analysis demonstrated that the potential
loss of the cumulative amount of CO, assimilation caused
by photosynthetic induction can reach at least 21% in wheat
(Triticum aestivum L.) and soybean (Glycine max (L.) Merr.)
(Taylor and Long, 2017; Tanaka et al, 2019). In rice (Oryza
sativa L.) and soybean, there is genotypic variation in the speed
of photosynthetic induction, which causes significant differences
in the cumulative carbon gain under fluctuating light (Soleh
et al,, 2016, 2017; Adachi et al,, 2019). Consequently, speeding
up photosynthetic induction can yield more efficient carbon gain,
which will open a new pathway to improve biomass production
in plants under field conditions.

Photosynthetic induction is typically limited by three phases
of the biochemical and diffusional processes: (1) activation
of electron transport, (2) activation of the enzymes in the
Calvin-Benson cycle, and (3) stomatal opening (Pearcy, 1990;

Yamori, 2016; Yamori et al., 2020). Especially, the activation of
Rubisco (5-10 min for full induction) and stomatal opening
(20-30 min for full induction) constitute a major limitation to
photosynthetic induction (Yamori et al., 2012; Carmo-Silva and
Salvucci, 2013). The overexpression of PATROLI, controlling
the translocation of a major H"-ATPase (AHA1) to the plasma
membrane, resulted in faster g; induction to fluctuating light
in Arabidopsis without the change in SD (Hashimoto-Sugimoto
et al., 2013). Arabidopsis knockout mutants of ABA transporter,
which plays pivotal roles in stomatal closure, improved stomatal
response to fluctuating light and photosynthesis (Shimadzu et al.,
2019). Furthermore, the rapid stomatal response is important
for plants to achieve high water use efficiency (WUE) (Qu
et al., 2016). Notably, the faster stomatal opening improved
the photosynthetic induction and thus biomass production in
Arabidopsis under the fluctuating light (Papanatsiou et al., 2019;
Kimura et al., 2020). These facts evidence that rapid stomatal
response can be beneficial for the effective carbon gain and
water use under fluctuating light conditions. However, how
SD changes affect g, and A dynamics, biomass production,
and water use under these conditions has been understudied
(Drake et al., 2013; Papanatsiou et al., 2016; Schuler et al., 2017;
Vialet-Chabrand et al., 2017).

It is hypothesized that higher SD results in higher initial
gs (Tanaka et al, 2013), which can contribute to faster
photosynthetic induction due to the lower stomatal limitation
under the fluctuating light. The objective of this study was to
examine how higher SD affects the photosynthetic and growth
characteristics in plants under fluctuating light conditions. Here,
we investigated the induction response of g;, A, transpiration
rate (E) and water use efficiency (WUE) after step increase in
light by gas exchange measurements, and biomass production
under fluctuating light conditions in the three Arabidopsis lines
differing in SD.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The peptide signals in a family of EPIDERMAL PATTERNING
FACTOR (EPF) were identified to function in the stomatal
development of Arabidopsis (Arabidopsis thaliana (L.) Heynh)
(Hara et al., 2007). It has been demonstrated that EPF1 and EPF2
combine with the receptor-like protein, TOO MANY MOUTHS
(TMM) and ERECTA family leucine-rich repeat-receptor-
like kinases and, consequently, restrain a specific process
in stomatal development. Contrastingly, STOMAGEN/EPFL9
combines with TMM competitively to EPF1 and EPF2, and
promote stomatal development (Sugano et al., 2010; Lee et al.,
2015). In the present study, Columbia-0 (CS60000) of Arabidopsis
thaliana (L.) Heynh, was used as a wild-type line (WT). In
addition, we used STOMAGEN/EPFL9 overexpressing line (ST-
0X10-3; ST-OX) which was used in Tanaka et al. (2013), and
an EPFI knockout line (SALK_137549) (epfl-1; epfl) which was
used in Sugano et al. (2010).

For analyzing photosynthetic and stomatal traits, six plants per
line were sown and grown in the soil in the growth chamber at
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an air humidity of 60%, CO; concentration of 400 pmol mol~!
and a photosynthetic photon flux density (PPFD) of 100 pmol
photon m~2 s™! for the gas exchange analysis. The day/night
period was set to 8/16 h with a constant air temperature of
22°C. We randomly changed plant arrangement every 3-4 days
during their growth period to avoid the spacing effects. For the
biomass analysis, plants were sown and grown in the soil at an
air temperature of 22°C and a PPFD of 120 wmol photon m™2
s~ ! for 24 days after sowing with the day/night period of 8/16 h.
Subsequently, four plants per line were subjected to constant and
fluctuating light conditions, for 20 days with a day/night cycle of
12/12 h. During daytime, the light intensity in the constant light
condition was changed from a PPFD of 60 umol photon m~2 s~
for 4 h to 500 pmol photon m~2 s~ for 4 h, followed by 60 pmol
photon m~2 s~ ! for 4 h, while a PPFD of 60 jumol photon m~2
s~! for 10 min after 500 wmol photon m~2 s~! for 5 min was
repeated for 12 h in the fluctuating light condition as described
in Kimura et al. (2020). Plants were exposed to the same total
amount of light intensity per day under both light conditions. We
randomly changed plant arrangement every 3-4 days during their
growth period to avoid the spacing effects. Dry weight of above
ground biomass grown under each light condition was evaluated
at 44 days after sowing.

Evaluation of Stomatal Density, Size, and

Clustering

The stomatal density (SD), size (Lg), and clustering were
evaluated in the leaves of the six plants per line at the same
growth stage as the gas exchange measurements were conducted.
We used the six leaves of the three plants in which gas exchange
measurements were conducted and the other three plants.
A section of the leaf (5 x 5 mm) was excised and immediately
fixed in the solution (Ethanol : acetic acid = 9:1, v/v) overnight.
The fixed tissues were cleared in chloral hydrate solution (chloral
hydrate : glycerol : water = 8:1:2, w/v/v) overnight. The cleared
tissues were stained with safranin-O solution (200 g ml™!) for
30 min to 1 h. The abaxial side of the leaves was observed at a
200 x magnification using an optical microscope and six digital
images (0.072 mm?) were obtained per leaf (CX31 and DP21,
Olympus, Tokyo, Japan). We used imaging analysis software,
Image] (NIH, Bethesda, MD, United States) to assess the stomatal
number and guard cell length from the images. SD was calculated
from the stomatal number per unit leaf area. L, defined as guard
cell length, of all the stomata (2-86 stomata) was measured in
each image. Each clustering category (2-5 er) means the number
of clustered stomata. The percentage of clustered stomata to
total number was measured for each clustering category from
2 to 5 as described in Hara et al. (2007). The mean values of
each trait were calculated in six images obtained from each leaf.
Subsequently, the average value of each trait for six leaves was
calculated for each line.

Gas Exchange Measurements

Gas exchange measurements were conducted using a
portable gas-exchange system LI-6400 (LI-COR, Lincoln,
NE, United States). All plants were kept in the dark (a PPFD

of 0 pmol photon m~2 s™!) overnight before and during the
measurements. In the leaf chamber, we set flow rate at 300 pwmol
s~1, CO, concentration at 400 pumol mol ™!, and air temperature
at 25°C. After the leaf was clamped in the chamber, light intensity
was kept at a PPFD of 0 pmol photon m™2 s~ for the initial
10 min and, subsequently, under a PPFD of 500 pmol photon
m~2 s~! for 120 min. A, gs» intercellular CO; concentration
(Ci), and E were recorded every 10 s during the measurements.
WUE was calculated as the ratio of A to E. Gas exchange
measurements were conducted with three plants per line during
68 to 73 days after sowing.

Data Processing
To evaluate the induction speeds of A and g;, we calculated
Ainduction ad gsinduction defined as the following equations:

st — &si

8sinduction = = =2 (1)
&f — &si
Ay — A

Ainduction = ﬁ (2)

where A; and g, represent steady-state values under a PPFD
of 0 wmol photon m~2 s~1, steady-state A and g, Ay and gy,
represent the maximum values which were reached in 120 min
under a PPED of 500 pwmol photon m~2 s~1, and A; and gst
represent values at a given time under illumination. We evaluated
the differences in the time when A, 4,cion and Zsinduction reached
the closest values of 5, 10, 20, 40, 60, and 80% of those maximum
values after step change in light from 0 to 500 jumol photon m™~?2
s (t5—80gs and £5_g04) between WT and ST-OX or epf.

The cumulative CO; assimilation (CCA) and transpiration
(CE) under fluctuating light were calculated by summing A and
E in first 10 min under illumination after the initial dark period.
An integrated WUE (WUE;) was calculated as the ratio of CCA
to CE. Assuming the absence of induction response of A to the
step increase in light, a theoretically maximum CCA (CCA;) was
defined by the following equation:

CCAy = Ag-Tsoo (3)

where Tsgo is the seconds for which the light intensity was
maintained at 500 wmol photon m~2 s~! for 10 min. The
potential loss rate of CCA caused by photosynthetic induction
was defined by the following equation:

A
Loss rate = (1 — ) x 100 (4)

Ay

Statistical Analysis

The variation in stomatal size and all the parameters of
photosynthetic and growth characteristics were compared
between WT and ST-OX or epfI by a Dunnett’s test. Steel test
was applied to evaluate SD variation between WT and ST-OX or
epfl because the distribution of values was extremely different
among the lines. Statistical analysis was conducted using R
software version 3. 6. 1 (R Foundation for Statistical Computing,
Vienna, Austria).
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RESULTS

Stomatal Density, Size, and Clustering

We evaluated stomatal density (SD), size (L) and clustering in
the three Arabidopsis lines. ST-OX and epfI showed 268.1 and
46.5% higher SD than WT (p < 0.05) (Figure 1A). L, of ST-
OX was 10.0% lower than that of WT (p < 0.01) (Figure 1B).
Stomatal clustering was scarcely observed in WT, while two to
five stomata were clustered in ST-OX and epfl (Figure 1C). The
ratio of stomata in each clustering category was higher in ST-OX
than that in epfI.

Photosynthesis and Stomatal

Conductance After Step Increase in Light
To examine how higher SD affects the photosynthetic
characteristics under the fluctuating light, we conducted
gas exchange measurements. ST-OX and epfI maintained higher
gs» Ci, A, and E than WT under the non-steady state at high
light intensity (500 wmol photon m~2 s~!) (Figures 2A-
D), while they showed lower WUE (Figure 2E). Under the
steady state, there was no significant difference in g; and A
between WT and ST-OX or epfI, although these parameters
of ST-OX and epfl tended to be higher than those of WT
(Supplementary Figure S1).

Subsequently, we evaluated the induction speed of g; and A
to the step increase in light in the three Arabidopsis lines. After

the change from darkness (0 wmol photon m~2 s™!) to high
light, g; induction was initially faster in ST-OX and epfI than WT
during photosynthetic induction, while it was slower in ST-OX
and epfl than WT at the later phase (Figure 3A). g; in WT and
epf1 was fully induced at 80 min after step increase in light, while
that of ST-OX slightly but continuously increased in 120 min
(Figure 2A). t54 in ST-OX and epfI was significantly shorter than
that in WT (p < 0.05) (Figure 3B). On the other hand, tsogs in
ST-OX and tgggs in ST-OX and epfl were significantly larger than
that in WT (p < 0.05). A induction was faster in ST-OX and epfI
than WT after the step increase in light (Figure 3C). tg04 in ST-
OX and epfI and tg4 in epfIwere significantly shorter than that
in WT (p < 0.05) (Figure 3D). In the steady state under darkness,
gsi in ST-OX and epfI were 264.5% (p < 0.01) and 160.6% higher
(not significant), respectively, than that in WT (Figure 3E). ts04
decreased with the increase in g;; when g < 0.074, and it was
constantly independent of g,; for g;; > 0.074 (Figure 3F).

CO, Assimilation and Biomass
Production Under Fluctuating Light

Cumulative CO; assimilation and transpiration were evaluated
to compare the efficiency of carbon gain and water use during
photosynthetic induction in the three Arabidopsis lines. CCA
in ST-OX and epfl was 57.6 and 78.8% higher (p < 0.05),
respectively, than that in WT, while Loss rate in ST-OX and epfI
was 27.7% and 36.5% lower (p < 0.05) (Figures 4A,C). CE in
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FIGURE 1 | Stomatal density, size, and clustering. (A) The stomatal density (SD), (B) guard cell length (Lg) and (C) the rate of stomata in 2-5 clustering categories
were evaluated on fully expanded leaves in the wild-type line (WT), a STOMAGEN/EPFL9 overexpressing line (ST-OX), and an EPF1 knockout line (epf7) of
Arabidopsis thaliana. The vertical bars indicate the standard error (n = 6). * and ** indicate the significant variation in each parameter between WT and each
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FIGURE 2 | Photosynthetic dynamics after step increase in light. (A) A stomatal conductance (gs), (B) intercellular CO» concentration (C;), (C) CO» assimilation rate
(A), (D) transpiration rate (E), and (E) water use efficiency (WUE) were measured on fully expanded leaves in the three lines of Arabidopsis. The gas exchange
measurements were conducted at a CO» concentration of 400 ppm, air temperature of 25°C and dark condition for the initial 10 min and, subsequently, under a
PPFD of 500 umol photon m~2 s~ for 120 min. Vertical bars indicate the standard error (n = 3).

ST-OX and epfl were 193.7% and 138.7% higher (p < 0.05),
respectively, than that in WT (Figure 4B). There was no
significant variation in WUE; between WT and epf1, while WUE;
in ST-OX was 44.9% lower than WT (p < 0.05) (Figure 4D).
Finally, we evaluated the biomass production under the constant
(Figure 5A) and fluctuating light (Figure 5B) in the three
Arabidopsis lines to examine how higher SD affects growth
characteristics. Compared with WT, dry weight of the above
ground biomass under constant light (DWcopnstant) in epfl was
similar, while that under fluctuating light (DW gcraring) in epfI
was 25.6% higher than that of WT (p < 0.01) (Figures 5C,D).
There was no significant variation in DW copstans and DW fuctuating
between ST-OX and WT.

DISCUSSION

Stomata play a significant role in the regulation of gas exchange
between the outside and inside of the leaf. However, how the
SD change affects photosynthetic and growth characteristics in
plants has been controversial, and the effect of SD change on
photosynthesis and growth can vary depending on the plant
species or environmental conditions. Previously, we reported
that higher SD resulted in the enhancement of g, and A
in Arabidopsis under constant and saturated light conditions
(Tanaka et al., 2013). Lawson and Blatt (2014) suggested that
with higher SD, it would be instructive to determine biomass
productivity under fluctuating light, although only a few studies

investigated the relationship between SD and photosynthetic or
growth characteristics under that condition (Drake et al., 2013;
Papanatsiou et al., 2016; Schuler et al., 2017; Vialet-Chabrand
et al., 2017). Here, we attempted to examine how higher SD
affects g and A dynamics, biomass production, and water use in
Arabidopsis under fluctuating light.

Stomatal Density Affects the Induction of

Stomatal Opening

We revealed that the three Arabidopsis lines differing in SD
showed significant differences in the dynamics of g; in the non-
steady state. SD differences had significant (Vialet-Chabrand
et al., 2017) or non-significant (Papanatsiou et al., 2016; Schuler
et al., 2017) effect on g induction to light transients from low
to high in previous studies. In the present study, ST-OX and
epfl showed initially faster g; induction than WT, while those
lines showed slower g; induction in the later phase after step
increase in light from a PPFD of 0 to 500 pumol photon m™2
s~ (Figures 3A,B). The different responses of g, could be
attributable to the difference in the size, density, and patterning
of stomata. Drake et al. (2013) reported that smaller stomata
respond the fluctuating light faster than larger stomata among
several species of the genus Banksia. On the contrary, smaller
stomata resulted in the slower response of g, to fluctuating light
in the genus Oryza (Zhang et al.,, 2019). In the present study,
the variation in the speed of g; induction did not correspond
to that in L, (Figures 1, 3), indicating that the stomatal size
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*indicates significant differences in each parameter between WT and each transgenic line at p < 0.05, according to Dunnett’s test. The values in each column
represent the relative value of each line to WT.

would have a minor effect on g; induction in Arabidopsis under
fluctuating light.

The stomatal opening is regulated by at least three key
components, blue-light receptor phototropin, plasma membrane
H*-ATPase, and plasma membrane inward rectifying K
channels in the guard cell (Inoue and Kinoshita, 2017). The
activation of HT-ATPase induced by blue light as the initial
signal facilitates K™ uptake through the inward rectifying K*

channel to increase the turgor pressure of guard cells, resulting
in the stomatal opening. In addition, stomatal opening dynamics
depend on the water status in the plant (Lawson and Blatt, 2014).
With more stomata, higher metabolic cost and water uptake
would be required for stomatal movement. The gas-exchange
and theoretical-modeling analysis indicated that the stomatal
clustering decreased the maximum value of g; and A under the
steady state because of the misplacement of stomatal pores over
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mesophyll cells (Dow and Bergmann, 2014; Lehmann and Or,
2015). It was also shown that clustering suppressed stomatal
movement owing to the decreased capacity of the K™ flux and
K" accumulation in the guard cells (Papanatsiou et al., 2016).
Additionally, g, induction to fluctuating light in Begonia species
with clustered stomata was slower than that in those without
clustered stomata (Papanatsiou et al., 2017). In this study, ST-OX
and epfI with higher SD and clustering rate showed initially faster
gs induction and, at the later phase, slower induction than WT
(Figures 1, 3). These results suggest that the changes in stomatal
density and patterning can affect g induction to fluctuating light
owing to the change in water uptake for stomatal opening and the
opening speed of single stomata.

Stomatal Density Affects the Dynamics

of CO, Assimilation

In ST-OX and epfI, A induction to step change from darkness
to high light was faster than that of WT (Figures 3C,D).
Photosynthetic induction is typically limited by three phases
of the biochemical or diffusional processes; (1) activation
of electron transport, (2) activation of the enzymes of the
Calvin-Benson cycle, and (3) stomatal opening (Pearcy, 1990;
Yamori et al., 2016). The significance of stomatal limitation to

photosynthetic induction depends on the initial value of g; as well
as photosynthetic capacity and the induction state of biochemical
processes (Kirschbaum and Pearcy, 1988). Activation speed of
the electron transport and enzymes of the Calvin-Benson cycle
after step increase in light intensity can be largely affected by
CO, concentration (Jackson et al., 1991; Urban et al., 2008; Kaiser
etal,, 2017). The variation of g; under dark or low light conditions
corresponded to that in the speed of photosynthetic induction
in several plant species (Kaiser et al., 2016; Soleh et al., 2017).
In this study, teos correlated with g if g < 0.074 mol m~2
s~1, and it was constant regardless of g; if g; > 0.074 mol m 2
s~1 (Figure 3F). g;; of WT, ST-OX, and epfI were 0.032, 0.118,
and 0.085 mol m~2 s~ 1, respectively (Figure 3E), suggesting that
the variation in g;; would cause the response difference of A.
Therefore, higher SD resulted in higher initial value of g; and then
higher C;, which would contribute to the rapid activation of RuBP
regeneration and carboxylation in the Calvin-Benson cycle.

The transition from a short period of low to high light is
frequently observed in the crop canopy throughout the day
(Tanaka et al., 2019). The present study confirmed that higher
SD resulted in faster A induction after step increase in light
from darkness, which can be observed at the limited part of the
day in field. It is not clear how SD affects g, and A induction
after the adaptation to low light for short period. It has been
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considered that stomatal opening and Rubisco activation would
not be a major limitation to A under such light conditions
since these would not change rapidly (MuAusland et al., 2016).
A rapid change in the RuBP regeneration was reported to limit
photosynthetic induction under high light after a short period of
low light or darkness (Kobza and Edwards, 1987; Sassenrath-Cole
and Pearcy, 1994). On the other hand, the significant stomatal
limitation to photosynthesis has been shown in Arabidopsis
(Kimura et al., 2020) and rice (Yamori et al., 2020) under natural
light conditions where the light fluctuations are highly variable.
Future study is required to elucidate that higher SD would
be beneficial for carbon gain under more rapid and frequent
fluctuation of light.

Stomatal Density Affects Biomass
Production Under the Fluctuating Light

Manipulating CO, diffusion via stomata has been attempted
to enhance photosynthetic capacity and induction in plants.
Under constant light conditions, overexpression of HT-ATPase
(AHA2) in guard cells resulted in higher g; as well as A,
leading to greater biomass production in Arabidopsis (Wang
et al., 2014). In addition, Arabidopsis plants with stay-opening
or fast-moving stomata have been shown to achieve greater
carbon gain and biomass production under fluctuating light

conditions (Papanatsiou et al., 2019; Kimura et al., 2020). These
studies confirmed the significant limitation of photosynthesis
imposed by stomata, and the potential of g; to improve biomass
production of plants under field. On the other hand, higher g
generally results in lower WUE, which can depress the benefit
of greater photosynthetic performance for biomass production
(Tanaka et al, 2013; Kimura et al, 2020). Under drought
condition, transgenic plants with lower SD and g; exhibited
improved growth performance owing to high WUE in several
species (Yoo et al., 2010; Wang et al., 2016; Caine et al., 2018).
It is, therefore, import to optimize a balance between carbon gain
and water loss via stomata for plant growth depending on water
conditions (Lawson and Blatt, 2014; MuAusland et al., 2016).
DW fuctuating was much lower than DWeopstane in three
Arabidopsis lines, although the total amount of light intensity
exposed to the plants was equal between both light conditions
(Figure 5). This difference would be caused by the loss of carbon
gain owing to photosynthetic induction under fluctuating light
condition. DW copstant in ST-OX was slightly lower than that in
WT, although steady-state A was significantly or slightly higher
in Tanaka et al. (2013) and this study, respectively (Figures 2, 5).
The increase in water loss would have a negative effect on biomass
production in ST-OX under constant light (Tanaka et al., 2013).
ST-OX showed significantly lower WUE during photosynthetic
induction in the present study (Figures 2, 4). Despite of these
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penalties resulting from the drastic increase in SD, DW fuctuating
in ST-OX was 10.5% higher than that in WT with no significance.
Moreover, biomass production in epfI, with moderate increase in
SD, was significantly higher than that in WT under fluctuating
light, while there was no difference between these two lines under
constant light (Figure 5). It is possible that a moderate increase
in SD could achieve more efficient carbon gain attributable to
the faster response of A in Arabidopsis under fluctuating light,
while it would cause small penalties on water loss for stomatal
movement. Overall, higher SD can be beneficial to improve
biomass production in plants under fluctuating light conditions
under favorable water conditions.

CONCLUSION

Under fluctuating light, there was a significant variation in the
photosynthetic and growth characteristics among Arabidopsis
lines differing in the stomatal density (SD). Higher SD resulted
in faster CO, assimilation rate (A) induction to fluctuating
light owing to the higher initial value of the stomatal
conductance (g;) and faster g; induction in the early phase of
photosynthetic induction. On the other hand, higher SD resulted
in slower g, induction in the later phase of photosynthetic
induction. epfl, with a moderate increase in SD, achieved
more efficient carbon gain with small penalty on water use
efficiency attributable to the faster A induction, which would
contribute to higher biomass production than that in WT
under fluctuating light. This study suggests that higher SD can
be beneficial to improve biomass production in plants under
fluctuating light.
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Phosphoglucoisomerase (PGl) isomerizes fructose 6-phosphate (FEP) and glucose 6-
phosphate (G6P) in starch and sucrose biosynthesis. Both plastidic and cytosolic
isoforms are found in plant leaves. Using recombinant enzymes and isolated
chloroplasts, we have characterized the plastidic and cytosolic isoforms of PGI. We have
found that the Arabidopsis plastidic PGl K, for G6P is three-fold greater compared to
that for F6P and that erythrose 4-phosphate is a key regulator of PGl activity. Additionally,
the K, of spinach plastidic PGl can be dynamically regulated in the dark compared to
the light and increases by 200% in the dark. We also found that targeting Arabidopsis
cytosolic PGl into plastids of Nicotiana tabacum disrupts starch accumulation and
degradation. Our results, in combination with the observation that plastidic PGl is not
in equilibrium, indicates that PGl is an important regulatory enzyme that restricts flow
and acts as a one-way valve preventing backflow of GEP into the Calvin-Benson cycle.
We propose the PGl may be manipulated to improve flow of carbon to desired targets
of biotechnology.

Keywords: phosphoglucoisomerase, starch, Calvin-Benson cycle, carbon partitioning, erythrose 4-phosphate

INTRODUCTION

Partitioning of carbon out of central metabolism toward desired end-products is a key feature
of biotechnological efforts in plants. This may be directed toward increased yields of starch,
carotenoids, novel compounds, or other products (see Botella-Pavia and Rodriguez-Conception,
2006; Ausich, 2009; Santelia and Zeeman, 2011; and Abiri et al., 2016 for examples). In normal plant
physiology, plants partition carbon out of the Calvin-Benson cycle to starch synthesis. This must
be a regulated process as carbon must be carefully partitioned out of the Calvin-Benson cycle in
order to not deplete metabolite pools needed for continuation of the Calvin-Benson cycle while still
accumulating adequate amounts of starch to survive the night (Sulpice et al., 2014). Study of the
regulation of carbon partitioning to starch synthesis can provide insight how plastid metabolism
is regulated to control how much carbon stays in the Calvin-Benson cycle. This is essential for
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future biotechnological applications in order to maintain
photosynthetic metabolite pools to support carbon assimilation
and to redirect carbon to desired end products.

While starch synthesis has been well-studied for decades,
our knowledge of the regulation of the entire pathway remains
incomplete. The primary pathway for carbon conversion to
starch is by action of the plastid phosphoglucoisomerase
(PGI) converting fructose 6-phosphate (F6P) of the Calvin-
Benson cycle to glucose 6-phosphate (G6P), forming a branch
point out of the Calvin-Benson cycle and initiating starch
synthesis. Phosphoglucomutase then converts G6P to glucose 1-
phosphate and ADP glucose pyrophosphorylase uses the glucose
1-phosphate to make ADPglucose, the substrate for starch
synthases. The regulation of PGI, the enzyme that partitions
carbon out of the Calvin-Benson cycle, is not clearly understood
(Bahaji et al., 2015). This reaction is reversible but is displaced
from equilibrium (Schnarrenberger and Oeser, 1974; Gerhardt
et al., 1987; Sharkey and Vassey, 1989; Backhausen et al,
1997; Szecowka et al., 2013) indicating that it is kinetically
limited. What is more, a similar degree of disequilibrium is
found at different rates of photosynthesis indicating that it is
regulated (Schleucher et al, 1999). Additionally, it has been
shown that plastidic PGI has a higher K,, for G6P than for
F6P (Schnarrenberger and Oeser, 1974). The cytosolic isoform,
which is involved in sucrose synthesis, has neither of these
characteristics. It is unknown why the plastidic PGI is displaced
from equilibrium and appears to be regulated, despite catalyzing
an easily reversible reaction. We explore the regulation of PGI
using recombinant enzymes and reexamine some previously
held assumptions about PGI regulation. We confirm erythrose
4-phosphate (E4P) as a key regulator, show that the K,
of PGI is dynamically regulated in the dark and light, and
demonstrate that manipulating the regulation of PGI can change
the accumulation of starch.

MATERIALS AND METHODS

Overexpression and Purification of

Recombinant Enzymes

N-terminal His-tagged Arabidopsis thaliana plastidic (with
targeting peptide removed) and cytosolic PGI ¢cDNA sequences
were commercially synthesized by GenScript'. Both constructs
were placed in separate pET1la bacterial expression vectors
(Millipore-Sigma, Burlington, MA, United States) and were
overexpressed in Escherichia coli strain BL21. Cells were
grown at 37°C to an ODggg of 0.6 to 1.0 and induced with
0.5 mM isopropyl B-D-1 thiogalactopyranoside (IPTG) at room
temperature overnight. Cells were centrifuged and resuspended
in lysis buffer (5 mL lysis buffer/g of pellet; 50 mM sodium
phosphate, pH 8.0, 300 mM NaCl) containing 1 mg mL™!
lysozyme, 1 pg mL™! of DNAsel, and Ix protease inhibitor
cocktail (Sigma Aldrich)®. Cells were then lysed by sonication

Uhttps://www.genscript.com
Zhttp://www.sigmaaldrich.com

(Branson Sonifier 250)°. The sonicator was set at 50% duty cycle
and an output level of 1. The cells were sonicated using five
steps where each step consisted of a 15 s pulse followed by 15 s
on ice. The lysate was centrifuged and supernatant collected.
Ni-NTA resin (0.25 volume of lysate; Qiagen)* was added to
the crude lysate with gentle stirring for 1 h. The mixture was
loaded into a column and allowed to settle, then washed with
wash buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl,
10 mM imidazole) until the ODjyg9 of the effluent was less
than 0.05. Protein was eluted with six volumes of elution buffer
(50 mM sodium phosphate pH 8.0, 300 mM NaCl, 250 mM
imidazole) containing 1x protease inhibitor cocktail [Sigma
Aldrich (see text footnote 2)]. The Ni-NTA column purification
was performed in a cold room at 4°C. For all purified proteins,
protein concentration was determined using a Pierce 660 nm
protein assay reagent kit (Thermo Fisher Scientific)® using a
bovine serum albumin standard. Fractions containing >95% of
the protein of interest were combined and concentrated using
Amicon Ultra 0.5 ml centrifugal filters (molecular weight cut off
of 3 kDa). Glycerol was added to the concentrated protein to
obtain a final protein solution with 15% glycerol. The glycerol
stock of the proteins was aliquoted into small volumes, frozen
in liquid nitrogen, and stored at —80°C. Final preparations of
purified protein were run on a 12% SDS-polyacrylamide gel and
stained with Coomassie Blue to check the purity of the enzymes
and concentration was determined as described above. Molecular
weights were estimated from the protein construct using Vector
NTI [Thermo Fisher Scientific (see text footnote 5)].

Coupled Spectrophotometric Assay for

PGl (F6P to G6P Reaction)

The activity of the purified plastidic and cytosolic PGI was studied
using coupled spectrophotometric assays. Concentrations of
G6P and F6P were measured spectrophotometrically using
NADPH-linked assays (Lowry and Passonneau, 1972). All assays
were validated by demonstrating linear product formation,
proportional to the time of the assay and amount of
enzyme added. All coupling enzymes (glucose-6-phosphate
dehydrogenase (G6PDH) for the F6P to G6P direction and
phosphofructokinase for the G6P to F6P direction) were added
in excess so that no change in product formation was seen
when varying the coupling enzyme. PGI assays were done in
50 mM bicine buffer pH 7.8, containing 4.8 mM DTT, 0.6 mM
NADP™, 2 U glucose-6-phosphate dehydrogenase (G6PDH)
(from Leuconostoc mesenteroides Sigma-Aldrich catalog number
(G8529), varying concentrations of F6P as indicated below, and
1.31 ng plastidic or cytosolic PGI. The reaction was:

F6P =2 G6P + NADP" — 6 — phosphogluconate
+NADPH + H*

The concentrations used to study the K, of PGI for F6P
were 0-4.8 mM. Under these conditions, less than 5% of the

3us.vwr.com
*https://www.qiagen.com
“http://www.thermofisher.com
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non-limiting substrate was consumed over the duration of the
assay. The assay mixtures were prepared by adding all the
components except the enzyme. Activity was recorded with a
dual wavelength filter photometer (Sigma ZFP2) as the increase
in absorbance at 334 nm minus absorbance at 405 nm caused
by NADPT reduction to NADPH using an extinction coefficient
of 6190 M~! cm~1. These wavelengths were used because they
correspond to emission wavelengths of the lamp used in the
filter photometer.

Mass Spectrometry Assay for PGl (G6P

to F6P Reaction)

The activity of the purified plastidic and cytosolic PGI in the G6P
to F6P direction was studied using a coupled mass spectrometer
assay. The assay mixture contained 50 mM Tris pH 7.8, 2.5 mM
MgCl,, 1 mM ATP, 5 mM DTT, 0.15 U phosphofructokinase
(from Bacillus stearothermophilus from Sigma Aldrich catalog
number F0137), varying concentrations of G6P from 0 to 3.6 mM,
and 1.6 ng of plastidic or cytosolic PGI.

The reaction was:

G6P = F6P — FBP

The assay mixtures were prepared by adding all the components
except the enzyme. The reaction was initiated upon addition
of the enzyme. After 5 min, the reaction was quenched with
four volumes of 100% ice-cold methanol. The concentration
of fructose-1,6-bisphosphate (FBP) produced was shown to be
linear for up to 10 min. Five nmol of D-[UL-!3C4] FBP was added
as an internal standard for quantification, and the sample was
heated for 5 min at 95°C. Six volumes of 10 mM tributylamine,
pH 5.0, was added and the sample was filtered through a Mini-
UniPrep 0.2 pm Syringeless Filter Device (GE Healthcare Life
Sciences, Whatman). LC/MS-MS was carried out on a Waters
Quattro Premier XE system and was operated in electrospray
negative ion mode with multiple reaction monitoring (Table 1).
The capillary voltage was 2.75 kV; the cone voltage, 50 V; the
extractor voltage, 5 V. The source temperature was 120°C and the
desolvation temperature was 350°C. Gas flow for the desolvation
and cone was set to 800 and 50 L h™!, respectively. MassLynx
software and the Acquity UPLC Console were used to control
the instrument. Samples were passed through an Acquity UPLC
BEH Column (Waters) with a multi-step gradient with eluent A
(10 mM tributylamine with 5% methanol, adjusted to pH 6 with
500 mM acetic acid) and eluent B (methanol): 0-1 min, 95-85%
A; 1-3 min, 85-65% A; 3-3.5 min, 65-40% A; 3.5-4 min, 40-
0% A; 4-8.50 min, 0% A; 8.5-10 min, 100% A. The flow rate
was 0.3 mL min~!. FBP peaks were integrated using QuanLynx

TABLE 1 | Parameters used for detection of fructose bisphosphate (FBP) and the
internal standard with LC/MS/MS.

Metabolite Cone (V) Collision (V) +0 Parent (m/z) Daughter (m/z)
FBP 26 18 339 97
D-[UL-'8Cg] FBP 26 18 345 97

Parameters were optimized using 10 WM standards before analyzing samples.

software and the concentration of the metabolites was quantified
by comparing the peak response to an external calibration curve.

Kinetic Characterization

Enzymes were assayed at varying concentrations of substrate
as described above. The K,, values for plastidic and
cytosolic PGI were determined by fitting the data with
non-linear regression using the Hill function in OriginPro
8.0 (OriginLab Corporation).

Inhibition Studies

Different metabolites of the Calvin-Benson cycle were tested for
their effect on PGI activity. All the metabolites were purchased
from Sigma Aldrich [Sigma Aldrich (see text footnote 2)]. In
metabolite screening assays, metabolites were assayed at a 1:1
molar ratio with the substrate. To determine the K; of PGI
for different metabolites, the assay was carried out in presence
of various concentrations of F6P or G6P and the inhibitory
metabolite. Assay mixtures were prepared as described above. In
inhibition assays, 0-0.98 mM F6P or 0-1.5 mM G6P was used.
The concentration range used to study the K; of PGI for E4P was
0-0.05 mM and that for 6PG was 0-1.5 mM. The mechanism of
inhibition was determined from Hanes-Woolf plots. The K; was
determined from the non-linear least squares fitting of the activity
vs. concentration plot using Solver in Excel using the standard
equation for competitive inhibition as described below:
*
v = % (1)
Kn (1+£)+$

where Vyx is the maximum velocity, S is the substrate
concentration, K, is the Michaelis constant, and K; is the
inhibition constant. For non-competitive inhibition, the equation
below was used.

ViwS/ (14 )
(Km(1+%i)/(1+,<%)+s)

Plant Material

Fresh Spinacia oleracea (So) was purchased at a local market for
use that day. Spinach was either dark or light treated for 1.5 h
before beginning isolation and petioles were kept in water to
prevent wilting.

Arabidopsis thaliana (At) Col-0 was grown in SureMix soil
(Michigan Grower Products, Inc., Galesburg, MI, United States)
in a growth chamber at a 12 h light at 120 umol m~2 s~ 1, 23°C
and 12 h dark at 21°C. Plants were harvested either midday for
light samples or midnight for dark samples.

Nicotiana tabacum seeds were planted in SureMix soil. The
plants were grown in the greenhouse, starting in October 2019
with an average daytime temperature of 27°C and nighttime
temperature of 20°C. Plants were fertilized twice per week with
commercially available Peters 20-20-20 fertilizer (ICL Specialty
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Fertilizers)® at 100 ppm. Experiments were done when plants
were 5-12 weeks old on the fifth to seventh fully expanded leaves.

Chloroplast Isolation

Chloroplasts were isolated using a Percoll gradient (Weise et al.,
2004). Leaves were placed in a chilled blender with grinding
buffer (330 mM mannitol, 50 mM Hepes, pH 7.6, 5 mM MgCl,,
1 mM MnCl,, 1 mM EDTA, 5 mM ascorbic acid, 0.25% BSA),
blended, and then filtered through four layers of cheese cloth.
Filtered liquid was centrifuged, and the pellet was resuspended
in resuspension buffer (330 mM mannitol, 50 mM Hepes, pH
7.6, 5 mM MgCl,, 1 mM MnCl,, 1 mM EDTA, 0.25% BSA).
The resuspended pellet was layered on top of a 20-80% Percoll
gradient which was centrifuged at 1,200 x g for 7 min. The
bottom band in the gradient containing the intact chloroplasts
was collected. One volume of resuspension buffer was added
to the collected chloroplasts and centrifuged at 1,200 x g for
2 min. The pellet was resuspended in 50 L of water and vortexed
to lyse the chloroplasts. One volume of 2x buffer (100 mM
Hepes, pH 7.6, 10 mM MgCly, 2 mM MnCly, 2 mM EDTA,
2 mM EGTA, 60% glycerol, 0.2% Triton X-100, 0.2% PVPP)
was added. Samples were stored at —~80°C until used for further
analysis. Chlorophyll was quantified by lysing 50 WL of purified
chloroplasts by sonication and adding supernatant to 1 mL
of 95% ethanol. ODgs54 was used to calculate the chlorophyll
concentration (Wintermans and DeMots, 1965):

mg Chl = OD*0.0398"0.050 .L 3)

Assays that used isolated chloroplasts were normalized by
amount of chlorophyll added to the assay mixture.

Transient Expression of PGl in

N. tabacum
A fusion gene was generated using the transit peptide of the
Arabidopsis chloroplast PGI1 (At4¢24620). This was determined
by ChloroP’ to be the first 144 bp starting at the ATG codon.
The transit peptide was placed in front of the Arabidopsis
cytosol PGI2 (At5g42740) cDNA with the ATG from the PGI2
sequence omitted, for a total length of 1824 bp. A second
fusion gene was made by placing a YFP gene sequence at the
end of the gene directly before the TGA stop codon. A third
fusion gene was made by placing the YFP gene sequence at the
N-terminus between the transit peptide and the PGI2 ¢cDNA
sequence. These constructs were synthesized by Bio Basic Inc
(Markham, ON, Canada) and placed in the pUC57 plasmid
vector. The construct was then transferred to the pEAQ-HT-
DEST1 destination vector containing the P19 suppressor of
silencing (Sainsbury et al., 2009). The pEAQ-HT-DEST1 vector
constructs were transformed into Agrobacterium strain GV3101
by electroporation. All constructs and transformed E. coli and
Agrobacterium were confirmed with PCR.

Agrobacterium containing the desired construct was grown
in LB media in a 5 mL culture tube at 28°C overnight. The

Shttps://www.icl-sf.com
"http://www.cbs.dtu.dk/services/ChloroP/

next day cells were pelleted by centrifugation at 7,000 x g for
5 min at 20°C and washed twice with infiltration buffer (2 mM
trisodium phosphate, 50 mM MES, 25 mM glucose, 200 mM
acetosyringone). The ODggp was measured and used to calculate
the necessary volume of Agrobacterium to dilute to an ODgpg of
0.05, 0.025, or 0.01 for initial controls and 0.025 for all subsequent
experiments. N. tabacum leaves were gently infiltrated using a
1 mL syringe without a needle according to Batoko et al. (2000).
All experiments, except for initial controls, were done at 2 days
post-infiltration.

Localization of Retargeted PGl

Protein transient expression was performed using 4-week-
old N. tabacum plants and Agrobacterium tumefaciens (strain
GV3101) with an ODggg of 0.05. Both N-terminal and C-terminal
YFP fusion constructs were used.

Confocal images were acquired using an inverted laser
scanning confocal microscope, Nikon A1RSi, on tobacco leaf
epidermal cells, 2 days post-infiltration. Images were acquired
using a 60X oil XS DIC N2 objective. YFP was excited by
the 514 nm line of an argon ion laser and emission collected
at 530-560 nm. Chlorophyll autofluorescence was excited with
the 647 nm line and emission was collected at 680-750 nm
(Mehrshahi et al., 2013).

Starch Time Course
Nicotiana tabacum leaves were infiltrated as described above.
Starting 48 h post-infiltration, leaf punches were collected at 4:40
PM (+10:40 h after lights on), 10:00 PM (lights off), 12:40 PM
(+ 2:40 h after lights off), 3:20 AM (+5:20 h after lights off),
6:00 AM (lights on), and 11:20 AM (+5:20 h after lights on).
These times corresponded with lights on, lights off, and two
points evenly spaced in between each change in light conditions.
Samples were collected in 2 mL pre-weighed microcentrifuge
tubes, frozen immediately in liquid nitrogen, and stored at
—80°C. Fresh weight was determined before any further analysis.
Frozen plant material was ground using a ball mill (Retsch)®
and was suspended in ice-cold 3.5% perchloric acid solution
(50% w/v of plant tissue), homogenized, and incubated on ice
for 5 min. Samples were then centrifuged at 28,000 x g for
10 min at 4°C. The pellet was washed twice with both 80%
ethanol and deionized water and then dried in a Savant AES
1010 SpeedVac [Thermo Fisher Scientific (see text footnote 5)]
for 15 min to remove any remaining ethanol. The dried pellet was
resuspended in 500 L of 0.2 M KOH and incubated at 95°C for
30 min to gelatinize the starch. Acetic acid was added to a final
concentration of approximately 150 mM to bring the solution to
a pH of 5. Fifty U of a-amylase and 0.2 U of amyloglucosidase
were added to the sample. The starch solution was incubated for
2 days at room temperature on a shaker to convert the starch
to glucose. Two hundred pwL of an assay mixture of 110 mM
HEPES, 500 nmol NADP™, 500 nmol ATP, and 0.4 U G6PDH was
added to wells in an assay plate. Twenty L of the digested starch
sample was added to each well and was measured at 340 nm

Shttps://www.retsch.com
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on a FilterMax F5 Plate Reader (Molecular Devices)’ until a
stable baseline was obtained. A starting OD349 was measured.
One U of hexokinase was added to each well, quickly shaken,
and monitored at 340 nm until the reaction was completed. An
endpoint OD349 was measured and starch (glucose equivalents)
was determined using the AOD.

Significance of linearity for starch degradation at night was
determined by linear regression statistics in OriginPro 8.0
(OriginLab Corporation).

RESULTS

Plastidic and Cytosolic PGl Have

Different Kinetic Properties

Purified Arabidopsis plastid and cytosolic PGI, produced as
described above, had specific activities of 787 jumol mg ™! protein
min~! for plastidic PGI and 1522 jtmol mg~! protein min~! for
cytosolic PGI. Table 2 shows the K,, (for both F6P and G6P)
of plastidic and cytosolic PGI (Supplementary Figure 2). For
plastidic AtPGI, the Ky, for G6P was ~2.9-fold higher than that
for F6P. The K,,’s for F6P and G6P of the cytosolic enzyme were
the same. We did not calculate the V,,,,, value of G6P and F6P for
both isoforms since initial results did not conform to the Haldane
relation (Alberty, 1953):

kcat réP—>G6P  km GeP— F6P

K= (4)

keat Fép—GeP  km GeP— F6P

Therefore, we concluded that the measured Vi, was not
reliable, either due to differences in methodology for measuring
G6P or F6P kinetics or storage in the freezer. Using the
determined K4 of 3.70 (Dyson and Noltmann, 1968), we can

calculate that the ratio of keat FoP— G6P /. is 1.65 for the
T cat G6P— F6P X

plastidic isoform and 4.75 for the cytosolic isoform. DTT did not

significantly influence the specific activity of plastidic or cytosolic

AtPGI (Supplementary Figure 3).

“https://moleculardevices.com

TABLE 2 | Kinetic constants and inhibition constants for plastidic and cytosolic
AtPGI as determined by NADPH:-linked spectrophotometric assays and
LC-MS/MS assays.

F6P G6P G6P F6P
Plastidic PGI Cytosolic PGl Plastidic PGl Cytosolic PGl
Km (LM) 73 £ 80 203 + 12 164 + 43 158 £+ 85
E4P K; (uM) 2.3 1.5 6.0 3.7
6PG Ki (LM) 31 106 245 149

Km and kcat were determined by fitting the Michaelis-Menten equation. Data points
used in model fitting were different preparations (n = 3). For inhibition constants,
each number was determined from the fitted curves as described in the methods.
Errors shown are SD, (n = 3). Sum of least-squares for inhibition parameters were
determined using Solver in Excel.

Regulation of PGl Activity

Effects of different metabolites on the activity of PGI was
similar for both plastidic and cytosolic AtPGI. Inhibition with
erythrose 4-phosphate (E4P), 3-phosphoglyceric acid (PGA),
dihydroxyacetone phosphate (DHAP), and 6-phosphogluconate
(6PG) were screened (Figure 1). Only E4P and 6PG showed
significant inhibition of PGI activity. Figure 2 shows the activity
of plastidic AtPGI over a range of 6PG and E4P concentrations.
Activity of cytosolic AtPGI was analyzed in a similar manner as
shown for plastidic AtPGI. The calculated K; values of E4P and
6PG are shown in Table 2. The K; values for 6PG were between
31 and 203 pwM, depending on the isoform and substrate. E4P
was shown to be more inhibitory with K;’s between 1.5 and 6 M.
Based on the Hanes-Woolf plots (Supplementary Figure 4), E4P
was shown to be competitive, except above 0.04 mM, with G6P.
6PG was identified as competitive with F6P, except above 1.0 mM,
and non-competitive with G6P.

Plastidic SoPGI activity from chloroplasts from dark-treated
spinach leaves had a higher K,,, for G6P compared to light-treated
chloroplasts (Figure 3). The K,,, of SoPGI for F6P did not change
in the light or dark.

Retargeted Cytosolic AtPGI Localized in
the Chloroplast

We transiently expressed retargeted cytosolic PGI. To confirm
the intracellular location, we added YFP proteins on both
the N-terminus and C-terminus. Tobacco leaf epidermes were
observed by confocal microscopy. YFP fluorescence was seen
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[] Cytosolic PGI
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FIGURE 1 | Comparison of specific activity of plastidic and cytosolic AtPGI
with various metabolites. Each bar represents mean and error bars represent
SD, (n = 3). All metabolites were screened at 1:1 F6P substrate to metabolite.
Data with an asterisk () are significantly different from the control as
determined by Student’s t-test (P < 0.05) (two tailed and assuming unequal
variance). 3PGA, 3-phosphoglyceric acid; E4P, erythrose 4-phosphate; DHAP,
dihydroxyacetone phosphate; 6PG, 6 phosphogluconate.
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FIGURE 2 | Effect of erythrose 4-phosphate (E4P) and 6-phosphogluconate (6PG) on plastidic AtPGI. We measured the effect of E4P (A,B) and 6PG (C,D) on
AtPGI. Different symbols represent different concentrations of inhibitor. PGI was more inhibited by E4P than by 6PG. Lines represent data fit to Eq. 2. F6P, fructose
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in the chloroplast for both the N-terminal and C-terminal
constructs, confirming that our construct of cytosolic AtPGI
targeted to the plastids was in the chloroplast (Figure 4).

After infiltrating N. tabacum with Agrobacterium transformed
with the modified AtPGI construct without the YFP addition,
we collected samples every 24 h for 3 days. Expression of the
construct was highest on the second day after infiltration as
determined by quantitative PCR (Supplementary Figure 5A).
We also found that an Agrobacterium density of 0.025
ODggo resulted in the highest expression of the construct
(Supplementary Figure 5). Photosynthetic assimilation was
~50% of pre-infiltration values (Supplementary Figure 5B).
After 2 days both expression and photosynthesis declined. Based
on this, we used 2 days post-infiltration as the time point for all
future experiments.

Time Course of Starch Accumulation in
N. tabacum Transiently Expressing
Retargeted AtPGI

Starting 48 h after infiltration, we measured starch content in
N. tabacum that transiently expressed either the mislocalized PGI
construct or an empty vector. We found that at the end of day

and end of night, PGI plants had significantly more starch. End-
of-day starch content was approximately 1.65-fold more than
controls while end-of-night starch content was approximately
1.98-fold more than controls (Figure 5A). We found that PGI
plants did not linearly breakdown starch at night (R* = 0.648),
while empty vector plants did (R? = 0.998) (Figure 5B). The
Prob(F) value (likelihood that the regression parameters are zero)
for the linear regression of empty vector plants was 7.64 x 1074
while Prob(F) for PGI plants was 0.20 indicating linearity for
the empty vector plants but not plants expressing retargeted
AtPGI. Daytime synthesis of starch did not increase consistently
throughout the day and was not further analyzed. Plants were
grown in greenhouse conditions and the experiment took place
on a cloudy day. Lights came on in the greenhouse late in the day
(5:00 pm) and caused an increase in light compared to daytime
intensity for the last 5 h of the photoperiod. Therefore, we focused
on end of day, end of night, and night degradation values.

DISCUSSION

Plastidic PGI partitions carbon out of the Calvin-Benson cycle
to starch synthesis, however, it is often assumed that it does
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FIGURE 3 | Comparison of fructose 6-phosphate (F6P) and glucose
6-phosphate (G6P) Ky, in plastidic phosphoglucoisomerase in dark and
light-treated isolated spinach chloroplasts. Each bar represents mean and
error bars represent SE, (n = 3 independent isolations of chloroplasts). The K,
for G6P increased in dark treated compared to light treated isolated
chloroplasts. Bars with an asterisk (*) are significantly different from
corresponding light treated samples as determined by Student’s t-test

(P < 0.05) (two tailed and assuming unequal variance).
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FIGURE 4 | Localization of modified plastid phosphoglucoisomerase (cPGl) to
the chloroplast. Confocal images of Nicotiana tabacum epidermal cell
transiently expressing N- or C-terminal tagged mislocalized PGI. Both
fluorescent fusions localize at the chloroplasts (cyan) as the co-localization

(merge channel) shows with the chloroplast autofluorescence (magenta).
Scale bar 10 pm.

not exhibit control over pathway flux. It is thought that ADP-
glucose pyrophosphorylase (AGPase) exhibits most, if not all,
of regulatory control over the starch synthesis pathway (Preiss
and Sivak, 1998; Tiessen et al., 2002; Ballicora et al., 2004).
Discussion of key enzymes and regulation of starch synthesis and
computational models of starch synthesis often leave out early

steps of the starch synthetic pathway, i.e., PGI and PGM, focusing
instead on formation of ADP-glucose (ADPG) by AGPase and
donation of glucose from ADPG to the growing starch chain
(Preiss and Sivak, 1998; Tetlow et al., 2004; Sonnewald and
Kossmann, 2014; Wu et al., 2014). However, the calculated flux-
control coeflicient for PGI can be 0.35 (Neuhaus and Stitt, 1990).
Additionally, it has been shown that a loss of 50% of plastidic PGI
reduces starch synthesis by 50% while loss of 64% of cytosolic PGI
has a negligible effect on sucrose synthesis, reinforcing the rate-
limiting role of the plastidic isoform (Kruckeberg et al., 1989).
Due to its key role in controlling flux out of the Calvin-Benson
cycle, a more robust understanding of PGI is necessary in order to
understand the regulation of partitioning carbon out of the cycle.

Three Levels of Regulation in Plastidic
PGl

We have used recombinant enzymes to compare the plastidic
isoform of PGI to the cytosolic. We have confirmed that the
plastidic enzyme has a higher K, for G6P than for F6P and
that the cytosolic enzyme has similar K,,’s for G6P and F6P.
This makes it difficult for carbon to reenter the Calvin-Benson
cycle as hexose phosphate. In addition to kinetic regulation, in
the plastid the G6P/F6P ratio at equilibrium has been reported
to be 3.70 at 25°C (Dyson and Noltmann, 1968). However,
measurements from plastidic plant extracts show the ratio of
G6P/F6P in the stroma to be close to 1 (Schnarrenberger and
Oeser, 1974; Gerhardt et al., 1987; Sharkey and Vassey, 1989;
Backhausen et al., 1997; Szecowka et al., 2013). In the cytosol,
the G6P/F6P ratio is 2.4-4.7 (Gerhardt et al., 1987; Sharkey and
Vassey, 1989; Szecowka et al., 2013). Kinetic isotope effects in
starch, but not sucrose, also support the conclusion that plastidic
PGI, but not cytosolic PGI, is unable to maintain equilibrium
(Schleucher et al, 1999). Finally, our work suggests another
mechanism of regulation. Using isolated chloroplasts to examine
the in vivo kinetics of plastidic PGI, we have shown that the K,
of PGI can be dynamically regulated in the dark compared to
the light. This may be due to post-translational modification or
splice variants.

Changes in Plastidic PGl Regulation Can
Manipulate Starch Accumulation and

Degradation

We found that targeting cytosolic PGI to the plastid affects
starch synthesis and degradation. During the day, disruption
of the normal expression of PGI in the plastid causes a ~60%
reduction in starch. This confirms the importance of PGI as
a rate-determining step to partition carbon out of the Calvin-
Benson cycle and also provides new avenues of investigation in
engineering increased yields in crops.

We confirmed that the Ky, for G6P of the plastidic enzyme is
higher than that for F6P. In some cases a chloroplast envelope
G6P transporter can be expressed, including in CAM plants
and in response to a sudden increase in light (Weise et al,
2019). The properties of PGI will direct G6P entering the stroma
toward starch and does not provide an easy route for G6P
entry into the Calvin-Benson cycle. In mutants where GPT2 is
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FIGURE 5 | Starch amounts at end of day and end of night (A) and
degradation of starch (B) in Nicotiana tabacum expressing mislocalized
plastid phosphoglucoisomerase (pPGl). Starch in plants with mislocalized
pPGI was significantly higher than empty vector control plants. Starch
breakdown in empty vector plants was linear through the night, however,
starch breakdown was non-linear in mislocalized pPGlI plants. Each bar or
data point represents mean and error bars represent SE, (n = 5 biological
replicates). Bars or data points with an asterisk (*) are significantly different
from corresponding empty vector samples as determined by Student’s t-test
(P < 0.05) (two tailed and assuming unequal variance). Significance for
linearity was determined by Prob(F) of the linear regressions.

expressed, G6P will enter the stroma but be unable to enter
the Calvin-Benson cycle and will accumulate if starch synthesis
cannot accommodate the influx of G6P. This can increase the

activity of the plastidic GGPDH (Preiser et al., 2019) causing
a G6P shunt that consumes ATP and, in some cases, requires
cyclic electron flow, which compensates the ATP loss in the G6P
shunt (Sharkey and Weise, 2016). This can explain the cyclic
electron flow phenotype of many Calvin-Benson cycle mutants
(Strand et al., 2017).

However, these results also demonstrate the need to consider
other effects of manipulating flux out of the Calvin-Benson
cycle. Targeting cytosolic PGI to chloroplasts, while increasing
daytime starch accumulation, disrupted degradation of starch.
Phosphorolytic starch breakdown results in the production of
GI1P and then G6P from starch and has been shown to be a
significant contribution of carbon to the plastid (Weise et al.,
2006). Mis-expressed PGI could increase degradation of starch by
the phosphorolytic pathway by providing a pathway to enzymatic
reactions that would not normally be available, in addition to the
oxidative pentose phosphate pathway. This indicates that even at
night PGI is an important regulatory point in starch metabolism
and is a rate-limiting step that prevents early starch degradation
through the night. The importance of nighttime activity of PGI
was discussed relative to providing metabolites for the MEP
pathway through the action of the oxidative pentose phosphate
pathway, producing glyceraldehyde 3-phosphate (Bahaji et al.,
2015). Many studies measure starch at end-of-day and end-of-
night to assess effects on starch metabolism [see for example
Scialdone et al. (2013)]. When manipulating partitioning from
the Calvin-Benson cycle, future applications need to consider
long-term consequences of early depletion of starch which may
not be apparent in typical measurements.

E4P Is a Strong Inhibitor of PGI

We previously assumed that PGA is a strong inhibitor of PGI
[e.g., Sharkey and Weise (2016)] based on the report by Dietz
(1985). Surprisingly, we did not observe this to be the case.
Examination of data from Dietz (1985) shows that in PGA
inhibition assays, 6PG was also present in the reaction mixture
at 50 pM. The G6P/F6P disequilibrium in chloroplasts was
proportional to PGA (Dietz, 1985) but PGA was not tested alone
for its effect on PGI. We found that the K; of plastidic PGI for 6PG
with limiting F6P was 31 WM or with limiting G6P was 203 M.
Based on our findings, we propose that PGI is not inhibited by
PGA, and the previously reported inhibition can be explained by
presence of 6PG or E4P. In vivo plastidic concentrations of 6PG
are not known, therefore, the extent of inhibition of PGI in vivo
by 6PG cannot be currently determined.

Phosphoglucoisomerase is inhibited by WM concentrations
of E4P (Grazi et al., 1960; Salas et al., 1964; Backhausen et al.,
1997). E4P may be inhibitory to both isoforms of PGI because it
is a competitive inhibitor and the active sites of both isoforms
may be similar (Backhausen et al., 1997). Presumably there is
no E4P in the cytosol since the cytosol lacks crucial enzymes
in the non-oxidative branch of the pentose phosphate pathway
(Schnarrenberger et al., 1995). Measurements and estimations
of plastidic E4P concentrations in vivo show E4P to be ~17-
20 M (Bassham and Krause, 1969; Heldt et al., 1977; Backhausen
et al., 1997). This is well above the K; of E4P for plastidic PGI.
Backhausen et al. (1997) propose that this regulation is necessary
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in order to keep photosynthetic pool sizes stable during changes
in light intensity.

In addition to stabilizing the Calvin-Benson cycle, we
propose that inhibition of PGI by E4P can provide insight
into the phenomenon of reverse sensitivity to CO, and
O, of photosynthetic CO, assimilation rate. This somewhat
common behavior in leaves in high light and high CO, can be
explained in part by direct usage of glycine and serine from
the photorespiratory pathway (Busch et al,, 2018; Harley and
Sharkey, 1991). However, in many cases the reverse sensitivity
is greater than can be accounted for by this mechanism and is
caused by a reduction in starch synthesis as reported by Sharkey
and Vassey (1989). They proposed this was an effect of PGA
inhibition of PGI, but because we did not find PGA to be
inhibitory, we now suggest that the decrease in starch synthesis
is due to an increase in E4P concentration (or possibly 6PG). On
the other hand, Backhausen et al. (1997) found some inhibition
of PGI by PGA but still they concluded that E4P was of particular
interest in explaining control of PGI activity. It is possible that
the degree of PGA inhibition of PGI is species-dependent but
all available information clearly supports E4P as a powerful
regulator of PGL

Erythrose 4-phosphate inhibition of PGI may also explain
some of the effects of sedoheptulose-1,7-bisphosphatase (SBPase)
manipulation. SBPase is part of the Calvin-Benson cycle and
converts sedoheptulose-1,7-bisphosphate to sedoheptulose 7-
phosphate. It has been shown that overexpression of SBPase
increases photosynthetic capacity and biomass (Miyagawa et al,,
2001; Lefebvre et al., 2005; Rosenthal et al., 2011; Ogawa et al,,
2015). Increased in SBPase activity would pull carbon forward
in the Calvin-Benson cycle, reducing E4P levels. This would
decrease PGI inhibition and partition more carbon toward
starch synthesis. Conversely, reductions in SBPase decrease
carbohydrates and total biomass (Harrison et al., 1998, 2001;
Lawson et al., 2006). In this case, E4P may accumulate, decreasing
PGI activity and the ability to partition carbon to starch.
Decreased capability to synthesize starch has also been shown
to decrease long-term triose phosphate usage capacity, reduce
rubisco capacity, and limit RuBP regeneration (Yang et al., 2016).

CONCLUSION

Redirection of carbon flux in chloroplasts to cause accumulation
of a desired product is a common biotechnology goal. We
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Chloroplasts, the sites of photosynthesis in higher plants, have evolved several means
to tolerate short episodes of drought stress through biosynthesis of diverse metabolites
essential for plant function, but these become ineffective when the duration of the stress
is prolonged. Cyanobacteria are the closest bacterial homologs of plastids with two
photosystems to perform photosynthesis and to evolve oxygen as a byproduct. The
presence of Flv genes encoding flavodiiron proteins has been shown to enhance stress
tolerance in cyanobacteria. In an attempt to support the growth of plants exposed to
drought, the Synechocystis genes FIv1 and FIv3 were expressed in barley with their
products being targeted to the chloroplasts. The heterologous expression of both Fiv7
and FIv3 accelerated days to heading, increased biomass, promoted the number of
spikes and grains per plant, and improved the total grain weight per plant of transgenic
lines exposed to drought. Improved growth correlated with enhanced availability of
soluble sugars, a higher turnover of amino acids and the accumulation of lower levels
of proline in the leaf. Fliv1 and FIv3 maintained the energy status of the leaves in the
stressed plants by converting sucrose to glucose and fructose, immediate precursors
for energy production to support plant growth under drought. The results suggest that
sugars and amino acids play a fundamental role in the maintenance of the energy
status and metabolic activity to ensure growth and survival under stress conditions,
that is, water limitation in this particular case. Engineering chloroplasts by Flv genes into
the plant genome, therefore, has the potential to improve plant productivity wherever
drought stress represents a significant production constraint.

Keywords: biomass, Hordeum vulgare L., metabolites, photosynthesis, plastid biotechnology, yield

INTRODUCTION

Drought poses a major constraint over crop productivity, both directly and through its aggravation
of the impact of other stress factors (Wang et al, 2011; Gomez et al., 2019). Biochemical
mechanisms of drought stress response have been presented to explain the carbon catabolite
changes on primary metabolites utilization (Fabregas and Fernie, 2019) and secondary metabolite
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production (Hodaei et al., 2018). In general, plants respond to
water restriction by closing their stomata, which in turn decreases
the supply of the CO; needed for carbon assimilation via the
Calvin-Benson cycle (CBC) and ultimately, starch synthesis
(Lawlor and Tezara, 2009). A limitation in carbon assimilation
results in down-regulation of carbohydrate metabolism, which
serves as an immediate precursor for the production of e.g.,
amino acids and/or energy donors such as nucleotides. Thus, the
balancing of biochemical processes, especially carbohydrate and
nitrogen metabolisms and the concomitant pathways including
glycolysis and the TCA cycle during stress is of great importance
for plants to tolerate adverse conditions. Knowledge gained on
the nature of plant stress responses allowed the development
of various experimental strategies to improve drought tolerance
(Pires et al., 2016; Fabregas et al., 2018).

Limitations in the fixation of atmospheric CO;, whether
caused by internal or external factors, will result in over-
reduction of the photosynthetic electron transport chain (PETC)
in chloroplasts, leading to inhibition of both PSI and PSII
activities (Haupt-Herting and Fock, 2002). Once the availability
of terminal electron acceptors becomes limiting, the PETC
begins to leak electrons, resulting in the reduction of oxygen
to detrimental compounds such as peroxides, superoxide and
hydroxyl radicals, commonly classified as reactive oxygen species
(ROS; Takagi et al., 2016). The photorespiratory pathway
of C3 plants represents a major sink for electrons under
conditions of either limited CO, availability or drought
stress (Cruz de Carvalho, 2008). Also, the plastid terminal
oxidase (PTOX) can extract electrons from plastoquinone
(PQ), which are used to reduce oxygen to water, thereby
maintaining the oxidation status of PSII during stress episodes
(Sun and Wen, 2011).

To overcome the restriction of photosynthesis and thus
the limitation of carbohydrate and metabolite production for
better growth, we have been pursuing an alternative strategy
by expressing specific cyanobacterial electron shuttles in
chloroplasts (Tognetti et al., 2006; Zurbriggen et al, 2009).
This strategy has never been employed to the important crop
plant barley so that the proof of concept is a straightforward
step towards sustainable food security. Among alternative
electron sinks, flavodiiron proteins (Flvs) represent a class
of electron carriers able to reduce oxygen directly to water
without ROS formation (Saraiva et al, 2004). Flavodiiron
proteins have been found in many prokaryotic species
(Wasserfallen et al., 1998) as well as in anaerobic protozoa,
green algae, and most plant lineages, with the major exception
being angiosperms (Zhang et al., 2009; Peltier et al,, 2010;
Allahverdiyeva et al., 2015b).

In photosynthetic organisms, Flvs protect against
photoinhibition by reducing oxygen in the non-heme diiron
active site of their metallolactamase-like domain. The flavin
mononucleotide (FMN) present in the C-terminal flavodoxin-
like domain acts as a co-factor for this reaction, enabling
electron transfer to the Fe-Fe center (Silaghi-Dumitrescu
et al., 2005). The genome of the cyanobacterium Synechocystis
sp. PCC 6803 (hereafter Synechocystis) encodes four distinct
Flvs, Flvl through Flv4 (Allahverdiyeva et al., 2011). Flvl and

Flv3 may form part of a single operon or be interspersed
with 1-5 open reading frames (ORFs), whereas Flv2 and Flv4
are organized as an Flv4-ORF-Flv2 operon. Flvl and Flv3
have been proposed to form a heterodimer able to protect
PSI under fluctuating light conditions by preventing the
accumulation of ROS at the level of PSI (Helman et al., 2003;
Allahverdiyeva et al.,, 2013, 2015a; Sétif et al., 2020). Flvs can
mediate Mehler-like reactions and therefore complement
cyclic electron transfer pathways in relieving the excess of
excitation energy on the PETC (Dang et al.,, 2014; Gerotto et al.,
2016), a phenomenon recently also observed in Arabidopsis
thaliana plants expressing the Flvl/Flv3 orthologues from
the moss Physcomitrella patens (Yamamoto et al, 2016).
When Goémez et al. (2018) introduced the Synechocystis
Flvl/Flv3 genes into tobacco, the proton motive force of
dark-adapted leaves was enhanced, while the chloroplasts’
photosynthetic performance under steady-state illumination
remained comparable to that of wild-type (WT) siblings.
The heterologous expression of P. patens Flyl and Flv3 in
two rice mutants defective in cyclic electron transport was
shown to restore biomass accumulation to WT levels (Wada
et al., 2018). Recently, we demonstrated that the co-expression
of Synechocystis Flvl and Flv3 in A. thaliana enhanced the
efficiency of light utilization, boosting the plant’s capacity to
accumulate biomass as the growth light intensity was raised
(Tula et al., 2020).

Plants expressing Flvl and Flv3 have been assayed for their
photosynthetic performance and light responses (Yamamoto
et al, 2016; Gémez et al, 2018; Wada et al, 2018; Tula
et al, 2020), but the effects of this additional chloroplast
electron sink on stress tolerance and yield were not reported.
The present study, therefore, aimed to create for the first
time an additional dissipating electron sink downstream of
PSI in the chloroplasts of barley, achieved by co-expressing
Synechocystis Flvl and Flv3, and to determine the benefits
that the presence of such transgenes could bring to the plant
response to drought stress with respect to the production
of carbohydrates and accompanying intermediates. Barley is
the fourth most important cereal as a source for food
and fodder and considered a model crop to investigate the
influence of Flvl and Flv3 expression on productivity traits
such as biomass and yield. The focus was to investigate
whether metabolic activity through photosynthesis can improve
drought stress tolerance, thereby supporting the growth of
plants exposed to this commonly occurring constraint over
crop productivity.

MATERIALS AND METHODS

Barley Transformation and Growth

The methods used to transform barley followed those reported
by Marthe et al. (2015). Briefly, the Synechocystis Flvl and
Flv3 genes were PCR-amplified, integrated into the pUBI-AB-
M plasmid and subsequently cloned via the Sfil restriction
sites into the binary vector p6i-2x35S-TE9 (Figure 1A), This
generic vector harbors hygromycin phosphotransferase (hpt) as a
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FIGURE 1 | Expression of cyanobacterial Flv1-FIv3 genes in barley plants. (A) Schematic representation of the p6i-2x35S-TE9 binary vector used to clone Fiv1 and
FIv3 genes. The vector harbors the hpt plant selectable marker gene containing the potato LS1 intron and driven by a double-enhanced CaMV 35S promoter
(Pd35S) and terminator (T35S) as well as the Sm/Sp bacterial selection marker gene. A sequence encoding the chloroplast-targeting FNR transit peptide (TP) was
fused in-frame to the &'-termini of Fiv1 and Fiv3 coding regions and placed under the control of the maize Ubi-1 promoter with its 5'-untranslated regions and the
first intron (PUbi-1) and the nos terminator (TNOS) between T-DNA borders (LB and RB) derived from the p6i plasmid. (B) Determination of the copy number of
individual Flv genes harbored by transgenic barley plants, as estimated using quantitative real-time PCR. T1 plants containing a single-locus of Flv1 and FIv3 (black
bars) which could be identified by a 3:1 presence/absence were chosen as progenitors of the subsequently analyzed transgenic plants. WT barley represented the
negative control and two plants (€01, e02) known to harbor one and two copies of the hpt gene, respectively, as positive controls. (C) Determination of Flv transcript
levels in leaves from transgenic barley lines L1, L2, and L3 co-expressing FIv1 and FIv3 genes. Data are shown in the form of means + SE (n = 3). Single-locus Tz

homozygotes displaying similar expression levels were inter-crossed (44 x 211, 67 x 207, and 5 x 206) by two rounds of self-pollination to produce

double-homozygous L1, L2, and L3 plants, respectively.

plant selectable marker gene containing the potato LSI intron
and driven by a doubled-enhanced Cauliflower Mosaic Virus
(CaMV) 35S promoter, the Sm/Sp (Streptomycin/Spectinomycin)
bacterial selection marker gene and T-DNA borders derived from
the p6i plasmid (DNA-Cloning-Service, Hamburg, Germany).
Each Flv gene was placed between the maize Polyubiquitin-1
promoter including 5 -untranslated region and first intron and
the Agrobacterium tumefaciens nos terminator, with its coding
region being fused in-frame at its 5'-end to a DNA fragment
encoding the pea ferredoxin-NADP™ reductase (FNR) transit
peptide for chloroplast targeting. The individual constructs
harboring either Flvl or Flv3 were transformed into the
barley cultivar “Golden Promise” using A. tumefaciens AGL-1
(a hypervirulent succinamopine strain with C58 background)
by electroporation. Putative transgenic calli were kept for
12 h at 24°C in the light (mean relative humidity 50%)

and for additional 12 h at 18°C in the dark (mean relative
humidity 80%) until the formation of plantlets following shoot
and root development. Thereafter, plantlets were transferred
to soil and maintained at 80% humidity for 7-10 days
by covering with a plastic hood. Plants were grown in a
greenhouse providing a 12-h photoperiod at 250 pwmol photons
m~2 57! and a day/night temperature of 16°C/12°C (ambient
conditions) until maturity, and grains were harvested for
further experiments.

T, generation grains were sown in 96-well trays containing
substrate 2 (Klasmann-Deilmann GmbH, Geeste, Germany),
compost and sand (2:2:1), held at 4°C for 14 days, then exposed
to a 16-h photoperiod at a day/night temperature of 18°C/12°C.
Seedlings at the four-leaf stage were potted into a 3:2:1 compost,
vermiculite and sand mixture and grown to maturity in a
greenhouse under ambient conditions.
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Transgene Copy Number Determination

An estimate of the number of Flv transgene copies present in
leaves of barley T individuals was obtained using a quantitative
real-time PCR assay as described by Song et al. (2002) and
Kovalchuk et al. (2013). Briefly, DNA was extracted from the
second leaf of each plant following the method of Saghai-Maroof
et al. (1984) and was serially diluted in sterile deionized water
to give solutions containing between 12.5 and 200 ng pL~!
DNA. For the calculation of transgene copy number from
unknown DNA samples, a serial dilution (400, 200, 100, 50,
and 25 ng) of genomic DNA extracted from an available plant
known to contain 1-2 copies of the hpt gene was used as
the target sequence. Primers and PCR conditions are listed in
Supplementary Table 1. For template loading normalization,
the PCR reactions included a dual-labeled sequence 5-CAL
fluor Gold 540-ATGGTGGAAGGGCGGCTGTGABHQI1 as a
probe complementary to a portion of the barley orthologue
of the wheat Pin-b gene (Kovalchuk et al., 2013). The PCR
efficiency for each primer set was determined from an analysis
of the Ct values obtained from the serial dilution. Transgene
copy numbers were determined by applying the 274 A CT
method (Li et al., 2004; Figure 1B). For each single-locus
transgene construct harboring either Flvl or Flv3, 16 T,
individuals were then self-pollinated. Homozygotes were selected
by segregation analysis as determined by PCR amplification
with primers Flvl F/R and Flv3 F/R given in Supplementary
Table 1. Only those behaving as having a single major gene
(exhibiting a 3:1 segregation) in the T, generation were retained
as illustrated in Supplementary Figure 1. Siblings lacking
Flv fragments, confirmed by PCR amplification, were used as
“azygous” control plants.

To produce double-homozygous plants harboring Flv1/Flv3,
single-locus T, homozygotes (Figure 1B) with nearly the same
expression level were then inter-crossed (44 x 211, 67 x 207
and 5 x 206) to render double-homozygous L1, L2, and L3
plants, respectively after two generations of self-pollination
(Supplementary Figure 2).

Expression Analysis of the Fiv1/Fiv3

Genes

To monitor the expression of the FIvI/FIv3 genes in the
three independent lines L1-L3 (Figure 1C), total RNA was
extracted from young leaves according to Logemann et al.
(1987). RNA was subjected to DNase treatment (Thermo
Fischer Scientific, Dreieich, Germany) and converted to single-
stranded cDNA using a RevertAid first-strand cDNA synthesis
kit (Life Technologies, Darmstadt, Germany) with a template
of 1 pg total RNA and oligo primer. The reaction was run
at 42°C for 60 min. Quantitative reverse transcription-PCR
(qQRT-PCR) was performed in a CFX384 touch real-time system
(Bio-Rad, United States) using the SYBR Green Master Mix
Kit (Bio-Rad, Feldkirchen, Germany). Primers employed to
amplify Flvl (Flvl-RT F/R) and Flv3 (FIv3-RT F/R), along
with those amplifying the reference sequence gene ubiquitin-
conjugating enzyme 2 (E2 F/R), that was stably expressed
under the experimental conditions tested for barley, are listed

in Supplementary Table 1. Relative transcript abundances
were determined using the Schmittgen and Livak (2008)
method. Each qRT-PCR result relied upon three biological
replicates per line, each of which being represented by three
technical replicates.

Quantifying the Barley Response to

Drought Stress

A representative set of barley plants harboring FlvI/Flv3
transgenes (L1-L3) were selected along with sibling azygous
plants. A set of 24 plants of each of the Flvl/Flv3 transgenic
lines (F3), non-transgenic barley cultivar “Golden Promise”
(referred as WT) and azygous controls were grown for 28 days
under a well-watered regime in a chamber providing ambient
conditions. Twelve of the seedlings were then transferred into
5-cm pots with 50 g of soil (one seedling per pot) for the
drought stress treatment at the vegetative stage and were allowed
to recover for 3 days after being transferred. The other 12
seedlings were planted in larger pots (20-cm diameter and 200 g
of soil, one seedling per pot) to assess the effect of stress at the
reproductive stage. For the stress experiment at the seedling stage,
six plants were kept under well-watered, ambient conditions,
maintaining a soil moisture level of 65-70% of field capacity
(FC; Supplementary Figure 3A). The remaining six plants were
subjected to the drought treatment by withholding water for 3-
4 days until the soil moisture level in the pots falls to 10-12%
FC, and this state was maintained for five days (Supplementary
Figure 3B). Subsequently, the 12 treated plants were transferred
to the glasshouse and grown under well-watered conditions until
maturity (~90 days) to determine growth parameters such as
days to heading.

For the reproductive stage stress experiment, plants were kept
well-watered (65-70% FC) under ambient conditions until the
emergence of the first spike in 90% of the plants. Drought stress
treatment was imposed five days post-anthesis by withholding
water until FC fell to 10-12% and leaf wilting was observed.
Thereafter, each pot was given 200 mL water every fourth
day to maintain the soil moisture level at 10-12% FC over
21 days. Control plants (n = 6) were kept fully watered
throughout. Flag leaves were collected 10 days after stress had
been initiated, and the fresh weight (FW) of each leaf was
measured immediately before it was placed into a collection
tube. The relative water content (RWC) was calculated using
six individuals each of WT and transgenic plants applying
the following equation: RWC (%) = [(FW - DW)/(TW -
DW)] x 100, where FW is the fresh weight at harvest time,
TW is the total weight at maximal turgor estimated after 24 h
of imbibition, and DW is the dry weight after 48 h at 85°C
(Marchetti Cintia et al., 2019).

Phenotypic Effects of Drought

The effect of drought stress on barley plants was assessed by
measuring the following traits: days to heading, defined as the
number of days from sowing to the time when 50% of the
spikes had emerged from the flag leaf sheath, using Zadoks
scale 55 (Zadoks et al.,, 1974); plant height (the height from
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the soil surface to the tip of the longest spike, excluding awns);
above-ground plant biomass at maturity measured after the
plants had been oven-dried at 60°C for 72 h; the number of spikes
produced per plant; the grain number per plant and the total
grain weight per plant (g). The latter two traits were quantified
using a Marvin-universal seed analyser (GTA Sensorik GmbH,
Neubrandenburg, Germany).

Metabolite Measurements

Flag leaves of two spikes per plant (n = 6) with the same
developmental stage (head emergence) were sampled when a
completed leaf rolling as the primary visible symptom of drought
stress occurred. The leaves were pooled, grinded and 50 mg of
each sample were used for the measurement of the metabolites in
WT, azygous and transgenic L1-L3 individuals. The contents of
amino acids, including the stress marker proline, were quantified
as described by Mayta et al. (2018), whereas extraction and
analysis of soluble sugars were essentially performed according
to Ahkami et al. (2013).

Adenine nucleotides were quantified employing a UPLC-
based method developed from that described by Haink and
Deussen (2003). Prior to the separation step, a 50-pL aliquot
of the sample and a mixture of ATP, ADP, and AMP
were derivatized by the addition of 25 pL of 10% (v/v)
chloracetaldehyde and 425 pwL of 62 mM sodium citrate/76 mM
KH,POy4, pH 5.2, followed by a 40-min incubation at 80°C,
cooling on ice, and centrifugation at 20,000 g for 1 min.
The separation was achieved using an ultra-pressure reversed-
phase chromatography system (AcQuity H-Class, Waters GmbH,
Eschborn, Germany) consisting of a quaternary solvent manager,
a sample manager-FTN, a column manager and a fluorescent
detector (PDA ek Detector). The gradient was established
using eluents A (TBAS/KH,POy: 5.7 mM tetrabutylammonium
bisulfate/30.5 mM KH,POy4, pH 5.8) and B (a 2:1 mixture
of acetonitrile and TBAS/KH,PQy); the Roti C Solv HPLC
reagents were purchased from Roth (Karlsruhe, Germany).
The 1.8-pm, 2.1 mm x 50 mm separation column was a
Luna Omega C18, (Phenomenex, Aschaffenburg, Germany).
The column was pre-equilibrated for at least 30 min in
a 9:1 mixture of eluents A and B. During the first two
min of the run, the column contained 9:1 A:B, changed
thereafter to 2:3 A:B for 2 min followed by a change to
1:9 A:B for 1 min and set to initial values of 9:1 A:B for
2 min. The flow rate was 0.5 mL min~' and the column
temperature was maintained at 45°C. The excitation and
emission wavelengths were 280 and 410 nm, respectively.
Chromatograms were integrated using Empower Pro software
(Waters, Eschborn, Germany). Energy charge was calculated
from the expression ([ATP] + 0.5 [ADP])/([ATP] + [ADP] +
[AMP]) (Atkinson and Walton, 1967).

Statistical Analyses

Descriptive statistics (means and SE) and data analysis were
carried out using SigmaPlot (Systat Software, San Jose, CA,
United States). The Student’s ¢-test was applied for evaluating
statistically significant differences between means of individual
transgenic lines versus the wild-type.

RESULTS

Flv Expression Influences Plant Growth
Under Drought Stress at the Seedling
Stage

Homozygous plants containing a single copy of the transgenes
and co-expressing high levels of Flvl and Flv3 (L1-L3) were
used to assess drought tolerance (Figure 1). When grown
under ambient conditions, FlvI/Flv3-expressing plants were
taller than their WT and azygous siblings (Figure 2A and
Supplementary Figure 3A), without significant differences in
aboveground biomass dry weight (Figure 2B). Height differences
between WT and transgenic plants were maintained under
drought stress applied at the seedling stage (Figure 2A and
Supplementary Figure 3B). The treatment caused a major
decrease (up to 40%) of total biomass in non-transformed and
azygous plants, which was reduced to less than 10% in their
transgenic siblings (Figure 2B). Compared to WT plants, up to
1.5-fold, more biomass was accumulated by Flv1/Flv3-expressing
lines under drought (Figure 2B). In the absence of stress,
Flv1/Flv3 transgenic plants generally reached heading 2-3 days
sooner than non-transformed and azygous counterparts, with
these differences becoming more pronounced (5-7 days) under
drought (Figure 2C).

Plants expressing both transgenes were the least compromised
by drought stress with respect to the number of spikes produced
(Figure 2D). Compared to WT and azygous plants, there was
also significant preservation in the number of grains set per
plant by drought-challenged Flv1/Flv3 transgenic lines. The stress
treatment decreased grain number by as much as 4-fold in WT
and azygous plants while the three transgenic lines displayed less
than 20% reduction (Figure 2E), setting at least 3.7-fold more
grain than their non-transgenic controls in drought-stressed
conditions (Figure 2E). A similar trend was observed for the
total grain weight per plant, which was reduced up to 3-fold in
WT and azygous plants upon drought stress, but only up to 30%
in the transformants (Figure 2F). Indeed, the total grain weight
per plant of Flvl/FIv3 transgenic plants from lines L2 and L3
appeared not to be affected by the adverse condition. The total
grain weight per plant was up to 3-fold higher in the Flv1/FIv3-
expressing lines subjected to drought stress than that achieved by
the non-transgenic plants (Figure 2F).

Flv Expression Influences Plant
Performance Under Drought Stress at

the Reproductive Stage

The increased height of the Flv1/Flv3 transgenic plants under
non-stressed conditions was maintained as plants entered the
reproductive stage (Figure 3A). While the RWC measured
at this stage decreased upon drought stress, it did not differ
significantly between WT and transgenic plants grown under
ambient conditions (about 78%) nor in plants exposed to drought
stress (about 47%). The height increase driven by Flvi/Flv3
presence was lost upon drought exposure at the reproductive
stage (Figure 3A). In contrast, drought-dependent reduction in
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FIGURE 2 | Effect of heterologously expressing Flv1/Flv3 genes on productivity-associated traits of barley plants grown either under ambient conditions or exposed
to drought stress for 5 days at the seedling stage. Measurements were carried out at maturity (~90 days). Other experimental details are given in Materials and
Methods. (A) Plant height, (B) total plant biomass, (C) days to heading, (D) the number of spikes per plant, (E) the total number of grains per plant, (F) the total grain
weight per plant. Lines L1-L3 co-express Flv1 and FIv3 genes. Data are shown as means + SE (n = 6). **means differed significantly (P < 0.01) from those of

non-transgenic plants.

aboveground biomass was similar to that observed upon stress
application at the seedling stage and was equally protected by
Flv1/Flv3 (Figure 3B). The imposition of drought stress at the
reproductive stage advanced heading only in line L3 of Flv
transgenic plants by about three days (Figure 3C).

With respect to the number of spikes produced per plant,
the Flv1/Flv3 transgenic plants were notable for the protective
effect exerted under drought, while there was no variation
between lines in the absence of stress (Figure 3D). Drought
also had a devastating effect on yield when applied at the
reproductive stage, but FIvI/Flv3 transgenic plants were able
to set ~2- to 3-fold more grain per plant than their WT
siblings (Figure 3E), and their total grain weight per plant
was 8- to 9.5-fold greater (Figure 3F). Under these conditions,
the total grain weight per plant of lines L2 and L3 were
unaffected by the stress treatment. In summary, expression
of Flv1/Flv3 preserved major productivity traits such as the

number of spikes, grain number and total grain weight
per plant in transgenic barley plants exposed to drought
treatments applied at either the seedling or the reproductive
stages (Figures 2, 3).

Fiv Expression Influences Carbohydrate
Contents and Amino Acid Levels Under
Drought Stress

Under ambient conditions, flag leaf glucose and fructose
were not detectable in control plants used for drought stress
experiments applied at seedling stage or in a low amount at the
reproductive stage, with no significant differences between WT,
azygous and transgenic plants (Figures 4A,B,D,E). Sucrose also
failed to display differences between lines, although their levels
increased ~5-fold in plants challenged at the reproductive stage
(Figures 4C,F).
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Application of the drought treatment at the seedling stage
led to major increases in all soluble sugars, irrespective of
the genotype (Figures 4A-C). Significant differences between
lines became instead apparent when the stress treatment
was assayed at the reproductive stage, with higher leaf
glucose and fructose contents (Figures 4D,E) and lower
sucrose levels in transgenic plants compared to their WT
siblings (Figure 4F).

Flag leaf amino acid contents were not affected by Flv1/Flv3
expression in plants grown under ambient conditions except
for the case of glutamate, whose levels were up to 1.6-
fold higher in the transformants relative to WT counterparts
(Figure 5A and Supplementary Table 2). Drought treatment
had little effect on the amounts of free amino acids in WT
and azygous plants, but for significant increases in glycine and
proline (Figure 5). In contrast, an increased pool of histidine,

asparagine, serine, glutamine, glutamate, asparagine, threonine,
and alanine was observed in FIvI/Flv3 transgenics under stress
conditions (Figures 5A-E and Supplementary Table 2). Leaf
contents of proline increased strongly (up to 60-fold) in drought-
exposed WT and azygous plants, which is in line with its
recognized role as a stress marker. By contrast, proline levels
increased significantly less in stress-treated Flv transformants,
despite their higher proline levels under ambient conditions
(Figure 5F, inset).

Under ambient conditions, the flag leaf contents of free
amino acids increased significantly as the plants entered the
reproductive stage (Figure 6 and Supplementary Table 3),
with no major differences between lines except for proline and
glutamine, which accumulated to lower levels in Flv-expressing
plants (Figures 6B,F). Drought exposure increased the amounts
of several amino acids (most conspicuously proline) in WT
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and azygous plants, (Figure 6 and Supplementary Table 3).
Noteworthy, the stress condition did not affect the amounts of
specific amino acids derived from the glycolytic metabolism,
such as glutamate, glutamine, asparagine, aspartate, and serine
(Figures 6A-E), as well as glycine and threonine (Supplementary
Table 3) in leaves of the Flv transformants. Proline levels were
up-regulated by drought in FlvI/Flv3 plants, but significantly
less than in their WT and azygous counterparts (Figure 6F).
No clear differences were observed for other amino acids
following exposure to drought as compared to non-stressed
plants (Supplementary Table 3).

Flv Expression Influences the Energy

Status of Drought-Stressed Barley Plants

At the seedling stage, ATP and ADP contents were similar
in leaves from WT, azygous and transgenic plants under
ambient conditions while there was a decrease of AMP levels
up to 1.7-fold in Flv-expressing lines compared to WT and

azygous siblings (Supplementary Figures 4A-C). The contents
of all adenylates strongly increased in drought-stressed WT
and azygous plants and the transgenic line L1, whereas lines
L2 and L3 maintained ATP and ADP at ambient levels
(Supplementary Figures 4A-C).

Upon reaching the reproductive stage, adenylate contents
increased 3- to 8-fold in WT and azygous plants under
ambient conditions, but significantly less in the transformants
(Supplementary Figures 4D-F). Accordingly, adenine
nucleotide levels were as much as 3-fold (AMP), 1.8-fold (ADP),
and 2.1-fold (ATP) lower in the leaves of Flv-expressing plants
compared to WT and azygous counterparts (Supplementary
Figures 4D-F). Drought stress, in turn, led to a moderate
decline in adenylate contents (especially ADP and AMP) in WT
and azygous plants but increased those of Flv transformants,
resulting in similar levels for the three nucleotides in all lines
(Supplementary Figures 4D-F).

As a consequence of these effects of Flvl/Flv3 expression
on adenylate levels, the ATP/ADP ratio and the energy
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charge were largely similar between lines under both ambient
and drought conditions applied at either the seedling or
reproductive stages, with only a few exceptions illustrated in
Supplementary Figure 5.

DISCUSSION

This is the first study to show that the introduction of the
cyanobacterial FIvl and Flv3 gene products into the chloroplast
improves the productivity of barley under drought through
maintenance of metabolic activity and increasing carbohydrate
and amino acid utilization.

The Heterologous Expression of
Flv1/FIv3 in Barley Improves Plant
Productivity Under Drought Stress

Crops frequently encounter drought as transient or terminal
stress (Alegre, 2004) and indeed, terminal-drought stress is the
most serious constraint to cereal production worldwide (Lonbani
and Arzani, 2011). Plant survival under these unfavorable
conditions depends on their duration and intensity. When
exposed to moderate stress, plants survive by adaptation or
acclimation strategies and by repair mechanisms. To cope with
chronic drought conditions causing severe damage or death,
they evolve resistance mechanisms further classified into drought
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means differed significantly (P < 0.01 and P < 0.05, respectively) from those of

avoidance and drought tolerance (Price et al., 2002). A typical
response of cereals such as barley to drought or high-temperature
stress is to slow down their vegetative growth, followed by
progressive leaf wilting if the adverse condition is prolonged.
When these stresses occur around anthesis, the plant response
may include premature leaf senescence, which results in a decline
in photosynthesis and assimilates production as well as an
acceleration of physiological maturation (Gan, 2003). Drought
stress diminished grain yield by reducing the number of tillers,
grains and spikes per plant and individual grain weight in barley
(Farooq et al., 2009). Here, when barley plants were exposed
to drought at the seedling stage, the heterologous expression
of Flv1/Flv3 resulted in the acceleration of heading time and
flowering (Figure 2C). For such plants, one likely consequence

is that they are less prone to experience terminal drought
stress because they earlier reach maturity. The presence of the
Flv1/Flv3 transgenes was thus associated with the production of
more spikes and a significantly higher grain number and yield
under drought stress conditions applied at both the seedling and
reproductive stages (Figures 2, 3).

Under conditions of drought stress, the barley Flvi/Flv3
transgenic plants out-performed their non-transgenic controls
in the accumulation of aboveground biomass, the number of
grains set and the total grain weight per plant (Figures 2, 3).
These observations suggest that heterodimeric Flvs are also
functional in a monocotyledonous species, acting to maintain
growth in a situation where surplus electrons are produced.
Additional support for this contention is also provided by the
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necessary to support the growth of plants exposed to stress. PQ, plastoquinone; Cytb6/f, cytochrome bg/f complex; PC, plastocyanin; FD, ferredoxin; FNR,

reduced accumulation of proline (a marker of drought stress,
see Szabados and Savouré, 2010) in leaves of the transgenic
plants (Figures 5, 6).

The Heterologous Expression of
FIv1/FIv3 Resulted in a Distinct
Response of Carbohydrates, Amino
Acids and Energy Status at Various
Developmental Stages in
Drought-Stressed Barley Plants

Drought stress suppresses the production of carbohydrates either
by restricting CO; fixation following to stomatal closure (Quick
et al., 1992; Brestic et al., 1995) or via limiting the supply of ATP

as a result of inhibition of ATP synthase (Tezara et al.,, 1999).
Sucrose synthesized during photosynthesis represents the major
feedstock for starch production (Counce and Gravois, 2006), but
in drought-stressed plants it also acts as an osmolyte, helping
to maintain turgor pressure and to mitigate membrane damage
(Couée et al., 2006).

The response of plants with respect to sugar accumulation
under drought conditions depends on the species and even
on the intraspecific lines within a given species, as reported
for wheat by Guo et al. (2018). The comparison of drought-
sensitive and -tolerant wheat varieties revealed that soluble sugars
such as sucrose or fructose displayed opposite stress behavior,
that is, they are reduced in the sensitive and increased in
the tolerant plants under drought (Guo et al, 2018). In the
present study, drought treatments applied at either the vegetative
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or reproductive stages resulted in a strong accumulation of
soluble sugars including glucose, fructose and sucrose in WT and
transgenic plants (Figure 4). This indicates that these metabolites
play important roles in the delivery of assimilates to sink organs
for further growth (Fabregas and Fernie, 2019, and references
therein) or as osmoprotectants (Singh et al., 2015), and as such
are highly sensitive markers of environmental adversities. Sugar
accumulation is a general response to drought stress in different
plant species, as demonstrated in the current study and several
other reports (Singh et al., 2015; Das et al., 2017; Fabregas et al.,
2018; Fabregas and Fernie, 2019). Remarkably, transgenic lines
expressing FIvI/Flv3 genes exhibited even higher glucose and
fructose contents and a slightly lower sucrose content compared
to WT and azygous plants under drought conditions (Figure 5),
suggesting a higher activity of downstream pathways including
glycolysis to keep pace with the environmental changes.

Improved metabolic activity exerted by chloroplast-expressed
Flv1/Flv3 is also reflected by the differential drought response of
amino acid turnover. A schematic model describing metabolic
fluxes in WT and Flvl/Flv3-transgenic plants is shown in
Figure 7. At the vegetative stage, several amino acids such as
Glu, Gln, Asp and Ala increased in the flag leaves of transgenic
plants under drought with respect to those in WT siblings. By
contrast, at the reproductive stage, most amino acids including
Glu, Gln, Ser, Asp, and Asn decreased while being maintained
at the levels found in the absence of stress (Figure 5, 6 and
Supplementary Tables 2, 3). This contrasting effect of drought
on amino acid accumulation (Figure 7) might be because at
the vegetative stage, barley plants invest available assimilates
into defense mechanisms to resist the stress condition for better
growth. Improved assimilate production in transgenic plants
might result from a better performance of photosynthetic activity
exerted by the presence of Flv1/Flv3 proteins as demonstrated
in several studies (Yamamoto et al., 2016; Gomez et al., 2018;
Woada et al.,, 2018).

At the reproductive stage, water limitation led to a strong
increase in amino acid levels in WT flag leaves compared to non-
stressed conditions (Figures 5, 7 and Supplementary Table 2).
However, in the flag leaves of transgenic plants, the same amino
acids were maintained at the levels found under non-stressed
conditions or decreased in comparison to the contents of WT
plants (Figures 6, 7 and Supplementary Table 3). At this stage,
a stable metabolic activity is crucial for the maintenance of
assimilates translocation from the flag leaves to the growing sink
tissues, in this particular case the grains that are highly dependent
on the delivery of the assimilates from the source organs. Thus,
most likely WT plants use the produced sugars to synthesize
amino acids such as Glu that serve as a key hub for the production
of defense compounds such as proline, a sensitive marker of
drought stress (Fabregas and Fernie, 2019). However, due to a
better performance of the metabolic activity, transgenic barley
plants may compensate the loss of nitrogen-containing amino
acids including a reduced production of proline (Figures 5, 6).
The saving of nitrogen-containing compounds such as glutamate,
the immediate precursor of proline synthesis, might be used for
further assimilation and translocation to sink organs (Rai and
Sharma, 1991; Hildebrandt et al., 2015). This fact; however, does
not refer to any specific role of proline in the stress tolerance

displayed by Flvi/Flv3 plants. Indeed, proline accumulation is a
universal non-specific response to many sources of abiotic stress
including drought and salt whose function is still a matter of
debate. The contribution of proline in stress tolerance depends
on various factors such as genetic background of the species,
the intensity of abiotic stress, the physiological state of the
plants and the environment, as outlined by Ebrahim et al
(2020). Proline is proposed to contribute to stabilization of
sub-cellular structures, scavenging free radicals, and buffering
cellular redox potential rather than to be used as energy source
(Kaur and Asthir, 2015). Ebrahim et al. (2020) reported lower
proline build-up in salt-tolerant barley cultivars compared to
salt-sensitive varieties. This is basically the same phenomenon
we observed with drought in our study: proline, unlike other
amino acids, was down-regulated in our stress-tolerant Flv plants.
A possible explanation for these observations is that proline
accumulation is rendered less necessary in plants displaying
other mechanisms of stress tolerance, such as expression of
additional electron sinks.

Recent publications have demonstrated that high levels of
energy and sugars improve plant development and tolerance to
drought stress (Guo et al., 2018; Fabregas and Fernie, 2019).
This is also a fundamental basis for an active metabolism
with increased pools of intermediates such as amino acids.
Furthermore, amino acids have been reported to contribute to
both membrane permeability and ion transport in the leaves
of Vicia faba (Rai and Sharma, 1991). Indeed, Flv-expressing
plants showed significant drought-associated increases in specific
amino acids such as alanine, glutamate, serine and aspartate
(Figure 7) which are derived from precursors of the glycolytic
metabolism and serve as immediate primary substrates to
build up nitrogen sources like glutamine and asparagine or
antioxidative compounds like glutathione or polyamines. Thus,
the metabolite profiling supports the idea that carbohydrates
and amino acid metabolism help maintain the fitness of plants
under drought stress, which is also in agreement with previously
reported results of drought-tolerant varieties in other species
(Guo et al., 2018).

Following exposure to drought, ATP levels were found to
increase (relative to ambient conditions) in the leaves of Flv
transgenic plants at both the seedling and reproductive stages
(Supplementary Figure 4), indicating that FlvI1/Flv3 were able to
maintain linear electron flow and thereby support ATP synthesis
under the adverse condition. Sustaining cellular metabolism
and ensuring growth and survival under stress rely heavily on
a continuous supply of ATP (Sharkey and Badger, 1982). By
improving the availability of electron acceptors at PSI, Flv1/Flv3
can prevent ROS build-up (Rutherford et al., 2012), which may,
in turn, inhibit both PSI and PSII activity and compromise the
function of the ATP synthase complex (Lawlor, 1995).

CONCLUSION

Data presented here show how integrating additional electron
sinks to the PETC can boost the level of drought tolerance
in a monocotyledonous crop species, irrespective of whether
the drought condition was applied at the seedling stage or
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post-flowering. The heterologous expression of both FlvI and
Flv3 in barley had the effect of allowing efficient utilization of
produced assimilates including sugars and amino acids, thereby
supporting plant growth in the face of either early- or late-onset
drought and ultimately supporting the conversion of assimilates
into biomass and yield (Figure 7). Overall, the experiments
have confirmed that adopting this genetic manipulation approach
has substantial potential to enhance the level of stress tolerance
exerted by crop plants.
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A Multi-OMICs Approach Sheds Light
on the Higher Yield Phenotype and
Enhanced Abiotic Stress Tolerance in
Tobacco Lines Expressing the Carrot
lycopene B-cyclase1 Gene

Juan C. Moreno ?*, Silvia Martinez-Jaime', Monika Kosmacz "2, Ewelina M. Sokolowska,
Philipp Schulz’, Axel Fischer', Urszula Luzarowska', Michel Havaux® and
Aleksandra Skirycz"#*

" Max Planck Institut fiir Molekulare Pflanzenphysiologie, Potsdam, Germany, 2 Biological and Environmental Science and
Engineering Division, Center for Desert Agriculture, King Abdullah University of Science and Technology, Thuwal, Saudi
Arabia, ° Aix-Marseille Univ., CEA, CNRS UMR7265, BIAM, CEA/Cadarache, Saint-Paul-lez-Durance, France, * Boyce
Thompson Institute, Cornell University, Ithaca, NY, United States

Recently, we published a set of tobacco lines expressing the Daucus carota
(carrot) DcLCYBT1 gene with accelerated development, increased carotenoid content,
photosynthetic efficiency, and yield. Because of this development, DcLCYB1 expression
might be of general interest in crop species as a strategy to accelerate development
and increase biomass production under field conditions. However, to follow this
path, a better understanding of the molecular basis of this phenotype is essential.
Here, we combine OMICs (RNAseq, proteomics, and metabolomics) approaches to
advance our understanding of the broader effect of LCYB expression on the tobacco
transcriptome and metabolism. Upon DcLCYB1 expression, the tobacco transcriptome
(~2,000 genes), proteome (~700 proteins), and metabolome (26 metabolites) showed
a high number of changes in the genes involved in metabolic processes related to
cell wall, lipids, glycolysis, and secondary metabolism. Gene and protein networks
revealed clusters of interacting genes and proteins mainly involved in ribosome and
RNA metabolism and translation. In addition, abiotic stress-related genes and proteins
were mainly upregulated in the transgenic lines. This was well in line with an enhanced
stress (high light, salt, and H»>O») tolerance response in all the transgenic lines
compared with the wild type. Altogether, our results show an extended and coordinated
response beyond the chloroplast (nucleus and cytosol) at the transcriptome, proteome,
and metabolome levels, supporting enhanced plant growth under normal and stress
conditions. This final evidence completes the set of benefits conferred by the expression
of the DcLCYB1 gene, making it a very promising bioengineering tool to generate
super Crops.

Keywords: B-carotene, carotenoids, abiotic stress, lycopene B-cyclase, omics, ROS, Nicotiana tabacum cv Xanthi,
transcription factors
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INTRODUCTION

Carotenoids are C40 isoprenoid compounds synthesized in
the plastids of photosynthetic and some nonphotosynthetic
organisms (e.g., plants, algae, fungi, and bacteria) (Ruiz-Sola
and Rodriguez-Concepcion, 2012). Carotenoid biosynthesis
pathway is well-known and has been characterized in many
plant species (Fraser et al, 1994; Moise et al., 2014; Nisar
et al, 2015). Carotenoid synthesis is of great importance
for plant physiology because of its important functions in
photosynthesis and photoprotection (Niyogi et al., 1997; Holt
et al,, 2005), pollination (Bartley and Scolnik, 1995), scavenging
of reactive oxygen species (ROS), and indirectly in hormone
biosynthesis (serving as the precursors of abscisic acid/ABA
and strigolactones/SLs) (Schwartz et al, 1997; Alder et al,
2012). In mammals, carotenoids (especially p-carotene) serve
as a dietary precursor of vitamin A, which is required for
the maintenance of normal vision, healthy immunity, and
cell growth (Olson, 1996). In addition, carotenoids (e.g., -
carotene) have been shown to have antioxidant-promoting
activities in humans (Fraser and Bramley, 2004; Rao and
Rao, 2007). These properties make p-carotene a very valuable
molecule for plant functioning, but also for improving food
quality content in crops. Because of this, genetic engineering
approaches have been used to increase the B-carotene content
in several plant models by expressing the lycopene B-cyclase
(LCYB) gene, which encodes for the enzyme (LCYB) involved
in its production. For instance, (over)expression of the LCYB
gene in Arabidopsis, tomato, and sweet potato leads to
increased tolerance to abiotic stresses, such as salt and drought
(D’Ambrosio et al., 2004; Chen et al,, 2011; Kang et al., 2018).
Moreover, increases in P-carotene, violaxanthin, zeaxanthin,
and lutein have been reported to increase plant tolerance to
high light, UV irradiation, and salt through scavenging ROS
(Davison et al., 2002; Gotz et al., 2002; Han et al., 2008; Shi
et al,, 2015; Kang et al., 2018). Interestingly, in tobacco, carrot,
and sweet potato LCYB-expressing lines, a carotenoid increase
was accompanied by an induction in carotenoid genes such as
phytoene synthase (PSY), phytoene desaturase (PDS), ¢-carotene
desaturase (ZDS), zeaxanthin epoxidase (ZEP), violaxanthin de-
epoxidase (VDE), and neoxanthin synthase (NXS) (Moreno
et al., 2013; Shi et al., 2015; Kang et al., 2018); thus, this
suggests the possibility that an additional signal coordinates the
expression of carotenoid genes. Previous studies have shown
that the coordinated expression of carotenogenic genes tightly
regulates carotenoid metabolism (Liu et al., 2015; Yuan et al,
2015). However, knowledge of the transcriptional regulatory
mechanisms controlling the expression of these genes is limited.
Several studies have shown numerous transcription factors
influencing carotenoid accumulation in plants. For instance, the
MADS-box genes AGAMOUS-like 1 and FRUITFULL regulate
carotenoid accumulation during tomato fruit ripening (Vrebalov
etal., 2009). Moreover, tomato ripening inhibitor (RIN) regulates
carotenoid accumulation via binding to the promoter region of
the PSY gene (Martel et al,, 2011). Other transcription factors
belonging to the AP2/ERF (Welsch et al., 2007; Chung et al,,
2010; Lee et al., 2012), NAC (Ma et al., 2014; Zhu et al., 2014a,b),

and MYB subgroups (Sagawa et al, 2016; Zhu et al, 2017)
modulate fruit ripening and carotenoid accumulation in several
plant models. Intriguingly, the WD40 and bZIP TF families
have been reported to be involved in the control of multiple
biological processes, including plant growth and development,
fruit ripening, and stress responses (Smith et al., 1999; Jain and
Pandey, 2018). Furthermore, a kiwi R2R3 MYB (AdMYB?7) that
binds to and activates the expression of LCYB (and chlorophyll
biosynthetic genes) is responsible for chlorophyll and carotenoid
accumulation in kiwi (Ampomah-Dwamena et al., 2019).

Recently, the expression of the LCYB gene from carrots
(DcLCYBI) in tobacco resulted in an increase in pigment content
(B-carotene and chlorophylls), gibberellin (GA4), and plant
biomass in T1 tobacco lines grown under controlled conditions
(Moreno et al., 2016). This positive effect was confirmed to
be stable through generations (T4-T5) and in plants grown
under fully controlled (constant and fluctuating light regimes)
and noncontrolled climate conditions. Moreover, an increased
gibberellin (GA)/ABA ratio (along with increased carotenogenic
gene expression and pigment accumulation) was associated
with higher fitness, yield, and photosynthetic efficiency in these
transgenic tobacco lines (Moreno et al,, 2020). Intriguingly,
we did not observe any trade-off or detrimental effect upon
the DcLCYBI expression in our tobacco plants. However,
we observed a general induction in the expression of key
genes from several plastid pathways, such as GAs, chlorophyll,
and carotenoids.

Over the past two decades, with the sequencing of
entire genomes and the establishment of high-throughput
methodologies for gene expression analysis, plant research has
entered the genomic era (Leister, 2003). In recent years, with
the peak of functional genomics (analysis of transcriptome,
proteome, and metabolome), plant research has started to
explore new gene, protein, and metabolite functions by the
characterization of new pathways and new components of
previously known pathways (Moreno, 2019). Here, we apply
a multi-OMICs (RNAseq, proteomics, and metabolomics)
approach and stress treatments to fully characterize the
general plant response (beyond carotenogenesis and isoprenoid
pathways) at molecular and physiological level in the tobacco
DcLCYBI lines.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Tobacco transgenic lines corresponding to the T4 generation of
our previously published DcLCYBI-expressing lines were used
in the current work (Moreno et al., 2016). Tobacco (Nicotiana
tabacum cultivar Xanthi NN) wild type and transgenic lines
were raised from seeds germinated in Petri dishes containing an
MS medium supplemented with 30 g/L sucrose (Murashige and
Skoog, 1962) and kanamycin (100 mg/mL). Radicle emergence
and germination experiments were performed in Petri dishes
supplemented with 3% sucrose (n = 20, experiment was repeated
three times in three different Petri dishes). Leaf generations and
internode length of 40-day-old tobacco wild type and transgenic
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lines were measured. Image]J software was used to quantify the
leaf area (n = 3).

RNA Isolation

Total RNA was extracted from the frozen powder of tobacco
leaves of 5-week-old T3 plants (three biological replicates
per lines, n = 3) using the Nucleo Spin RNA extraction
kit (Macherey-Nagel, Germany). Genomic DNA traces were
eliminated by a 15 min DNase I treatment.

RNA Sequencing (RNAseq) and Data

Analysis

QuantSeq 3° mRNA-Seq services were performed for the wild
type and transgenic DcLCYBI lines L14, L15, and L16 (n = 3
biological replicates per genotype) at Lexogen GmbH (Vienna,
Austria). Here, 500 ng total RNA were used as input for
generating sequencing-ready libraries using the QuantSeq FWD
3" mRNA-Seq library preparation kit (Lexogen, Vienna, Austria;
SKU 015). The libraries were characterized by microcapillary
electrophoresis and fluorometry prior to pooling and sequencing
using the same methods on an Illumina NextSeq500. A
sequencing yield of 572.9 M demultiplexed reads was obtained
from a single run in SR75 HO mode. An integrated data analysis
was performed by Lexogen (STAR aligner), where the reads were
mapped against the NiTAB 4.5 reference genome, read-counts
were determined, and differential expression was computed using
DESeq2 in R (Love et al., 2014). In addition, NiTAB 4.5 identifiers
were mapped in house (Max Planck Institute of Molecular Plant
Physiology) to Arabidopsis genome, obtaining ~25,000 mapped
genes (out of 36951 NiTAB 4.5 identifiers). Lexogen GmbH
(Vienna, Austria) provided the principal component analysis
(PCA) analysis of the data and statistical tests. Localization
analyses were performed using the SUBA3 database (Tanz et al.,
2013). Venn diagrams were designed, including for all the genes
that changed significantly (padjust < 0.05) in the transgenic
lines. The N.A. values were removed from the data set, and only
NiTABs properly mapped to AGIs were used. Because of the
tetraploid origin of tobacco, several NiTABs could be mapped to
the same AGI; therefore, for the Venn diagrams, those NiTABs
were treated as one [e.g., L14 has only 2,138 unique AGIs
(out of 2,624), L15 (2,428 out of 2,998), and L16 (3,792 out
of 4,958)]. A fold enrichment analysis (Fisher’s exact test with
FDR correction p < 0.05) was performed using the PANTHER
overrepresentation test (PANTHER13.1) with the GO ontology
database released on 2018.02.02, here with the annotation data set
GO biological process complete (Mi et al., 2017). The reference
list corresponds to all annotated Arabidopsis genes, and our
data set corresponds to the up- or downregulated genes in our
analysis. A Fisher’s exact test with FDR multiple test correction
(p < 0.05) was used to select the up- and downregulated genes.
Raw sequencing data were deposited at gene expression omnibus
(GEO) from NCBI under project accession number GSE157541.

MapMan Analysis of the RNAseq Data

As input data for MapMan (Thimm et al., 2004), we selected
genes changing significantly in at least two of the three transgenic
lines (all overlaps between L14 and at least other transgenic line),

and we chose the L14 (1,920 genes) expression data to visualize
in the software. In this way, the majority of affected processes
(comprising 1,542 genes) in all three lines are shown in the figure
plus additional processes (comprising 382 genes) affected in at
least 2 transgenic lines. We have selected line L14 because of its
higher plant height (Figure 1) and biomass production (Moreno
et al., 2020) but also to simplify the visualization of the data.

Protein Extraction, Trypsin Digestion, and

Mass Spectrometric Analyses

Protein extraction (whole-leaf proteome) and further protein
digestion were performed as described in Moreno et al. (2018)
but only using 50 g of the total protein for digestion. In brief,
after total protein extraction, each sample (n = 3 biological
replicates) was subjected to the filter-aid sample preparation
(FASP) procedure (Wisniewski et al., 2009). Peptide purification
was performed using SepPack columns (SPEC18 100 mg mL21;
Teknokroma), and samples were dried in a SpeedVac for 5h and
kept frozen until use for mass spectrometry.

Liquid Chromatography-Mass
Spectrometry

Prior to analysis peptides were resuspended in 50 pl of
resuspension buffer [3% (v/v) acetonitrile, 2% (v/v) TFA].
Peptides were measured by the Q-Exactive HF (Thermo
Scientific) high-resolution mass spectrometer coupled to
ACQUITY UPLC M-Class system (Waters). Samples were
separated by reverse-phase nano liquid chromatography in
120 min, gradient ramped from 3.2% ACN to 7.2% ACN over
first 20 min then gradient increase to 24.8% ACN over next
70min and to 35.2% ACN over 30 min, followed by a 5min
washout with 76% ACN. The MS was run using a data dependent
top-N method that fragmented the top 15 most intense ions per
full scan. Full scans were acquired at a resolution of 120,000 with
an AGC target 3e6, maximum injection time 50 ms, scan range
300-1,600 m/z. Each dd-MS2 scan was recorded in profile mode
at a resolution of 30,000 with an AGC target of 1e5, maximum
injection time 100 ms, isolation window 1.2 m/z, normalized
collision energy 27 and the dynamic exclusion set for 30 s.

Protein Identification and Label Free

Quantitation

DDA raw MS/MS spectra was processed with MaxQuant (version
1.6) for protein identification and quantitation (Cox and Mann,
2008). Peptide identification by the Andromeda search engine
was based on the in-house POTbaseMS database (Moreno et al.,
2018). The following parameters were applied to the analysis: 10
ppm peptide mass tolerance; 0.8 Da MS/MS tolerance; Trypsin
was specified as enzyme and a maximum of two missed cleavages
were allowed; a decoy database search with a 1% FDR cutoff on
the peptide and protein level; carbamidomethylation of cysteine
was set as a fixed modification, while the oxidation of methionine
was set as variable modification. The “label-free quantification”
and “match between runs” settings were also highlighted in
the software. Valid peptides were expected to have a minimum
length of six amino acids. Peptide quantitation was performed for
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FIGURE 1 | Plant phenotype of transgenic DcL.CYB1-expressing lines. (A,B) Six- (left panel) and 16-week-old (right panel) wild type and transgenic DcLCYB1 plants
(L14, L15, and L16) grown under semicontrolled conditions in the greenhouse (light intensity: 144-1,000 wE m=2 s~'; temperature: 20-28°C; R.H. 64%). Asterisks
show the fourth leaf selected for each plant for further OMICs experiments. Scale bars: 10 cm. wt: wild type.

L16

wt L14 ¢ 4 L15
¥

proteins identified with at least two peptides (a minimum of one
unique and one razor) unmodified peptide. Peptides intensity
was taken and further normalized by LFQ algorithm. Known
contaminants and reversed hits were removed from the analysis.

Statistical Analysis and Data Processing of

the Proteomics Data

Protein intensity was log2 transformed and the linear model for
microarray analysis (limma) R package (Ritchie et al., 2015) was
used for comparative analysis (p < 0.05). Limma offers robust
differential analysis of data with missing values, common in DDA
methods of label-free MS experiments (Lazar et al., 2016). PCA
was implemented by using prcomp function and was visualized
using ggbiplot R package. Arabidopsis ATG codes were mapped
to the identified POTs, where each POT can comprise one or
more Arabidopsis ATGs. A fold enrichment analysis (Fisher’s
exact test with FDR correction p < 0.05) was performed using
PANTHER, as explained above. Arabidopsis ATG codes mapped
to each POT were used for this analysis. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2019) partner
repository with the dataset identifier PXD023595.

Gene and Protein Network Analysis

Gene and protein network analyses were performed using the
String database (Szklarczyk et al., 2017), and Cytoscape was used
for a network visualization (Shannon et al., 2003). For gene
networks, we selected the genes changing significantly in at least
two of the three transgenic lines and used the String database
for the gene-gene interaction analysis. The network edges
represent the confidence of the data extracted from published
experiments and databases. The highest interaction score was
set at 0.900, which is the highest confidence parameter for the
analysis. Disconnected nodes in the network were omitted. The
interaction values were extracted and exported as an Excel table
and then used as an input table for network visualization in
Cytoscape. The obtained Cytoscape network was divided into
clusters by using the ClusterOne app (set up with the standard
parameters) in Cytoscape (51 clusters comprising 419 interacting
genes). The same pipeline and parameters were used to build
the protein—protein interaction network (410 proteins changing

significantly in at least two lines) and to perform the cluster
analysis (19 clusters). The cluster names were assigned by using
the enrichment analysis provided by the String software (e.g., GO
function, GO biological process, KEGG pathway).

Extraction and Phase Separation for

LC-MS Analyses

A methyl tert-butyl ether (MTBE) extraction buffer was prepared,
and the samples (n = 6 biological replicates) were subjected to the
extraction method described in Salem et al. (2016).

Secondary Metabolite Measurements

The dried aqueous phase (300 pL), which contained the
secondary metabolites, was measured using ultra-performance
liquid chromatography coupled to an Exactive mass spectrometer
(Thermo-Fisher Scientific) in positive and negative ionization
modes, as described in Giavalisco et al. (2011). The LC-
MS data were processed using Expressionist Refiner MS
11.0 (Genedata AG, Basel, Switzerland). The settings were as
follows: chromatogram alignment (RT search interval 0.5 min),
peak detection (summation window 0.09 min, minimum peak
size 0.03min, gap/peak ratio 50%, smoothing window five
points, center computation by intensity-weighted method with
threshold at 70%, boundary determination using inflection
points), isotope clustering (RT tolerance at 0.015min, m/z
tolerance 5 ppm, allowed charges 1-5), filtering for a single
peak not assigned to an isotope cluster, adduct detection, and
clusters grouping (RT tolerance 0.05 min, m/z tolerance 5 ppm,
maximum intensity of side adduct 100,000%). All metabolite
clusters were matched to the in-house libraries of authentic
reference compounds, allowing a 10 ppm mass and dynamic
retention time deviation (maximum 0.2 min).

Targeted Lipid Profiling by LC-MS and Data

Analysis

The measurement of the lipids from N. tabacum leaves was
performed as described by Hummel et al. (2011). In brief,
the dried organic phase was measured using a Waters Acquity
ultra-performance liquid chromatography system (Waters,
http://www.waters.com) coupled with Fourier transform mass
spectrometry (UPLC-FT-MS) in positive and negative ionization
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modes. The analysis and processing of the mass spectrometry
data was performed with REFINER MS® 10.0 (Gene Data,
http://www.genedata.com) and comprised peak detection, RT
alignment, and chemical noise removal. The derived mass
features, characterized by specific peak ID, m/z values, retention
time, and intensity, were further processed using custom R
scripts. Prior to annotation of the metabolic features using
the in-house lipid database, isotopic peaks were removed from
the MS data. Annotated lipids were confirmed by manual
investigation of the chromatograms using Xcalibur (Version 3.0,
Thermo-Fisher, Bremen, Germany). The database used in this
project includes 279 lipid species. The peak intensities were
day-normalized, sample median-normalized, and, subsequently,
log-2 transformed. The resulting data matrices were used for
further peak filtering and analysis in Excel (Microsoft, http://
www.microsoft.com). Significant differences were determined
using a nonpaired two-tailed student ¢-test (p < 0.05).

Photooxidative Stress

Leaf discz of a 1.2 cm diameter floating on water at 10°C were
exposed for 18h to a strong white light (PFD, 1,200 mmol
photons m~2 s7!) that was produced by an array of light-
emitting diodes. Autoluminescence emission from the stressed
leaf discz placed on wet filter paper was measured after 2h of
dark adaptation, as previously described (Birtic et al., 2011). The
signal was imaged with a liquid nitrogen-cooled CCD camera
(VersArray 1300B, Roper Scientific), with the sensor operating at
a temperature of —110°C. The acquisition time was 20 min, and
on-CCD binning of 2 x 2 was used, leading to a resolution of 650
x 670 pixels. As previously shown, the imaged signal principally
emanates from the slow decomposition of lipid peroxides, which
accumulated in the samples during the oxidative stress treatment
(Birtic et al., 2011).

Oxidative and Salt Stress Experiments
Transgenic and wild type tobacco seeds (T4 generation) were
sterilized and germinated on solid MS medium supplemented
with 3% sucrose. After 12 days, seedlings were transferred to a
24-well plate, including six biological replicates of each genotype
(n = 6). Seedlings were grown for seven days in liquid MS
medium containing either mock (H,O), H,O, (50mM) or
catechin (0.175mM), and kept on a horizontal orbital shaker
(120 rpm), under constant light (80 pE m~2 s71, 22°C). Fresh
weight was recorded after 7 days for each plant. For salt stress
experiments tobacco seeds (T4 generation) were germinated on
solid MS media (3% sucrose) supplemented with 0, 100, and
150 mM of NaCl. Fresh weight was recorded after 3 weeks (n =
8-9; experiment was repeated twice).

RESULTS

RNAseq Revealed the Broader Impact of
DcLCYB1 Expression on the Transcriptome
of Tobacco Plants With Increased Plant

Yield

Our tobacco DcLCYBI-expressing lines showed a growth
phenotype characterized by bigger leaves, long internode spaces,

and early development (Moreno et al., 2020) (Figure 1A). Even
at later stages of the tobacco life cycle (16-week-old plants), the
transgenic lines L14, L15, and L16 showed higher plant height
than the wild type (Figure 1B). Moreover, among the transgenic
lines, L14 was the one that showed the best performance
(Figure 1B). In our previous transcript analysis (QRT-PCR), most
of the analyzed genes (e.g., carotenoid or carotenoid-related
pathways and photosynthesis-related genes) were upregulated
(Moreno et al, 2020). These genes were selected based on
previous evidence of their carotenoid and/or carotenoid-related
function (Moreno et al., 2020). However, we believe there has to
be a reshaping and a “trade-oft” of gene expression in the tobacco
genome that supports a greater plant yield.

To obtain further insights into the additional genes or
pathways that support growth in these tobacco lines, we
performed RNAseq analysis and compared the transcriptome
of the transgenic lines with the wild type (Figure2). In
our RNAseq experiment, the PCA showed how similar the
replicates are between genotypes and also showed the differences
between the wild type and the transgenic lines (Figure 2A).
In addition, L14 and L15 were more similar than line L16.
To better analyze and visualize our RNAseq results, the
NiTAB identifiers (~37,000) were annotated into Arabidopsis
identifiers (e.g., At2g30390; see the Material and Methods
section). Most of the proteins encoded by all the identified
genes (~25,000) that we could reliably annotate in Arabidopsis
were localized across all cell compartments (SUBA3 database;
Supplementary Figure 1; Supplementary Table 1). From those
compartments, the nucleus, cytosol, and mitochondria showed
the highest location frequency of genes in our data [excluding
the not annotated (N.A.) group]. Interestingly, the highest
localization frequency of differentially expressed genes (DEGs;
upon DcLCYBI expression) was observed in the nucleus, cytosol,
and chloroplast (Supplementary Figure 1) for lines L14 (2,624
genes), L15 (2,998 genes), and L16 (4,958 genes). Upregulated
genes for lines L14 (1,278), L15 (1,557), and L16 (2,609)
showed similar location frequency (in percentage) across the 11
cell compartments (Supplementary Figure 1). The same pattern
was observed for downregulated genes in lines L14 (1,346),
L15 (1,441), and L16 (2,349) across the same compartments
(Supplementary Figure 1).

To narrow down our analysis, we built Venn diagrams
with the DEGs in the transgenic lines (Figures 2B,C). In this
case, we used only NiTAB identifiers with their mapped AGI
code; the N.A. values were removed from our data set. In
addition, because of the tetraploid origin of tobacco, several
NiTAB identifiers could have been mapped to the same AGI
code in Arabidopsis; therefore, those were treated as one for
the Venn diagram analysis. Thus, the number of DEGs was
reduced for L14 (2,138), L15 (2,428), and L16 (3,792). The Venn
diagrams show an overlap of 793 and 749 upregulated and
downregulated genes, respectively, for the three transgenic lines
(Figures 2B,C). An enrichment analysis of processes (Fisher’s
exact test with FDR correction p< 0.05) were performed using
the PANTHER overrepresentation test (PANTHER13.1) with
the GO ontology database (Mi et al., 2017). The upregulated
genes classified in processes such as glycogen metabolic process,
positive regulation of defense responses to bacterium, and wax
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biosynthetic process showed 7-9-fold enrichment, while the
downregulated genes belonging to processes such as response
to paraquat, red light signaling pathway, and ATP hydrolysis
coupled to proton transport showed 9-18-fold enrichment
(Figures 2D,E). Other processes with at least 2-fold enrichment
are also shown (Figures 2D,E).

MapMan and Gene Network Analysis
Reveal Enhanced Stress Response and
Processes Related to Translation,

Ribosome, and RNA Metabolism

To gain further insights into the pathways that might be affected
by DcLCYBI expression in the transgenic lines, we used MapMan
software for better visualization of our data set (see the Material
and Methods section). To simplify the analysis, we decided to
use the significant changes occurring in line L14 because of
its higher fitness (Figure 1) and biomass production (Moreno
et al., 2020). Because of the high number of DEGs analyzed
in Thimm et al. (2004), they were classified across 34 out of
36 MapMan Bins (Supplementary Table 2). The top five bins

are number 29 (Protein metabolism) with 314 genes, 27 (RNA
metabolism) with 204 genes, 34 (transport) with 111 genes, 26
(miscellaneous) with 106 genes, and 30 (signaling) with 96 genes
(Supplementary Table 2). In addition, there were about 12 bins
with at least 20 or more significant genes. To perform a close up
of our data and gain valuable information about the pathways
and processes positively/negatively affected in our lines, we
selected the metabolism overview option in MapMan to visualize
metabolic perturbations (Figure 3A; Supplementary Table 3).
On the one hand, the analysis revealed a general upregulation
of genes involved in the processes related to secondary
metabolism (e.g., waxes, terpenes, flavonoids, phenylpropanoids,
and phenolics), cell wall, lipids, nucleotides, tetrapyrroles,
and amino acids. On the other hand, downregulation was
observed in processes such as electron transport in the
mitochondria, light reactions of photosynthesis, ascorbate, and
glutathione metabolism (Figure 3A). Moreover, the MapMan
analysis identified 469 genes involved in biotic and abiotic
stress responses (Figure 3B; Supplementary Table 4). Genes
belonging to processes such as proteolysis, cell wall, abiotic stress,
chaperones (HSP), secondary metabolites, heat shock proteins,
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and transcription factors were mainly upregulated, while genes  redox (Supplementary Figure 2A; Supplementary Table 5).
belonging to processes such as hormone signaling and the redox  Interestingly, most of the genes involved in biotic
state were mainly downregulated (Figure 3B). In addition, genes ~ and abiotic stress (e.g., heat, cold, and drought/salt)
with regulatory functions were identified in processes such as  responses were upregulated (Supplementary Figure 2B;
transcription, protein modification and degradation, hormone  Supplementary Table 6). Unexpectedly, 139 transcription
network (IAA, ABA, BA, ethylene, cytokinin, and GA), and  factors, including auxin response factors (ARFs), bHLHs (basic

Frontiers in Plant Science | www.frontiersin.org 51 February 2021 | Volume 12 | Article 624365


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Moreno et al.

OMICs Explained Enhanced Tobacco Fitness

50. <> ek <><>
S L

esicle-med.| 36.

\Y
transport

34.
o n
| B

38.
on
l<>

a8

<>‘ RNA metabolic | o e / 4=J
» prgcegs — 46. M | Cellular macromolecule 1

S 5. 7 = metabolic process Bl
. | 8 B & | W40 e @® | B |
proteo¥3|s B 51, HE 19
10, N 1] HE Eo 'y
C{Nuclenc acid metabolism| 14. 5-®m m N 0
Qee® EE 420 1 X 26. @® m B
; ¢l O s | 50. [

,Reg_.of gene expreSS|on| = g @) N o B
37 ) E R i mE 15 18 000
o ® 51.. HE BEE 000000
42! o Em B 000000
i o0 OC1>7 m 000

& (48. . 27.28.31.33.32.29.30
- o 00 nm NE N b 44

. O EEEEEEEER
Ribosome and , O ®0e®
translation = Response (o B EEEEEEE
s stimulus g 16. 24 23 13.  20.
4.\ Ry m B Eppn

W cluster ) overlap () outlier

FIGURE 4 | Gene network of DEGs upon DcLCYB1 expression in tobacco transgenic lines. Gene network representation of differentially expressed genes (up- and
downregulated) in DcLCYBT1 transgenic lines. The network comprises 51 clusters (including 419 interacting genes). Only clusters with 10 or more members are
provided with a name in the figure (detailed cluster composition can be found in Supplementary Table 8). A cluster number in red means there are genes grouped in
different locations. Gene expression data from the RNAseq experiment were used to build the network.

helix-loop-helix), bZIPs (basic leucine zipper), ethylene response
factors (ERFs), MYBs (oncogene from myeloblastosis virus),
NACs [acronym derived from NAM (no apical meristem)],
ATAF1/2, and CUC2 (cup-shaped cotyledon), which were the
three initially discovered genes to contain a conserved NAC
domain, and WRKYs (after the WRKY conserved amino acid
sequence in the N-terminus of the protein) were significantly
up- and downregulated in a constant and robust manner
(Supplementary Figure 3; Supplementary Table 7).

To complement our analysis, we built a gene network
based on the interactions between the DEGs in our RNAseq
analysis. Interaction data were obtained from the String database
(Szklarczyk et al., 2017) and imported into Cytoscape (Shannon
et al., 2003) to visualize the network. Approximately 420 genes
grouped in 51 clusters interact with each other (Figure 4).
The largest clusters correspond to ribosome and translation
(43), RNA metabolic process (36), response to stimulus (24),
ubiquitin mediated proteolysis (15), and oxidation-reduction
process (12). Other smaller clusters correspond to cellular
macromolecule metabolic process (10), protein transport (10),
nucleic acid metabolism and the regulation of gene expression
(10), vesicle-mediated transport (10), and others (Figure 4;
Supplementary Table 8). Interestingly, there are some genes in

the network (orange rhombus in Figure 4) that connect one or
more clusters, reflecting the high degree of interaction between
the components of this network.

Proteomic Analysis of
DcLCYB1-Expressing Lines

In our proteomics experiment, the results from the PCA showed
that replicates within the transgenic and wild type genotypes
grouped together while the differences between the wild type
and transgenic groups were large (Figure5A), suggesting a
considerable change in the proteome of the transgenic lines
compared with the wild type. From the ~2,900 POTs identified
in our experiment (Supplementary Table9), the chloroplast
was the compartment where the highest number of proteins
was identified (~31.5%; Supplementary Figure 4), followed by
the cytoplasm (~15-20%), mitochondria (6.9%), and nucleus
(6.9%; Supplementary Figure 4; Supplementary Table 10).
This pattern was also observed for the up- (~32-35%) and
downregulated (~34-35%) proteins measured for all the
transgenic lines (Supplementary Table 10). Unfortunately,
it was not possible to detect the DcLCYBI protein in our
analysis. However, the endogenous NtLCYB showed an
increase between 10 and 30%; however, it was significant
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5. GTPase activity and binding

6. Photorespiration and oxidation-reduction process
8. Cysteine and methionine metabolism
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10. Lysine biosynthesis

12. Valine, leucine, and isoleucine biosynthesis
14. Carbon fixation and glycolysis

15. Electron transport chain

16. Galactose, starch, and sucrose metabolism
18. Protein processing in ER

19. Proteasome

only for line L16 (Supplementary Table9). Nevertheless,
260 proteins showed increased abundance (Figure 5B), while
149 showed decreased abundance in at least two of the three
transgenic lines (Figure5C). In addition, (GO) enrichment
analysis revealed processes such as amino acid metabolic
processes (e.g., glycine and serine), fructose 1,6-biphosphate
and glyceraldehyde 3-phosphate metabolic processes, and
gluconeogenesis (among others) with at least 20-fold enrichment
(Figure 5D). In order to integrate all this information, we
used the proteins overlapping in at least two lines (409) and
built a protein-protein interaction network by combining
the String database (Supplementary Table 11) and Cytoscape
software for visualization (Shannon et al, 2003; Szklarczyk
et al., 2017). Around 214 proteins showed a high degree of
interaction (see the Material and Methods section; Figure 5E;
Supplementary Table 12). The network revealed three main
larger clusters containing the proteins involved mostly in
ribosome and RNA metabolism, spliceosome, pentose phosphate

pathway (PPP) and carbon metabolism, and ATP binding,
respectively. Interestingly, almost all the proteins comprising the
ATP binding cluster interact with proteins of the other two larger
clusters, suggesting the ATP binding function as a nexus between
these other two larger clusters (Figure 5E). Other smaller clusters
contain the proteins involved in cytoskeleton organization,
ATP hydrolysis, photosystems subunits, photorespiration
and oxidation-reduction process, amino acid metabolism,
RNA binding, carbon fixation, and glycolysis, among others
(Figure 5E; Supplementary Table 12)

Metabolomics Analyses Reveal Changes in
Secondary Metabolites and Lipids

Because of significant changes in many of the genes and proteins
involved in secondary metabolism in the transcriptome and
proteome of the transgenic lines, we decided to determine
changes in the secondary metabolites through a LC-MS
analysis. We identified significant increases in acetylsalicylic
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acid, flavin mononucleotide, O-acetyl-L-homoserine, quercetin  proline, Pro-Glu) or decreased (e.g., nicotine) in one or
3-O-glucoside 7-O rhamnoside, quinic acid (3-caffeoyl), and one  two transgenic lines (Figure 6A). Finally, we analyzed lipid
acyclic diterpene glycoside in all transgenic lines (Figure 6A).  composition in the wild type and DcLCYBI transgenic lines
In addition, other metabolites were increased (e.g., adenine,  because B-carotene and polar carotenoids (xanthophylls) rigidify
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the fluid phase of the membranes and limit oxygen penetration
to the hydrophobic membrane core, which is susceptible
to oxidative degradation (Subczynski et al., 1991; Berglund
et al,, 1999). Thus, increases in P-carotene and xanthophylls
in our transgenic lines might influence lipid composition.
Interestingly, 75 lipid species were significantly changed in all
three lines (Figure 6B). Small but significant decreases (~2-5%)
in the lipid composition of monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG) were
detected in the transgenic lines compared with the wild
type (Figure 6C; Supplementary Tables 14, 15). By contrast,
a general increase in phosphatidylethanolamine (PE),
triacylglycerides (TAG), and phosphatidylserine (PS) was
found in the transgenic lines compared with the wild type
(Figure 6C; Supplementary Tables 14, 15).

Plant Stress Tolerance Is Enhanced in
DcLCYB1-Expressing Lines

Considering the great number of upregulated genes related to
abiotic stress (Figure 3B), we decided to challenge our transgenic
lines to different abiotic stresses, such as high light, salt, and
oxidant agents (e.g., catechin and H,0,). We decided to asses
these stresses due to the fact that enhanced xanthophyll content is
reflected in enhanced photoprotection, while higher B-carotene
and ABA content favor antioxidant capacity and salt tolerance.
Interestingly, our transgenic lines possess the aforementioned
features and therefore it is possible that they show enhance
tolerance to theses abiotic stresses. Due to the increased hormone
content (GAs and ABA) (Moreno et al.,, 2020) and altered gene
expression related to hormone signaling (Figure 3B) in these
lines, we first characterized the early growth and development
of these lines. As expected, radicle emergence and germination
were delayed in the transgenic lines compared with the wild type
(Supplementary Figures 5A,B), reflecting the increased ABA
content in these lines. In addition, leaf area and internode length
were increased in the transgenic lines compared with the wild
type in later developmental stages in plants growing in the
greenhouse (Supplementary Figures 5C,D), which is well in line
with the increased GA content in these lines.

Then, we challenged our transgenic lines and exposed them
to different abiotic stresses. First, tobacco leaf discz were exposed
to high light intensity (see the Material and Methods section),
and the autoluminescence was measured. Quantification of the
autoluminescence in the leaf discz reflects the accumulation
of lipid peroxidation in the leaf. The tobacco leaf discz from
the transgenic lines remained green, while the wild type bleach
(Figure 7A) suggesting increased tolerance to high light intensity
in the transgenic lines. In addition, lipid peroxide accumulation
in the transgenic lines was approximately four times lower
than in the wild type (Figure 7B). Second, we exposed tobacco
seedlings to different salt concentrations (100 and 150 mM)
and observed their phenotype. Interestingly, all transgenic lines
showed higher biomass in both salt concentrations, and L14
was the line with the highest salt tolerance (Figures7C,D).
Third, we exposed tobacco seedlings to catechin and H,0O,
(Scarpeci et al., 2008; Kaushik et al., 2010), two well-characterized

oxidant agents. The transgenic lines showed higher plant biomass
under control (mock), catechin, and H,O, treatments compared
with the wild type (Figures 7E,F; Supplementary Figure 5E). In
addition, the leaf area of cotyledons and the first four leaves were
quantified in the wild type and transgenic lines under control
and stress conditions. In general, the transgenic lines showed
a bigger leaf area than the wild type under control conditions
and under oxidative stress (Supplementary Figure 5F). Taken
together, these results showed enhanced stress tolerance in the
transgenic lines, which is reflected in a higher biomass under
different stress conditions.

DISCUSSION

Carotenoids are important isoprenoid molecules involved in
the essential functions for plant growth and development (e.g.,
photosynthesis, photoprotection, ROS-scavenging). Moreover,
carotenoids (e.g., P-carotene) are the precursors of plant
hormones (e.g., ABA and SLs). Thus, manipulation of carotenoid
metabolism can influence hormonal content (e.g., GA, ABA)
and trigger growth and developmental responses in addition
to the expected changes in pigment accumulation (Moreno
et al., 2020). In the current study, we showed the impact of
DcLCYBI gene expression at the transcriptome, proteome, and
metabolic levels of our previously published DcLCYBI tobacco
lines (Moreno et al., 2020), attempting to explain how these
changes support higher biomass and stress tolerance. DcLCYBI
tobacco lines showed higher p-carotene, lutein/zeaxanthin, and
violaxanthin content, which resulted in higher ABA but also
indirectly in higher GA content. Increased hormone content
altered plant architecture (Figures 1A,B), resulting in enhanced
photosynthetic efficiency and plant yield in these lines (Moreno
et al., 2020). Enhanced carotenoid and hormone content,
photosynthetic efficiency, and plant yield can be very desirable
traits in crops, making the genetic manipulation of the carotenoid
pathway—particularly of the LCYB gene—a promising target
for crop improvement. However, additional information at
the molecular level (transcriptome, proteome, and the overall
metabolism) is needed to complete the analysis of these lines
before exporting this bioengineering to crops.

At the transcriptome level, DcLCYBI expression caused
genetic changes that extended beyond the chloroplast (e.g.,
cytosol, nucleus; Supplementary Figure 1), which is the
organelle where the LCYB protein is located and where it plays
a key role in carotenoid synthesis. Moreover, the expression of
~2,000 genes changed significantly in the transgenic lines, raising
the question of how a single gene transformation with a gene
encoding an enzyme of the carotenoid pathway can trigger this
response. Interestingly, the cytosol and nucleus were the other
compartments with the highest number of genes that changed
significantly (Supplementary Figure 1). The cytosol and nucleus
are compartments in which transcription factors are localized
and can induce changes in gene expression that favor stress
tolerance, growth, and development (Aida et al., 1997; Kim et al,,
2003; Tran et al., 2004; Wu et al., 2009; Beltramino et al., 2018;
D’Alessandro et al., 2018). This suggests a plastid-to-nucleus
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lines with the wild type. *p < 0.05, *p < 0.005, ***p < 0.0005.
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FIGURE 7 | High light, salt, and oxidative stress response in DcLCYB1 tobacco lines. (A) Lipid peroxidation analysis by imaging of the wild type and lines L14, L15,
and L16 (n = 3). (B) Quantification of the relative autoluminiscence of the wild type and transgenic DcLCYB1 lines after stress from a high amount of light. (C) NaCl
control (upper panel) and treatment (100 mM; bottom panel) of wild type and transgenic lines. (D) Biomass quantification (F.W.) of wild type and transgenic lines at 0,
100, and 150 mM of NaCl treatment. (E,F) Oxidant agents (mock and HoOy) treatments of wild type and transgenic lines. Two-week-old seedlings grown in liquid MS
media were transferred to liquid MS supplemented with water (mock) and H,O» (10 mM) and photographed after seven days of treatment. Plant biomass (F.W.) of wild
type and transgenic lines was recorded for mock- (E) and HoO»-treated (F) plants after seven days. Unpaired student’s t-test was performed to compare transgenic

communication that could support the ~2,000 genes changing
significantly in the transgenic lines. In fact, consistent changes
in the expression of transcription factors, which could influence
the expression of a large number of genes, were detected in
our transgenic lines (Supplementary Table 7). For instance, the
expression of the bZIPI2 transcription factor increased ~40%
in the transgenic lines (Figure8). This transcription factor
was reported to enhance salt tolerance in rice (Hossain et al.,
2010) and is in line with the enhanced salt tolerance shown in
our transgenic lines. In addition, a NAC [ATAF1 (activating
factor 1)/NAC002] transcription factor was shown to mediate
the responses to abiotic stress in Arabidopsis (Wu et al., 2009).
Moreover, ATAF1 regulates and promotes salt tolerance in
rice (Liu et al,, 2016). In rice, the ATAFI overexpressors, the
DEHYDRIN and LEA (e.g., OsLEA3) genes, are induced. These
genes contribute to the salt tolerance mechanism in rice and
Arabidopsis (Chourey et al, 2003). In our transgenic lines,

upregulation of DEHYDRIN (~200% increase) and LEA (230%
increase) as a response to increased ATAFI expression (~40%;
Figure 8) might have contributed to the enhanced salt tolerance
in our plants. In addition, ATAFI is a positive regulator of
ABA synthesis (Jensen et al., 2013). Indeed, enhanced ATAFI
expression in our transgenic lines is in line with the observed
increase in ABA content (Moreno et al., 2020) and enhanced
salt tolerance. Another NAC family member (NAP/NACO029)
was reported to be involved in salt tolerance, GA-mediated
chlorophyll degradation, and leaf senescence (Seok et al., 2017;
Lei et al., 2020). Arabidopsis nap mutants showed enhanced
salt tolerance in plants grown using synthetic media and using
soil (Seok et al, 2017). Reduced NAP expression (~55%;
Figure 8) in our transgenic lines might contribute to the
enhanced salt tolerance observed in plants grown on synthetic
media supplemented with NaCl (Figures 7C,D). Moreover,
NAP expression promotes leaf senescence and GA-mediated
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chlorophyll degradation (Lei et al, 2020). Thus, the reduced
NAP expression in our transgenic lines might contribute to
the observed delayed senescence phenotype and enhanced
chlorophyll content found in our tobaccos (Moreno et al., 2020).

The SCARECROW-LIKE protein (SCL14) is a member
of the Arabidopsis GRAS family of transcription factors.
SCL14 competes with GRX480/ROXY19 for binding the TGAII
transcription factors and mediating the activation or inhibition,
respectively, of the detoxification response (Ndamukong et al.,
2007; Fode et al., 2008; Koster et al., 2012; Huang et al., 2016).
Recently, it was shown that SCL14-dependent detoxification is
necessary for the resilience of Arabidopsis plants exposed to
photooxidative stress (D’Alessandro et al., 2018). In addition,
Arabidopsis scl14 mutants with reduced and enhanced SCL14
expression showed reduced and enhanced tolerance, respectively,
to high light (D’Alessandro et al, 2018). It was shown that
p-cyclocitral (B-cc) induces the expression of SCL14, which
interacts with TGAII and activates the xenobiotic detoxification
response through the NACO002/ATAF1 transcription factor
(D’Alessandro et al., 2018; D’Alessandro and Havaux, 2019).
Interestingly, our transgenic lines showed enhanced tolerance
to high light (Figures 7A,B). Moreover, increased expression of
the SCL14 (~80%) and NAC002/ATAF1 (~40%) transcription
factors suggest the activation of the xenobiotic response, resulting
in higher tolerance to high light. However, B-cc content did not
change in our transgenic lines (Moreno et al., 2020), suggesting
the possibility of a f-cc-independent activation of the xenobiotic
response. Other members of the GRAS family also showed
increased expression in our dataset (SCL9 and SCR), which
might be contributing to the high tolerance to high light in our
transgenic lines.

Another interesting example is the gibberellic acid insensitive
(GAI), which represses GA responses and restrains the normal
cell proliferation and expansion that drive plant growth. In our
transgenic lines, growth is enhanced because of an increase
in GA levels (Moreno et al, 2020). This is correlated with

reduced GAI gene expression identified by RNAseq in our
transgenic lines (Figure 8). Reduction of GAI allowed for
the accumulation of GA, resulting in enhanced plant growth.
Furthermore, GRF (growth regulating factor)-interacting factor3
(GIF3) is a member of a small family of transcription coactivators
that forms functional complexes with GRFs (Kim et al., 2003;
Lee et al.,, 2009; Lee and Kim, 2014). GIF3 is required for the
cell proliferation activities of lateral organs, including leaves
and cotyledons (Kim et al, 2003; Lee et al, 2009). The
Arabidopsis gifl mutant showed reduced leaf and cotyledon size
(Kim and Kende, 2004). Increased GIF3 expression by ~50%
in our transgenic lines supports the observed increased size
in cotyledons and leaves under control and stress conditions
(Supplementary Figures 5C,F). In the same line of evidence,
a GRF (GRFI) involved in leaf and cotyledon growth (Kim
et al., 2003) was detected in our RNAseq analysis. Arabidopsis
mutants with reduced and increased GRF expression showed
reduced and increased leaf and cotyledon size, respectively (Kim
et al,, 2003; Kim and Kende, 2004; Beltramino et al., 2018).
Thus, increased GRF1 expression (up to 150%) in our transgenic
lines (Figure 8) might contribute to the enhanced growth
observed in leaves and cotyledons under normal and stress
conditions in our tobacco lines (Supplementary Figures 5C,F).
In a recent study, an RNAseq analysis showed a broad range
of gene targets for GRF1 and GRF3, including the genes
involved in plant growth and development, phytohormone
biosynthesis and signaling, and the cell cycle (Piya et al,
2020). Moreover, clock core genes and genes with stress- and
defense-related functions are the most predominant among the
GRF1 and GRF3-bound targets. Additionally, it was shown
that GRF1 and GRF3 target molecular nodes of growth-
defense antagonism and modulate the levels of defense-
and development-related hormones (e.g., ABA) (Piya et al.,
2020). This is in line with our RNAseq analysis (Figure 3B;
Supplementary Figures 2A,B), where the expression of more
than 100 genes involved in hormone biosynthesis and signaling,
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FIGURE 9 | Schematic model representing pathways and processes with changes at transcript, protein, and metabolic level and allowing greater plant biomass and
stress resilience in tobacco DcLCYB1 lines. Expression of DcLCYBT1 results in a reshaping of the tobacco transcriptome, proteome and metabolome affecting
processes outside the chloroplast (e.g., mitochondria, nucleus, and cytosol). Previously reported processes that were affected upon expression of DcLCYB1 (Moreno
et al., 2020) are indicated with a red asterisk, while newly identified processes (altered upon DcLCYB1 expression) with our OMICs strategy are indicated with a black
asterisk. Although increased hormone content (e.g., ABA) might have enhanced stress tolerance, here we integrate the genes and proteins that can influence the
expression of other genes (e.g., transcription factors) and can trigger signaling cascades involved in stress tolerance, growth, and development. A schematic
representation using Nicotiana benthamiana plants (available in Biorender) were used to represent the stress response in the DcLCYBT lines. The model was build

cell division, cell cycle, and development was significantly
changed in our transgenic lines.

Interestingly, many of the affected processes at the transcript
level (RNAseq) were also identified at the proteome level. For
instance, the biggest nodes in the protein-protein interaction
network correspond to ribosome and RNA metabolism, which
comprises the proteins involved in transcription and translation
(e.g., ribosomal subunits). The reshaping in those processes
might be indicators of higher translation to support the
increased/decreased abundance of around 600 proteins in
the transgenic lines. Proteins belonging to processes such
as photorespiration and redox, amino acid metabolism and
biosynthesis, RNA binding, carbon fixation and glycolysis,
and electron transport chain reflect a direct impact on the
increased/reduced gene expression measured in our RNAseq
experiment (Figures 4, 5; Supplementary Tables 2-6, 10-12).

Summarizing and integrating our results, we provide a model
that explains the higher yield phenotype and high light, salt,
and oxidative stress tolerance observed in our transgenic tobacco
lines beyond the previously reported isoprenoid pathways in

chloroplast (Figure 9). The carotenoid and carotenoid-related
pathways influencing phytohormone content or photosynthesis
and, thus, impacting plant growth (red asterisks in Figure 9) were
thought to be the main reason for the higher yield phenotype
(Moreno et al., 2020). However, by combining transcriptome,
proteome, and metabolome data, we have provided new evidence
suggesting other processes and pathways (black asterisks in
Figure 9), for instance, in the cytosol and nucleus, are involved in
this phenomenon. One example is the increased gene expression
and protein abundance of glycolytic enzymes, which might be
related to the increased GA, carotenoid, and chlorophyll content
observed in our tobacco lines. Glycolysis provides the precursor
used for isoprenoid synthesis in the MEP pathway, and MEP
provides the common precursor (GGPP) for GA, carotenoids,
and chlorophyll synthesis. More MEP precursors could lead
to higher GGPP content, thus supporting increases in MEP-
derived isoprenoid pathways. On the one hand, a great number
of genes and proteins involved in cell cycle and development
(Supplementary Tables 6, 9) might contribute to the observed
growth rate and accelerated development in our tobacco lines.
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In addition, the transcription factors involved in plant growth
and development (transcription factors GIF3 and GRF1, and GAI
growth-related factor) might also contribute to the high-yield
phenotype observed under control conditions. Furthermore, the
DEGs and proteins involved in auxin, brassinosteroid, cytokinin,
and ethylene metabolism might indicate their participation in
growth and developmental phenotypes observed in our lines. On
the other hand, besides the higher ABA content, the significant
changes in transcription factors (localized in the nucleus and
cytoplasm) involved in salt (bZIP12, ATAF1, NAP) and tolerance
to high light (GRAS SCL14, ATAF1) together with a reshaping
at the transcriptome and proteome level of the redox process
contribute to the observed higher tolerance to high light, salt,
and oxidative stress in our transgenic tobacco lines (Figure 9).
Interestingly, previous studies have shown that altered hormone
content (e.g., ABA) induces the expression of transcription
factors and vice versa (Devkar et al., 2020; Piya et al., 2020; Yu
et al., 2020), thus activating the signaling cascades that impact
plant growth, development, and stress response.

In conclusion, what seemed to be a simple expression of
a carotenogenic gene that encodes for an enzyme converting
the lycopene into B-carotene resulted in a greater reshaping at
transcriptome, proteome, and metabolome levels in different cell
compartments to support plant growth, development, and stress
tolerance in tobacco. The progress and knowledge generated here
will allow us to take this bioengineering to the next level, applying
it to crops to generate a new generation of super crops with
enhanced photosynthetic efficiency, yield, stress tolerance, and
nutritional content.
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Chiu-Yueh Hung', Jianhui Zhang't, Chayanika Bhattacharya’, Hua Li,
Farooqahmed S. Kittur?, Carla E. Oldham’, Xiangying Wei2, Kent O. Burkey?,
Jianjun Chen* and Jiahua Xie™*

" Department of Pharmaceutical Sciences, Biomanufacturing Research Institute and Technology Enterprise, North Carolina
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Plant Science Research Unit, Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC,
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Chloroplasts are organelles responsible for chlorophyll biosynthesis, photosynthesis,
and biosynthesis of many metabolites, which are one of key targets for crop
improvement. Elucidating and engineering genes involved in chloroplast development
are important approaches for studying chloroplast functions as well as developing
new crops. In this study, we report a long-lived albino mutant derived from a popular
ornamental plant Epipremnum aureum ‘Golden Pothos’ which could be used as a model
for analyzing the function of genes involved in chloroplast development and generating
colorful plants. Albino mutant plants were isolated from regenerated populations of
variegated ‘Golden Pothos’ whose albino phenotype was previously found to be due
to impaired expression of EaZIP, encoding Mg-protoporphyrin IX monomethyl ester
cyclase. Using petioles of the mutant plants as explants with a traceable sGFP gene,
an efficient transformation system was developed. Expressing Arabidopsis CHL27 (a
homolog of EaZIP) but not EaZIP in albino plants restored green color and chloroplast
development. Interestingly, in addition to the occurrence of plants with solid green
color, plants with variegated leaves and pale-yellow leaves were also obtained in the
regenerated populations. Nevertheless, our study shows that these long-lived albino
plants along with the established efficient transformation system could be used for
creating colorful ornamental plants. This system could also potentially be used for
investigating physiological processes associated with chlorophyll levels and chloroplast
development as well as certain biological activities, which are difficult to achieve using
green plants.

Keywords: albino, Epipremnum aureum ‘Golden Pothos’, Mg-protoporphyrin IX monomethyl ester cyclase, long-
lived, chlorophyll biosynthesis, chloroplast development, Agrobacterium-mediated transformation
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INTRODUCTION

In plants, chloroplasts are important organelles, responsible for
producing pigments, harvesting solar energy and generating
various metabolites (Block et al., 2007; Terry and Smith, 2013;
Pogson et al., 2015). Chloroplast biogenesis and functions require
2,500-3,500 proteins (Peltier et al., 2002; Block et al., 2007;
Woodson and Chory, 2008), but its genome only encodes
~100 proteins (Martin et al, 2002). The remaining over
95% of proteins are encoded by nuclear genes, which are
synthesized in the cytosol and then imported into proplastids
for chloroplast biogenesis, development, and function (Abdallah
et al., 2000; Kleine et al., 2009; Pogson et al., 2015). Thus,
understanding the roles of individual genes encoded by two
separate genomes, their coordinated expressions, and the
translocation of nuclear-encoded proteins during chloroplast
development is fundamentally important for genetic engineering
of plants in order to improve photosynthetic efficiency, plant
growth, and seed and natural product production (Woodson and
Chory, 2008; Bolter, 2018; Zoschke and Bock, 2018; Boehm and
Bock, 2019).

So far, determining the roles of most nuclear-encoded
plastid genes and elucidating mutual regulation of genes
from two genomes during the chloroplast biogenesis and
development remain big challenges because of the complexity
and the lack of an effective experimental platform. Various
experimental systems, such as dark-grown etiolated seedlings,
various types of color-defective mutants including albino,
variegated, and chemical/physical induced mutants, have been
used for aforementioned studies (McCormac and Terry, 2004; Yu
et al.,, 2007; Pogson et al., 2015; Zoschke et al., 2017). Among
them, etiolated seedlings have been widely used to study the
chloroplast biogenesis by monitoring the greening process in
cotyledon cells upon exposure to light (Sinclair et al., 2017;
Gommers and Monte, 2018; Armarego-Marriott et al., 2020).
However, the transition from proplastids to chloroplasts is very
quick and complex (Block et al., 2007; Woodson and Chory, 2008;
Pogson et al., 2015; Bolter, 2018; Zoschke and Bock, 2018), and
the expression of genes from both plastid and nuclear genomes
is sharply induced (Jiao et al, 2007; Chen et al., 2010; Jing
and Lin, 2020), which poses a problem to study spatially and
temporally coordinated expressions of these genes during the
chloroplast biogenesis.

Albino plants are also commonly used for studying chloroplast
development and function. Previous studies show that albino
plants derived from mutation together with their green
counterparts are ideal genetic materials for identifying mutated
genes involved in the chloroplast biogenesis and development.
This has been demonstrated in a variety of albino mutants, such
as barley albostrians (Hess et al., 1994; Li et al.,, 2019), maize
iojap (Han et al., 1992), and white seedling 3 (Hunter et al., 2018),
Arabidopsis seedling plastid development] (Ruppel et al., 2011),
as well as T-DNA insertion mutants Arabidopsis pap3, pap6, and
pap7 (Steiner et al., 2011), rice albino Leaf] (Zhang et al., 2016)
and albino Leaf2 (Liu et al., 2016), and tomato wls-2297 (Garcia-
Alcazar et al, 2017). Albino mutants are also considered as
ideal materials for studying mechanisms underlying chloroplast

biogenesis and development (Dunford and Walden, 1991; Pfalz
and Pfannschmidt, 2012; Hayashi-Tsugane et al., 2014; Yang
et al., 2019). Some of them have been used to shed the light
on pathways involved in chloroplast biogenesis, such as the
retrograde signaling (Bradbeer et al., 1979; Borner, 2017), plastid
protein import machinery (Shipman-Roston et al., 2010; Li et al.,
2019), and light signal regulated genes in albino plants (Griibler
et al., 2017). Chemically induced and tissue culture-derived
albino plants have been used to understand the development of
stomatal complex (Hernédndez-Castellano et al., 2020), stomatal
opening and functioning (Roelfsema et al., 2006), the role of
blue or red light in regulating flowering (Jabben and Deitzer,
1979; Bavrina et al., 2002), and the effects of carotenoid-derived
molecules on root development patterning (Van Norman et al.,
2014). Although albino plants occur in nature and can also be
obtained in laboratory through somaclonal variation by cell and
tissue culture, induction by physical and chemical mutagenesis,
and genetic engineering, a distinct characteristic of the albino
plants is that the majority of them are usually short-lived even
though they are maintained on culture media with high sucrose
(Dunford and Walden, 1991; Zubko and Day, 1998; Ruppel et al.,
2011; Steiner et al., 2011; Garcia-Alcdzar et al., 2017). The short-
lived nature of these plants is a shortcoming for their applications
as an experimental platform to study the coordinated expressions
of nuclear and plastid genes.

Long-lived albino plants having capacity to be switched from
aberrant plastids to functional chloroplasts are desirable. Because
they could be used as an experimental platform for investigating
genes related to the chloroplast development and monitoring
the translocation of nuclear-encoded plastid proteins during the
greening process. Moreover, long-lived albino plants could be
useful to solve certain biological questions where chlorophyll
effects should be avoided. Recently, plants are emerging as
alternative expression system to replace mammalian one for
producing a diverse range of biopharmaceuticals (Xu et al., 2012;
Moon et al., 2020). The long-lived albino plants can also be an
ideal expression system to express high-value compounds and
therapeutic proteins to avoid chlorophyll interference during the
purification process (Wilken and Nikolov, 2012; Mellor et al.,
2018). However, there are no reports on long-lived albino plants
with exception of three recent studies from perennial Agave
(Agave angustifolia Haw.) in which created albino plants are
surely long-lived even though their life span was not indicated
(Duarte-Aké et al., 2016; Us-Camas et al., 2017; Hernandez-
Castellano et al., 2020). One possibility for the lack of long-
lived albino plants could be due to the life span of their
parental species since most of albino mutants are derived from
either annual or biennial plant species. Thus, we postulated
that using perennial, vegetatively growing, non-flowering and
long-lived pothos plants (Epipremnum aureum) (Hung and Xie,
2009; Hung et al.,, 2016) to develop albino plants could be a
better choice. To this end, we regenerated albino plants from a
variegated variety ‘Golden Pothos™ by tissue culture techniques
(Hung and Xie, 2009). Regenerated albino plants (Figure 1A)
have been propagated and maintained for more than 11 years
in our laboratory despite being rootless. Our previous studies
indicated that they have impaired expression of EaZIP encoding
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FIGURE 1 | The growth of albino plants and the involvement of EaZIP. (A) Albino plantlets. (B) Impaired EaZIP in chlorophyll biosynthesis pathway. (C) Albino
plantlets were grown under ~30, 15, and 5 pmol m~2 s~ light intensity at 23°C for 4 weeks. The white circle indicates damaged leaf-tip. Bar = 1 cm.

Mg-protoporphyrin IX monomethyl ester (MPE) cyclase, a key
enzyme in the chlorophyll biosynthesis pathway (Figure 1B;
Hung et al,, 2010). Impaired expression of MPE cyclase is thought
to cause defective leaf color and result in colorless plastids
in various plant species (Tottey et al, 2003; Liu et al., 2004;
Rzeznicka et al., 2005; Hung et al., 2010).

In view of the importance of MPE cyclase, we hypothesized
that compensating EaZIP expression in regenerated albino plants
would potentially synthesize sufficient chlorophylls for plastid
development and restore the normal green phenotype. In the
present study, we first expressed traceable sGFP gene (Chiu
et al,, 1996) in albino plants for developing a transformation
method. We then overexpressed EaZIP driven by a constitutive
promoter CaMV35S (35S:EaZIP) in albino plants to restore
the normal green phenotype. However, it did not generate any
green transgenic plants. When Arabidopsis CHL27, a homolog
of EaZIP, driven by the CaMV35S promoter (35S:CHL27) was
expressed, both the defective color and dysfunctional chloroplast
development were restored in albino plants. Intriguingly,
expressing CHL27 in albino plants produced various leaf colors
of regenerated transgenic plants. For ornamental plants, color is
one of the most important traits to add value to a new cultivar
(Chen et al., 2005). Generally, colorful ornamental plants are
produced from green plants via natural or artificial mutation,
somaclonal variation, or genetic engineering (Marcotrigiano,
1997; Van Harten, 1998; Chen and Henny, 2006; Zhao et al.,
2012). The present study presents a new strategy for producing
colorful plants by genetically engineering of long-lived albino
plants. Potential mechanisms of developing different color plants
and application of long-lived albino plants were discussed.

MATERIALS AND METHODS

Plant Maintenance

Albino plantlets were derived from variegated leaves of
E. aureum ‘Golden Pothos’ by tissue culture techniques (Hung
and Xie, 2009). They were propagated in a maintenance
medium containing MS salts with vitamins (Research
Products International, Mount Prospect, IL, United States),
10 mg/L ascorbic acid, 25 g/L sucrose, and 5 g/L agar with
pH adjusted to 5.6 and grown at 23°C under a constant
light intensity of 5 pmol m~2 s~!. The plantlets were
maintained by transferring onto fresh medium once a
month. To observe the effects of light intensity on their
growth, equal-sized clusters of albino plantlets were cultured
on the maintenance medium at 23°C under full spectrum
light with the intensities of 30, 15, and 5 pmol m~2 s,
respectively for a month before they were photographed.
Regenerated green transgenic plants were transplanted to
soil after rooting.

Creation of Genetic Cassettes

The sGFP genetic cassette, CEJ899, was kindly provided by
Professor Deyu Xie of North Carolina State University. The
EaZIP genetic cassette, CEJ1260, was created by replacing
GUS in commercial vector pBI121 (Clontech, Mountain View,
CA, United States) with EaZIP coding region (Accession #:
FJ666046) (Hung et al, 2010). The CHL27 genetic cassette,
CEJ1264, was created by replacing GUS in pBI121 with
Arabidopsis  thaliana CHL27 coding region (Accession #:
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NM_115553) (Salanoubat et al., 2000). The sequence alignment
of ¢cDNAs of EaZIP and Arabidopsis CHL27 is presented in
Supplementary Figure 1. After cloning, both inserted genes
were sequenced for validation before used for transformation.
Each plasmid DNA was introduced into Agrobacterium
tumefaciens strain LBA4404 using the freeze-thaw method
(Holsters et al., 1978).

Plant Transformation

For Agrobacterium-mediated transformation, our previous
transformation system developed for green E. aureum ‘ade
(Zhao et al., 2013b) was modified. Briefly, petiole segments were
excised from albino plantlets and infected with Agrobacterium
solution (ODggp of 0.8) containing 100 wM acetosyringone
for 10 min. Then infected petiole segments were co-cultured
on induction medium containing MS salts with vitamins
(Research Products International), 2 mg/L N-(2-chloro-
4-pyridl)-N’-phenylurea (CPPU), 0.2 mg/L a-naphthalene
acetic acid (NAA), 10 mg/L ascorbic acid, 25 g/L sucrose,
and 5 g/L agar (pH 5.6) in the dark. After 7-day co-culture,
they were transferred onto the selection medium which is the
induction medium with additional 75 mg/L kanamycin and
100 mg/L Timentin. Only one callus from each explant was
isolated for the regeneration. Induced calli were transferred
onto regeneration medium which is the selection medium
without hormones.

Genomic DNA PCR, RT-PCR, and

qRT-PCR

Shoots maintained on regeneration medium were harvested
and stored at —80°C for genomic DNA and total RNA
isolation. The DNeasy Plant Mini Kit (Qiagen, Germantown,
MD, United States) was used for isolating genomic DNA.
The RNeasy Plant Mini Kit (Qiagen) was used for isolating
total RNA. Further treatment of DNase I and first strand
cDNA synthesis were performed using SuperScript™ IV
VILO™ master mix with ezDNase™ enzyme (Invitrogen,
Carlsbad, CA, United States). For PCR and RT-PCR, the
reactions were carried out with Tag DNA polymerase
(Sigma Aldrich, St. Louis, MO, United States) and specific
primers:  NPTIIF  5-AAGATGGATTGCACGCAGGTTC-
3’ and NPTIR 5-ACGGGTAGCCAACGCTATGTC-3' for
the nptll; GFPF 5-GAGCTGGACGGCGACGTAAA-3' and
GFPR 5-GTGTCGCCCTCGAACTTCAC-3' for the GFP;
EaZIPF 5-ACGAAGGCTAGGCAGTACAC-3' and NosR1
5'-AAATGTATAATTGCGGGACTCT-3' for the EaZIP; and
CHL27F 5-ACAACCAGACACATTTCGTGA-3’' and CHL27R
5'-ACGTCGACGAGCTCCTAATAGA-3’ for the CHL27. For
qRT-PCR, the procedure was the same as described previously
(Hung et al, 2016), while the specific primers are EaZIP-qF
5'-AGACTGAAGACATTCCCCTGGTAA-3 and EaZIP-qR
5'-CTCAGAGACTAGTGCTGCGATGA-3' for the EaZIP; and
CHL27-qF 5-GTGGTTCGGTTTGTCTCGAT-3' and CHL27-
qR 5-ACGTCGACGAGCTCCTAATAGA-3' for the CHL27.
The QuantumRNA™ 18S Internal Standards (Ambion, Austin,
TX, United States) was used as an endogenous control.

GFP Imaging and Transmission Electron
Microscopy (TEM) Analysis

The GFP fluorescence detected in transgenic plants were
captured under fluorescence microscope (Keyence, Osaka,
Japan). To observe the chloroplast ultra-structures in leaf
tissues, TEM analysis was performed at the Center for Electron
Microscopy of North Carolina State University. Fully expanded
young leaves from baby jar grown plants were cut into 1 mm?
blocks and then fixed in 3% glutaraldehyde in 0.05 M KPOy4
buffer, pH 7 at 4°C. All samples were rinsed in three 30-min
changes of cold 0.05 M KPO, buffer, pH 7, then post-fixed
in 2% OsO4 in the same buffer at 4°C in the dark. After
dehydrated with graded series of ethanol (30, 50, 70, 95, and
100%), samples were infiltrated with Spurr’s resin (Ladd Research
Industries, Williston, VT, United States), flat embedded and
cured at 70°C overnight. Samples were sectioned with a Leica
UCért ultramicrotome (Leica Microsystems, Wetzlar, Germany)
and placed onto 200-mesh grids. The grids were then stained
with 4% aqueous uranyl acetate in the dark at 25°C followed by
three times of warm distilled water (40°C) washes and 1 min
in Reynolds lead citrate followed by three more warm distilled
water washes. All sections were observed under a JEOL JEM
1200EX transmission electron microscope (JEOL, Peabody, MA,
United States). Images were captured using a Gatan Erlangshen
Model 785 ES1000W camera and Digital Micrograph software
(Gatan, Pleasanton, CA, United States).

Immunoblotting Analysis

For detecting the presence of GFP protein in transgenic lines,
the total proteins were first extracted from mature leaf tissues
using the Plant Total Protein Extraction kit (Sigma-Aldrich).
The protein extract was then subjected to SDS-PAGE. They
were heated with NuPAGE™ LDS sample buffer containing
10% reducing agent (500 mM DTT) at 70°C for 10 min, then
analyzed under a NuPAGE™ 4-12% Bis-Tris gel with a MES
SDS running buffer containing antioxidant as instructed by the
manufacturer. For immunoblotting, proteins were transferred
onto a PVDF membrane (Bio-Rad, Hercules, CA, United States).
The membrane was then blocked at 25°C for 1 h with 15% (w/v)
dry milk dissolved in PBST. It was then incubated at 25°C for
1 h with 1:200 diluted primary antibody anti-GFP (B-2) (sc-9996;
Santa Cruz Biotechnology, Dallas, TX, United States) followed
by incubation in the secondary antibody Goat anti-Rabbit IgG
horseradish peroxidase conjugate (Bio-Rad). The luminescent
signals were generated after incubation with SuperSignal®
West Pico Chemiluminescent substrate (Pierce biotechnology,
Rockford, IL, United States) and captured by Kodak Biomax
X-ray film (PerkinElmer, Waltham, MA, United States). For
staining the PVDF membrane, 0.2% (w/v) Amido Black 10B
(MP Biomedicals, Santa Ana, CA, United States) in 10% (v/v)
acidic acid was used.

Measurement of Chlorophylls

For extracting chlorophylls, the mature leaf tissues were first
ground in liquid nitrogen then resuspended in 80% acetone
as described in Hung and Xie (2009). After centrifugation,
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the clear supernatant was collected and diluted 10x in acetone
before reading their absorption wavelengths using SpectraMax
Plus 384 (Molecular Devices, San Jose, CA, United States).
The chlorophyll content was calculated based on the formula
described by Hanfrey et al. (1996). All results were presented
as the average of three biological replicates £ SD. Statistical
significance was analyzed by comparing all pairs using Tukey-
kramer HSD (p < 0.05).

RESULTS

Albino Plants Are Long-Lived and Grow
Well Under Low Light

To explore the potential applications of regenerated albino
plants, we optimized their growth conditions in order to have
healthy plants for downstream studies. They were propagated and
maintained on Murashige and Skoog (MS) medium (Murashige
and Skoog, 1962) with 25 g/L sucrose as a carbon source
and addition of 10 mg/L ascorbic acid. Ascorbic acid was
used as an antioxidant agent, which is due to the notion that
albino plants lacking functional chloroplasts are unable to carry
out photosynthesis and more sensitive to the photo-oxidation
(Spoehr, 1942; Hess et al., 1994; Garcia-Alcazar et al., 2017).
Initially, regenerated plants from color defective leaf sectors
were pale yellow and had rooting capacity (Hung and Xie,
2009). However, they gradually lost pale yellow color and rooting
capacity, and became albino plants without roots (Figure 1A).
We found that they grew slowly but well under low light (5
pmol m~2 s7!) on MS medium with addition of 10 mg/L
ascorbic acid. Although growths were much faster under high
light conditions (15 and 30 pmol m~2 s~!), there were signs
of cell damage on the tip of leaves (Figure 1C). Because of
the high light associated cell damage, low light conditions
were chosen for growth and maintenance. Since then they
have grown and been successfully propagated for more than
11 years and could be considered as long-lived albino plants
in comparison with other known albino plants (Hess et al.,
1994; Ruppel et al, 2011; Liu et al., 2016; Zhang et al., 2016;
Garcia-Alcédzar et al., 2017).

Albino Plants Can Be Easily Transformed

With a High Transformation Efficiency
After establishing the optimal growth conditions for the albino
plants, a transformation system to produce stable albino
transgenic plants was developed. We adopted our previous
Agrobacterium-mediated transformation system developed
for green pothos plants (Zhao et al., 2013b) with three major
changes. Briefly, nptII was used to replace hpt as a selection
gene (Figure 2A), 75 mg/L kanamycin was used for screening
transgenic plants, and ascorbic acid was supplemented into
induction, selection and regeneration media to prevent
oxidative damage.

Transformation results showed that visible kanamycin
resistant calli first appeared after 4 weeks on selection
medium (Figure 2B). The average callus induction rate

observed after 8 weeks of subculture was ~52% (Table 1),
which was higher than green pothos plants (Zhao et al,
2013b). After growing for an additional 4-6 weeks, calli were
transferred onto a regeneration medium. After about 2 weeks,
newly regenerated white shoots appeared (Figure 2B). To
confirm the presence of transgenes sGFP and nptIl in these
regenerated white shoots, seven independent kanamycin-
resistant lines (Figure 2C) were examined by PCR and
the results showed that both genes were detected in all
lines (Figure 2D). To confirm the expression of sGFP, RT-
PCR and immunoblotting analyses were performed. The
expression of sGFP was confirmed in all seven lines by RT-
PCR (Figure 2E). Immunoblotting results based on equal
loading of total proteins further confirmed the presence of GFP
protein in five out of seven lines which had high transcript
levels (Figure 2F). The GFP fluorescence was also observed
in regenerated plants (Figure 2G). These results indicate
that albino plants can be stably transformed with a high
transformation efliciency.

Overexpressing EaZIP Did Not Change
the Albino Phenotype

Our previous study suggested that no expression of EaZIP
could be responsible for the loss of green color in albino
plants (Hung et al., 2010). We found that the albino plants
accumulated MPE, the substrate of the MPE cyclase, when
they were fed with 5-aminolevulinic acid, the first committed
intermediate of the porphyrin synthesis pathway. These results
indicate that the albino plants lack functional MPE cyclase.
Our previous cloning effort obtained an EaZIP from green
pothos (Hung et al, 2010), which lacks a sequence region
encoding a N-terminal chloroplast transit peptide (cTP). When
overexpressing the cloned EaZIP in wild type tobacco plants
which carry the NtZIP also lacking 5'-end sequence coding for
a ¢TP (Liu et al., 2004), surprisingly we found transgenic plants
showing variegated phenotype (Guan et al, 2017). However,
whether the cloned EaZIP is a functional version or not has
not been tested. To determine if overexpression of the EaZIP
could restore green color, we first overexpressed EaZIP in albino
plants (Figure 3A).

Following EaZIP overexpression, no green shoots were
observed among all regenerated plantlets. These regenerants
were derived from 31 independent kanamycin-resistant calli
grown with or without light exposure (Table 1), even though
the growth of kanamycin-resistant calli and regenerated shoots
was robust (Figure 3B) with a high transformation rate of
69% (Table 1). To confirm the presence and expression of
transgenes in these regenerated plantlets, PCR and RT-PCR
were performed. The presence and expression of EaZIP were
confirmed in all selected seven lines (Figures 3C,D). The
finding that overexpressing EaZIP was unable to restore the
chlorophyll production complements with our previous study
that overexpressing the EaZIP caused normal green tobacco
plants to become variegated (Guan et al., 2017). The results
from these two studies implied that the cloned EaZIP might be
defective. One possible reason might be the lack of ¢TP. For

Frontiers in Plant Science | www.frontiersin.org

May 2021 | Volume 12 | Article 647507


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hung et al.

Create Colorful Plants From Albino

WT 1 2 3 4 5 6

7 CEJ899

nptll

18S rRNA

FIGURE 2 | Establishment of Agrobacterium-mediated transformation system in albino plants expressing sGFP. (A) Genetic cassette CEJ899 with SGFP driven by
CaMV35S promoter (35S-P) and nptll driven by nos promoter (nos-P). T, nos terminator; RB, right border; LB, left border. (B) Induced calli and shoots. Bar = 1 mm.
(C) Regenerated transgenic plantlets. Bar = 5 mm. (D) Genomic DNA PCR and (E) RT-PCR of seven individual transgenic lines (1-7) amplified by specific primer
pairs for nptll and sGFP, respectively, using 78S rRNA as an internal control. M, molecular marker; WT, wild-type albino plant. (F) Immunoblot against anti-GFP.
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TABLE 1 | The induction rates of kanamycin-resistant calli and subsequently regenerated shoots.

Transgene Batch No. of No. of explants Callus Average = SD No. of tested No. of tested No. of tested Shoot
explants with calli induction rate (%) calli* calli with calli with induction rate
(%) green shoots  white shoots (%)
SGFP | 62 33 53.2
I 35 10 28.6 51.7+22.4 7 (26%) 0 17 100
1l 30 22 73.3
EazIP | 32 21 65.6
I 36 29 80.6 69.2 +10.1 31 (45%) 0 31 100
1l 31 19 61.3
CHL27 | 40 35 87.5
I 35 30 85.7 88.1+238 2 (23%) 17 5 100
1l 34 31 91.2

*Calli obtained from batch |, Il and Ill were randomly selected for the shoot induction experiment.

further testing, using a functional Arabidopsis CHL27 with a cTP
(Tottey et al., 2003) could be an alternative.

Introducing Arabidopsis CHL27 in Albino
Plants Restored Chlorophyll

Biosynthesis

The function of Arabidopsis CHL27 has been fully characterized
(Tottey et al., 2003). We reasoned that expressing CHL27 in
albino plants might restore chlorophyll biosynthesis. Positive
results would demonstrate that the impaired expression of

EaZIP could be responsible for albino phenotype. To test this
hypothesis, we created a genetic cassette by replacing EaZIP with
CHL27 (Figure 4A). The transformation rate was high at ~88%
(Table 1). When 22 kanamycin-resistant calli with 0.5-1 cm
diameters were exposed to light for approximately 2 weeks, cells
with green color started to appear (Figure 4B), and subsequently
green shoots emerged (Figure 4B) in 17 individual calli (Table 1).
Rooting capacity was also recovered in CHL27 transgenic plants,
which allowed them to grow well in soil (Figure 4D). To confirm
these green shoots (Figure 4C) expressing CHL27, PCR, and
RT-PCR were performed in seven lines. The PCR and RT-PCR
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FIGURE 3 | Overexpression of £aZIP in albino plants. (A) Genetic cassette CEJ1260 with EaZIP driven by CaMV35S promoter (35S-P). The remaining annotations
are the same as in Figure 2A. (B) Induced calli and shoots. Bar = 1 mm. (C) Genomic DNA PCR and (D) RT-PCR of seven individual transgenic lines (1-7) amplified
by specific primer pairs for nptll and EaZIP, respectively, using 78S rRNA as an internal control. M, molecular marker; WT, wild-type albino plant.

results showed that all green shoots carried (Figure 4E) and
expressed (Figure 4F) CHL27. These results confirm that the cTP
is required and a functional form of EaZIP with cTP may be
present in green pothos cells.

The Leaf Color and Chlorophyll Levels of
Created Transgenic Plants Correlate Well
With the Expression of CHL27

We observed that the majority of regenerated shoots derived from
the same transgenic callus had three types of leaves: pure green
(PG), variegated (V), and pale yellow (PY) (Figure 4C). Different
leaf colors appeared in regenerated plants were relatively stable
when they grew under the same growth conditions (Figure 5).
This phenomenon, however, did not appear in tissue culture
regenerated pothos green and albino plants (Figure 6) where
calli derived from green or albino explants generated uniform
green or white color shoots. To determine whether the leaf
color correlates with the expression of CHL27, three types (PG,
V, and PY) of transgenic plants from the same transgenic line
(Figure 7) were used to measure the contents of chlorophylls and
quantify the expression levels of CHL27. Their ultra-structures of

leaf cells were also examined since chlorophylls are required for
chloroplast biogenesis, such as for assembly and maintenance of
photosynthetic apparatus and stacking of thylakoid membranes
(Eckhardt et al., 2004; Block et al., 2007).

The results showed that the chlorophyll a and b levels in
PG transgenic plants were 3.4 and 1.25 mg/g FW, respectively
(Table 2). They were elevated from undetectable in initial wild-
type albino plants to 64% of levels found in pothos green plants
regenerated from tissue culture. Although the total contents
of chlorophylls were less, the chlorophyll a/b ratio was the
same as in pothos green plants (Table 2). The chlorophyll a
and b levels of V (1.72 and 0.86 mg/g FW) and PY (0.28
and 0.03 mg/g FW) transgenic plants were lower than those
of pothos green and PG transgenic plants, but higher than
those of wild-type albino plants. In addition, the chlorophyll
a/b ratios of PY transgenic plants were in average of 8.14
which was abnormal compared to green plants ranging around
2.7 (Table 2). The stable chlorophyll a/b ratio is important
and thought to be very critical to acclimate to changes in
light conditions (Rudiger, 2002). When the expression levels
of CHL27 were quantified by qRT-PCR in three types of
transgenic plants as well as wild-type green and albino plants,

Frontiers in Plant Science | www.frontiersin.org

May 2021 | Volume 12 | Article 647507


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hung et al.

Create Colorful Plants From Albino

Shoots

324 b

188 rRNA

FIGURE 4 | Expression of CHL27 in albino plants. (A) Genetic cassette CEJ1264 with CHL27 driven by CaMV35S promoter (35S-P). The remaining annotations are
the same as in Figure 2A. (B) Induced calli from petiole explant, and propagated green calli (white arrow) and shoots. Bar = 1 mm. (C) Mixed green and pale yellow
shoots. Bar = 1 cm. (D) Regenerated green CHL27 transgenic plant. Bar = 1 cm. (E) Genomic DNA PCR and (F) RT-PCR of seven individual transgenic lines (1-7)

amplified by specific primer pairs for nptll and CHL27, respectively, using 78S rRNA as an internal control. M, molecular marker; WT, wild-type albino plant.

the levels of PG transgenic plants were 3.7- and 6.2-fold higher
than those of V and PY plants, respectively (Table 3). As
for pothos endogenous EaZIP, qRT-PCR result showed that
comparing to pothos green plants, none of the wild type albino
and CHL27 PG, V and PY transgenic plants had detectable
EaZIP (Table 3). These results further indicate that transgenic
plants with different colors correlate well the restored levels of

chlorophylls, which were indeed contributed from the level of
CHL27 expression.

When ultra-structures were examined under the TEM, leaf
cells from PG transgenic plants exhibited normal chloroplasts
(Figure 7) but had fewer grana and more unstacked thylakoids
compared to those of pothos green plants (Figure 6A).
Leaf cells of V transgenic plants had completely developed
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FIGURE 5 | Regenerated transgenic plants from the same transformed callus expressing Arabidopsis CHL27. (A) Pure green. (B-D) Variegated. (E-G) Pale yellow.

chloroplasts, but only a few developed thylakoids. As for
leaf cells of PY transgenic plants, they contained partially
developed chloroplasts (Figure 7), which were different
from those in wild-type albino leaf cells with only plastids
(Figure 6B). Both partially developed chloroplasts in PY
transgenic plants and plastids in wild-type albino plants did
not have developed thylakoids. The numbers of thylakoids and
the degrees of their stacking correlate with the chlorophyll
a and b contents in these three types of CHL27 transgenic
plants, which agrees with the important roles of chlorophyll
a and b in chloroplast development. These results prove
that both defective color and dysfunctional chloroplast
development in albino plants can be restored by compensating
the loss of MPE cyclase.

DISCUSSION

The present study demonstrates that albino plants regenerated
from E. aureum ‘Golden Pothos’ are long-lived when maintained
in a modified MS culture medium under low light conditions
(Figure 1). Albino plants occur in a wide range of plants
including Arabidopsis (Ruppel et al., 2011), maize (Han et al.,
1992; Hunter et al., 2018), barley (Hess et al., 1994; Li et al., 2019),

rice (Liu et al,, 2016; Zhang et al, 2016), tomato (Garcia-
Alcazar et al,, 2017), Agave (Duarte-Aké et al., 2016; Us-Camas
et al., 2017), Artemisia vulgaris (Knudson and Lindstrom, 1919;
Spoehr, 1942), Sequioa sempervirens (Pittermann et al., 2018),
Cucumis sativus (Yan et al., 2020), and Pyrola japonica (Shutoh
et al, 2020). However, none was reported to have extended
life span as the albino pothos. Although S. sempervirens and
P. japonica can survive for a prolonged time, albino shoots of the
former were derived from sprouts while the latter had symbiotic
relationships with fungi. The longest individual albino plants
survived on culture medium are Agave plants (~5 years) (Duarte-
Aké et al., 2016; Herndndez-Castellano et al., 2020), followed by
A. vulgaris with a life span of 3 months (Rischkow and Bulanowa,
1931) and maize plants of less than 4 months (Spoehr, 1942) while
the former one should be long-lived. A consensus is drawn that
individual albino plants are unable to perform photosynthesis;
hence they die after stored energy is exhausted. Unlike albino
pothos and Agave, most albino plants could not live long for
years even though they are maintained on culture media with
high sucrose (Dunford and Walden, 1991; Zubko and Day, 1998;
Ruppel et al., 2011; Steiner et al., 2011; Garcia-Alcézar et al,
2017), which raises a question concerning the involvement of
other factors besides photosynthesis as a sole factor. One possible
factor could be the life span of parental plants since most of them
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Pothos green b Pothos albino

FIGURE 6 | TEM analysis of chloroplast development in ‘Pothos’ wild type leaf cells. (A) ‘Pothos’ green and (B) albino plants from tissue culture (above) and TEM of
their leaf cells (below). Red lines indicate the enlarged area. White arrow: detailed thylakoids; P: plastid.

FIGURE 7 | TEM analysis of chloroplast development in ‘Pothos’ transgenic leaf cells. CHL27 transgenic plants from single transformation event with pure green
(PG), variegated (V) and pale yellow (PY) leaf colors (left), and TEM (right) of their thylakoids (marked by white arrows).

are annual and biennial species while ‘Golden Pothos’ plants are  houseplants for indoor decoration, and they are able to grow
vegetatively growing and non-flowering perennial vines (Hung under low light conditions with limited nutrient supply (Chen
etal,, 2016). Other factors could be the ability of plants to tolerate et al., 2005). Other albino plants, such as A. vulgaris and maize
low light and absorb nutrients. Pothos plants are produced as inherently require high light intensity and abundant nutrient
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TABLE 2 | Chlorophyll @ and b contents*.

FW (mg/g) Pothos green Pothos albino PG Vv PY
Chla 5.32 £+ 0.802 0.01 +0.01d 3.40 + 0.64° 1.72 4 0.08° 0.28 + 0.05
Chib 1.94 + 0.062 0.01 +0.014 1.25 4 0.22° 0.86 + 0.05° 0.03 + 0.029
Chla +b 7.26 4 0.832 0.02 + 0.024 4.65 + 0.85° 2.59 +0.11° 0.31 + 0.079
Chla/b 2.74 0.59 2.71 1.99 8.14

*Data represent the average of biological replicates + SD (n = 3). Different letters represent significant differences at p < 0.05 level.

supply to grow. Once they are unable to conduct photosynthesis,
they had little ability to absorb sugar and other nutrients from
in vitro culture conditions as little increase in their fresh weight
was observed (Rischkow and Bulanowa, 1931; Spoehr, 1942), thus
they died in 3-4 months. Although albino pothos plants lost their
ability to form roots during the continuous subculture, they grew
well with a vigorous regeneration of new shoots in the modified
MS culture medium, indicating that the albino pothos plants are
able to absorb sugar and nutrients from the culture medium.
The albino pothos plants not only survived more than 11 years
but also can be used for regeneration. Moreover, its active
regeneration can be used for genetic transformation of a foreign
gene with great efficiency. The defective color, dysfunctional
chloroplast development and rooting capacity were restored
by expressing Arabidopsis CHL27. The expression of CHL27
resulted in the restoration of complete green as well as variegated
plants. Pothos is among the most popular houseplants used
in indoor conditions for decoration (Henny and Chen, 2003).
Its interior use has been shown to abate indoor air pollutants
(Sawada and Oyabu, 2008; Tada et al, 2010). Thus, there is
increasing demand for new pothos cultivars around the world.
However, due to its non-flowering nature, new cultivars cannot
be developed through hybridization (Henny and Chen, 2003).
Thus far, only four pothos cultivars in the market (Zhao et al.,
2013a). The present study showed that using albino plants as
materials, plants with different leaf colors can be produced, and
the degree of color restoration is dependent on the level of
CHL27 expression. Additionally, these albino plants could also be
used directly to express color related genes, such as Arabidopsis
PAP1 (production of anthocyanin pigment 1) gene (AtPAPI) for
red/purple color (He et al., 2017), and Chinese cabbage BrMYB2
gene for purple color (He et al,, 2020), to produce colorful
plants. Thus, this established system could be used to generate

TABLE 3 | Quantitative RT-PCR of CHL27 and EaZIP*.

Samples CHL27 A Ct Fold changes EaZIP ACt Fold changes
(n=3) (n=3)

Pothos green ND - 9.1+19 1

Pothos albino ND - 21.9+27 —7287.7

PG 9.3+0.8 1 21.4+0.8 —5093.8

\ 11.1+0.2 -3.7 22.3+0.9 —9567.4

PY 11.8+0.3 —6.2 229+1.3 —13840.3

*The data represent the average of ACt compared to their internal control + SD
(n = 3). Fold change is determined as 222D and calculated using PG as 1 for
CHL27, and pothos green control as 1 for EaZIR Negative fold change indicates
reduced gene expression. ND: not detected.

different types of transgenic plants for developing new colorful
pothos cultivars.

It is unclear at this time why the same transformation
resulted in different types of plants. One possibility could be
inappropriate coordination or interactions between the expressed
foreign CHL27 nuclear genes and other endogenous genes.
This study show that overexpressing EaZIP failed to restore
green color in transgenic plants (Figure 3). This failure could
be attributed to the EaZIP c¢cDNA without 5-end sequence
coding for the cTP. This EaZIP without cTP was initially cloned
from green pothos through 5RACE-PCR techniques (Hung
et al, 2010). The expression of this EaZIP in green-leaved
tobacco produced variegated transgenic plants (Guan et al,
2017). In addition to this cTP-lacking EaZIP, pothos might
have a functional form of EaZIP with sequences encoding the
N-terminal ¢TP. The interactions of CHL27 with functional
and non-functional EaZIP may cause the variation among the
transgenic populations. Other possibilities could be epigenetic
effects as reported in Agave plants (Duarte-Aké et al., 2016;
Us-Camas et al., 2017). DNA methylation has been found to
be intensive in pothos (Chen, unpublished data), it is possible
that epigenetics through methylation is implicated the variation
among regenerated plants. Future research is warranted to
identify the underlying mechanisms.

As far as is known, this is the first report of successful stable
transformation of an albino plant. In addition to be used for new
pothos cultivar development, the albino plants along with the
established transformation system could be valuable for studying
critical events in chloroplast development. One example of such
applications is to create inducible transgenic albino plants by
controlling the expression levels of CHL27 or a functional form of
EaZIP under an inducible promoter. These inducible transgenic
albino plants, which would keep white color under un-induced
conditions but turn green under induced conditions, can be used
as an experimental platform to study nuclear genes for plastid
involved in chloroplast biogenesis and development. Those
could be E. aureum genes or genes from different species with
the exception of some species-specifically regulated. With this
inducible platform, co-expression of a test gene with a fluorescent
protein tag can be observed in co-transformed cells/tissues via
live-cell imaging techniques (Wada and Suetsugu, 2004; Day and
Davidson, 2009). Inducible co-transformed albino plants could
be used not only to study the expression site(s) of the test gene but
also to monitor the translocation process of its encoded protein
during the chloroplast biogenesis under induced conditions.
These albino plants could also be used to unravel biological
questions, such as the effects of pigments on root development
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and light quality on plant development, where chlorophyll
effects must be avoided or controlled as demonstrated previously
(Jabben and Deitzer, 1979; Bavrina et al., 2002; Roelfsema et al.,
2006; Van Norman et al., 2014). Recently, plants are becoming
a promising expression system to produce a diverse range of
biopharmaceuticals (Xu et al., 2012; Moon et al., 2020). Likewise,
they can also be used to express high-value compounds and
therapeutic proteins to facilitate downstream purification process
without chlorophyll interference (Wilken and Nikolov, 2012;
Mellor et al., 2018).
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Photosynthetic organisms are sources of sustainable foods, renewable biofuels, novel
biopharmaceuticals, and next-generation biomaterials essential for modern society. Efforts
to improve the yield, variety, and sustainability of products dependent on chloroplasts are
limited by the need for biotechnological approaches for high-throughput chloroplast
transformation, monitoring chloroplast function, and engineering photosynthesis across
diverse plant species. The use of nanotechnology has emerged as a novel approach to
overcome some of these limitations. Nanotechnology is enabling advances in the targeted
delivery of chemicals and genetic elements to chloroplasts, nanosensors for chloroplast
biomolecules, and nanotherapeutics for enhancing chloroplast performance.
Nanotechnology-mediated delivery of DNA to the chloroplast has the potential to
revolutionize chloroplast synthetic biology by allowing transgenes, or even synthesized
DNA libraries, to be delivered to a variety of photosynthetic species. Crop yield improvements
could be enabled by nanomaterials that enhance photosynthesis, increase tolerance to
stresses, and act as nanosensors for biomolecules associated with chloroplast function.
Engineering isolated chloroplasts through nanotechnology and synthetic biology
approaches are leading to a new generation of plant-based biomaterials able to self-repair
using abundant CO, and water sources and are powered by renewable sunlight energy.
Current knowledge gaps of nanotechnology-enabled approaches for chloroplast
biotechnology include precise mechanisms for entry into plant cells and organelles, limited
understanding about nanoparticle-based chloroplast transformations, and the translation
of lab-based nanotechnology tools to the agricultural field with crop plants. Future research
in chloroplast biotechnology mediated by the merging of synthetic biology and
nanotechnology approaches can yield tools for precise control and monitoring of
chloroplast function in vivo and ex vivo across diverse plant species, allowing increased
plant productivity and turning plants into widely available sustainable technologies.

Keywords: plant nanobiotechnology, nano-enabled agriculture, chloroplast bioengineering, nanosensors,
targeted delivery
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Nanotechnology Approaches for Chloroplast Biotechnology

INTRODUCTION

Chloroplast biotechnology has the potential to help alleviate
the main challenges of this century by lowering renewable
biofuels cost, increasing food production, and increasing
productivity per plant. Currently, the cost of renewable energy
through biofuels is not competitive against fossil fuels (Medipally
et al, 2015; Mu et al, 2020; Lo et al, 2021; Scown et al.,
2021). The current goal of the Bioenergy Technologies Office
Advanced Algal Systems program within the Department of
Energy is $2.5-3 gallon of gas equivalent for renewable algal
biofuels by 2030, while current gasoline prices remain relatively
low at $2.18 per gallon (BETO Publications, 2020; Fuel Prices,
n.d.). Additionally, due to the rapidly growing world population,
food production must increase by more than 50% in the coming
decades with a more limited amount of arable and productive
land and under a changing climate (Hatfield et al., 2011; Xu
et al., 2013; Masson-Delmotte et al., 2018; Lowry et al., 2019).
The “Green Revolution” in plant and molecular biology led
to a significant increase in food productivity (Long et al., 2015).
However, chloroplast biotechnology efforts toward increasing
food production have been impaired by the inability to take
full advantage of emergent research progress in synthetic biology
and nanotechnology.

Stifling the ability to explore synthetic biology tools for the
advancement of chloroplast biotechnology are the low chloroplast
transformation rate, low number of species capable of having
their chloroplast genomes transformed, and labor intensive
culturing of calli - unorganized plant cells - and screening
of phenotypes for homoplasmy. When compared to the rates
of nuclear transformation within the same plant species,
chloroplast transformation is a significant limitation. In-depth
reviews of chloroplast transformation have been written by
Day and Goldschmidt-Clermont (2011) and Bock (2015). Since
its introduction, particle bombardment has been the standard
method of chloroplast transformation across multiple plant
species (Przibilla et al,, 1991). This method attaches DNA to
microparticles of gold or tungsten and, using a biolistic delivery
system, propels the DNA-attached particle, via high-pressure
helium gas, toward the plant cell. A significant downside to
particle bombardment is that it requires specialized equipment
and has a low transformation throughput. Accessibility, however,
is limited to those plants for which protoplasts can be readily
obtained (O’Neill et al.,, 1993). A more recent addition to the
chloroplast transformation toolkit, a glass-bead vortex method
has been demonstrated for green algae, but it does have lower
rates when compared to particle bombardment (Economou
et al., 2014; Wannathong et al., 2016). Despite these advances,
relatively few plant species can have their chloroplast transformed
with Arabidopsis being a very recent addition by Yu et al. in
the Maliga Lab (Yu et al,, 2017). Land plants routinely need
species-specific bombardment procedures, vectors, and selectable
markers. Increasing the number of species amenable to chloroplast
transformation would have a significant research impact on
broadening the number of crop plants that can be made more
productive by bioengineering. A further hurdle is that any
current chloroplast transformation method creates heterogenous

chloroplast genomes, which must subsequently be driven to
homoplasmy. Chloroplast genome replication, through cell
division, is one way of producing and confirming a homogenous
chloroplast genome. However, continuous calli culturing is a
laborious and tedious manual process. Chloroplast transformation
problems could be alleviated by a biomolecule delivery chassis
that targets specific germline or meristematic plant cells and
removes the tissue culture bottleneck. The benefits of a universal
chloroplast transformation tool for diverse plant species could
improve research in plant biology and have significant impacts
on agriculture, the biopharmaceutical industry, and
sustainable materials.

Advances in chloroplast biotechnology have broader impacts
on medicine, fuel, food, bioplastics, and chemicals and may
open new frontiers of crop development (Maliga and Bock,
2011). These chloroplast products become compartmentalized,
which means they have unique abilities to produce advanced
biopharmaceuticals like cancer-killing immunotoxins that would
normally kill eukaryotic cells (Tran et al., 2013). Also, algal
chloroplasts can produce high-value proteins like human growth
hormones (Wannathong et al, 2016). Several reviews of
biopharmaceuticals capable of being made within chloroplasts
include Adem et al. (2017) and Dyo and Purton (2018).
Additionally, chloroplasts can produce renewable fuel that is
environmentally sustainable by utilizing carbon within the
atmosphere rather than ecological carbon sinks (Medipally
et al., 2015). A significant advantage of algae biofuels is that
the biodiesel produced can work with existing gas infrastructure
with slight modifications. The benefits of algal biofuels from
advances in synthetic biology have been reviewed by Georgianna
and Mayfield (2012). Chloroplast biotechnology advances also
are leading to improvements in food crop productivity (Parry
et al.,, 2013) of algae-based food products (Dawczynski et al.,
2007). There are new frontiers of materials made from
non-petroleum-based foam, where bioplastics are being used
to make algae-based products from the starch made within
chloroplasts (Mathiot et al., 2019). Through synthetic biology
and the addition of artificial intelligence algorithms via deep
learning, there could be even more opportunities for novel
chemicals and crop improvements (Wang et al., 2020). To fulfill
these chloroplast biotechnology breakthroughs, knowledge gaps
in our current understanding of delivering synthetic biology
tools must be addressed and molecular biology tools developed
to be universal and more efficient.

Nanotechnology is providing tools to enable plant biology
researchers for a better understanding of chloroplast molecular
biology and genetics, by offering modular delivery chassis for
chemicals and biomolecules, nanosensors, and nanotherapeutics
that are customizable with targeted and controlled capabilities.
Nanomaterials are particles within a size range of 1-100
nanometer scale and varying shapes, aspect ratios, charge, and
surface chemistry. These nanoparticles can also be made up
of diverse materials for biological applications including silica,
gold, carbon, and polymers. Nanoparticles can be coated or
loaded with biomolecules for delivery of cargo that can
be targeted to plant cells and organelles, such as chloroplasts,
by modifying their size and charge (Avellan et al, 2019;
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Hu et al, 2020) and biorecognition coatings (Santana et al.,
2020). For example, single-walled carbon nanotubes (SWCN'Ts)
can be coated with a single-stranded DNA for delivery to
chloroplasts (Giraldo et al., 2014) with polyethylenimine for
an overall positive charge to facilitate binding and release of
plasmid DNA into the nucleus of a mature land plant (Demirer
et al., 2019b) or with chitosan for the delivery and plasmid
DNA to the chloroplast of a mature land plant (Kwak et al,
2019). Nanoparticles can also be fabricated with fluorescent
properties such as carbon nanotubes and quantum dots for
research on plant signaling, stress communication, and
environmental monitoring (Giraldo et al., 2019). While knowledge
of nanoparticle interactions with plants has increased in
technological prowess, research into studying and engineering
plants with nanomaterials are still in infancy.

This review focuses on nanotechnology uses that advance
our understanding of chloroplast biotechnology (Figure 1).
We discuss the current knowledge of the interactions between
chloroplasts and nanomaterials, how plastid synthetic biology
can synergize with nanotechnology approaches, nanomaterials’
impact on crop performance monitoring and improvement,
and how nanotechnology can turn chloroplasts into
manufacturing technologies.

CHLOROPLAST-NANOPARTICLE
INTERACTIONS

Nanoparticle interactions with chloroplasts for biotechnology
applications have been researched with isolated chloroplasts
(Wong et al., 2016), plant protoplasts (Lew et al., 2018), and
in leaves of land plants (Hu et al., 2020), but knowledge gaps
remain on how nanomaterial properties, such as size, charge,
hydrophobicity, and plant biomolecule coatings and coronas,
influence interactions with land plants and green algae biosurfaces
including the plant cuticle and cell wall and outer algae matrix,
respectively. Although recent studies have improved our
understanding of translocation of nanoparticles through
chloroplast galactolipid-based membranes, how nanoparticle
and membrane physical and chemical properties impact uptake
into chloroplasts is not well understood.

Plant cell and organelle biosurfaces represent obstacles
for delivering nanoparticles with their cargo into chloroplasts
(Figure 2). Current standard particle delivery methods, such
as particle bombardment, rely on pressure and force to deliver
microcarriers to the chloroplast genome (Economou et al,
2014). More recently, nanomaterials have been delivered to
chloroplasts by spontaneous penetration of lipid membranes
via diffusion in vitro, leaf infiltration using a needleless
syringe, and topical foliar delivery mediated by surfactants
(Giraldo et al., 2014; Wong et al., 2016; Lew et al., 2018;
Hu et al., 2020). The main barriers for entry into the chloroplast
genome that nanoparticles must overcome are the plant cell
wall, the plant cell membrane, the cytosol, and the chloroplast
double membrane; in algae, there can also be an outer epilithic
algal matrix (Kramer et al., 2014). Each of these plant
biosurfaces represents various physical and chemical barriers

that can limit nanoparticle uptake size,
hydrophobicity, and other properties.

The plant cell wall comprises pectin, cross-linking glycan,
and cellulose microfibrils (Barros et al.,, 2015) and is the first
significant barrier to entry into the plant cell. The role of
plant cell wall pore size, charge, and hydrophobicity have in
limiting nanoparticle entry into cells has been recently reported
but is not well understood. Nanoparticles up to 18 nm were
capable of permeating cotton leaf cells, while nanoparticles
larger than 8 nm could not permeate the maize leaf cells (Hu
et al., 2020). This study, based on high spatial and temporal
resolution confocal fluorescence microscopy, suggests that
hydrophilic nanoparticles with a positive charge and less than
20 or 10 nm depending on plant type and leaf anatomy are
more efficiently delivered into plant cells and chloroplasts.
However, other studies have observed amphiphilic nanoparticles
up to 40 nm to translocate across leaf cells and into other
plant organs (Avellan et al, 2019). Additionally, studies of
poly- and mono-dispersed poly(lactic-co-glycolic) acid
nanoparticles have reported that the cell wall inhibits uptake
in grapevine cells over 50 nm while the plasma membrane is
permeable from 500 to 600 nm with the same nanoparticles
(Palocci et al., 2017).

The cell membrane, which is a lipid bilayer composed of
phospholipids, carbohydrates, and proteins, represents another
barrier of entry into plant cells. Highly charged nanoparticles
have been reported to cross both the plasma membrane and
chloroplast envelopes (Giraldo et al., 2014; Wong et al., 2016;
Lew et al., 2018). Passive penetration rather than energy-
dependent endocytosis is hypothesized as the mechanism for
nanoparticle uptake. The lipid exchange envelope penetration
(LEEP) model proposes a disruption of the lipid bilayer by
the ionic cloud surrounding nanoparticles (Figure 2B; Lew
et al, 2018). Modeling studies of nanoparticle uptake by
chloroplasts highlight the importance of nanoparticle charge.
However, these models need to incorporate a variety of biosurfaces
in plants such as plant cell wall, where nanoparticles encounter
in  planta. Furthermore, nanoparticles with varying
hydrophobicities and biomolecules coatings and coronas have
not been accounted for in the modeling efforts of chloroplast
nanoparticle interactions. Recent evidence suggests that
nanoparticles coated with a chloroplast guiding peptide do
not require the high charge predicted by the LEEP model for
targeting chloroplasts at high levels of more than 75% in
Arabidopsis leaf mesophyll cells (Santana et al., 2020).

After crossing the cell wall and membrane, nanoparticles
must then pass through the cytosol, containing a variety of
different biomolecules, including proteins. Nanoparticles passing
through the cytosol are expected to be coated with biomolecule
coronas, but this is poorly understood within plants. Recently,
Prakash and Deswal (2020) demonstrated that gold nanoparticles
interfaced with plant extracts from Brassica juncea formed
protein coronas increasing the nanoparticle surface charge by
approximately 30% after 36 h of interaction. Mass spectrometry
showed that 27% of the hard corona formation around the
gold nanoparticle comes from the plant energy-yielding pathways
including glycolysis, photosynthesis, and ATP synthesis

by charge,

Frontiers in Plant Science | www.frontiersin.org

18

July 2021 | Volume 12 | Article 691295


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Newkirk et al.

Nanotechnology Approaches for Chloroplast Biotechnology

A
Nanomaterials ;
e Properties s —
Carbon nanotubes Coatings w
Carbon dots c Biomolecule delivery
Nanorods Sgrgo D Chemical delivery
ize -
Cerium oxide Charge Antioxidant
Mesoporous silica ]
* Delivery methods
B + Diffusion in extracted
Outer algae matrix or leaf cuticle chloroplasts and protoplasts
Obstacles to Plant cell wall + Foliar delivery
chloroplast Cytosol * Needle-less injections
Chloroplast double membrane
C

Chloroplast-Nanotechnology Applications

Synthetic Biology
Chloroplast transformation
Improve phenotypic screening
Organelle-specific delivery
Universal delivery chassis

Improving Plant Performance
Increased photosynthetic rates
Improved stress tolerance

Augmented Functions
Plant chemical sensors
Stress detection

Bioplastics production
Biopharmaceutical production

FIGURE 1 | Overview of nanotechnology approaches for chloroplast biotechnology. (A) Nanomaterial properties can be modularly tuned for a variety of functions
including biomolecule and chemical delivery, biosensors, antioxidants. (B) Nanomaterials can be delivered to chloroplasts in liquid suspensions by passive intake
without mechanical aid or through needleless-syringes and foliar spray. To reach the chloroplast, these particles pass through obstacles of the plant cell including
the outer leaf cuticle or the glycoprotein-rich extracellular matrix of algae, the plant cell wall, the plant cell membrane, the cell cytosol, and lastly the chloroplast
double membranes. (C) Nanotechnology applications for understanding and engineering chloroplasts include synthetic biology research, improving chloroplast

function, or enabling non-native abilities for chloroplasts.

(Prakash and Deswal, 2020). In comparison, a study on
nanoparticle coronas with human plasma highlights that
irrespective of the nanoparticle material, the coronas formed
were dependent on size and surface engineering (Lundqvist
et al, 2008). Research performed in mouse models reports
that the wild-type Tobacco mosaic virus had a higher accumulation
of proteins than synthetic nanoparticles, promoting faster
clearance from the body (Pitek et al, 2016). This study also
found that the choice of targeting ligand and surface engineering,
e.g., coatings, can drastically alter the distribution and
biocompatibility of the nanoparticles in living systems. These
studies in non-plant systems indicate that protein, lipid, and
carbohydrate coronas should be crucial to tune interactions
with plant cells and organelles.

The last obstacles to reaching the chloroplast are its double
lipid bilayers, referred to as the chloroplast membranes. The
chloroplast membranes are formed by galactolipids and are

highly dynamic (Block et al., 2007). Chemical interactions of
nanomaterials with phospholipid-based membranes of eukaryotic
cells have been thoroughly studied (Sanchez et al., 2012; Wu
et al, 2013; Wang et al., 2016; Lew et al., 2018). However,
there are no studies of nanomaterial interactions with the
galactolipid-based membranes that form the majority of the
chloroplast envelopes. Highly positively or negatively charged
nanoparticles interact with the exposed lipids, allowing diffusion
and eventual kinetic trapping into isolated chloroplasts without
mechanical aid (Figure 2A; Wong et al, 2016). These
nanoparticles can be larger than chloroplast porins diameter
of 2.5-3 nm, and channel proteins, including mechanosensitive
channels, have the largest diameter in chloroplast membranes
(Ganesan et al., 2018). High and low aspect ratio nanomaterials,
such as carbon nanotubes and carbon dots, respectively, are
capable of penetrating plant cells and chloroplasts with high
efficiency (Giraldo et al., 2014; Wong et al., 2016; Hu et al., 2020;
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FIGURE 2 | Understanding and modeling nanoparticle-chloroplast interactions. (A) The lipid exchange envelope penetration (LEEP) model was developed on isolated
plant chloroplasts. It predicts that highly charged nanoparticles localize within chloroplasts while more neutrally charged nanoparticles are unable to enter these
organelles (Reprinted with permission from \Wong et al., 2016). (B) Similarly, the LEEP model for isolated plant protoplasts that includes a plant cell membrane as a
barrier, predicts that nanomaterial charge magnitude determines whether particles enter plant protoplasts or localize in the cytosol or chloroplasts (Reprinted with
permission from Lew et al., 2018). (C) Systematic studies of foliar delivery of nanoparticles of various sizes and charges in planta indicated that there is a size limit for
uptake in leaf cells in which highly positively charged nanoparticles were more efficiently delivered into these organelles (Reprinted with permission from Hu et al., 2020).

Hydrodynamic size (nm)

Santana et al., 2020). However, the role of nanomaterial aspect
ratio on entry into cells and chloroplasts has not been
systematically explored with nanomaterials having precise control
of aspect ratios. Gold, silica, and polymer nanostructures could
aid in understanding the role of nanoparticle aspect ratio on
interactions with chloroplast envelopes.

NANOTECHNOLOGY CARGO DELIVERY
APPROACHES TO ENABLE
CHLOROPLAST SYNTHETIC BIOLOGY

Developing a universal and efficient chassis for biomolecule
delivery into chloroplasts may unleash synthetic biology research
progress into novel photosynthetic organisms, their molecular
pathways and enable high-value biomolecule production.

The advanced regulatory and expression logic systems constructed
through synthetic biology are stymied by the inability to deliver
biomolecules to chloroplasts. Ideally, this delivery chassis would
cause little to no toxicity to the organism and have the ability
to carry a variety of biomolecules (Vazquez-Vilar et al., 2018).
Current approaches to deliver DNA to chloroplasts through
force via particle bombardment work for a small number of
organisms — nine species are shown with stable and reproducible
plastid transformation (Bock, 2015) plus recently Arabidopsis
thaliana (Yu et al., 2017) - but cannot be targeted to specific
organelles. The standard gold or tungsten microcarriers used
for chloroplast transformation in the gene gun system are
0.6-1.6 pm in diameter (Figure 3). These microcarriers have
coatings that are not fully customizable, cannot be directed
to specific organelles, or used without forced mechanical aid.
Despite these limitations of current microcarriers and low
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transformation efficiency, synthetic biology has made enormous
strides in plant biology research.

Despite being a relatively new field of research, synthetic
biology has enabled the discovery of multiple new chemicals,
exploration of advanced protein expression regulation, and
production of novel high-value proteins like biopharmaceuticals
within  chloroplasts. These advancements in chloroplast
biotechnology have been discussed in seminal reviews (Bock,
2015; Boehm and Bock, 2019). New research that is enabling
chloroplast biotechnology includes the ability to monitor the
expression of proteins in vivo through a luciferase reporter
(Matsuo et al., 2006), gene activation can be enabled through
a site-specific recombinase (Tungsuchat-Huang et al,, 2011), a
synthetic riboswitch (Verhounig et al., 2010), and metabolic
pathway engineering is possible through synthetic multigene
operons (Lu et al., 2013). These approaches may, in the future,
be used in combination with nanotechnology approaches within
diverse wild-type plants, for which currently there are no
transformation and genome modification protocols available.
Containing these new molecular and genetic regulatory
mechanisms and proteins are possible through chloroplast
biotechnology. As shown in the green algae Chlamydomonas
reinhardtii, codon reassignment allows an additional avenue for
biocontainment (Young and Purton, 2016). Biocontainment within
chloroplasts may allow researchers to rapidly and specifically

produce proteins within wild-type strains at specific time periods
for a better understanding of nuclear-chloroplast protein expression
and regulation. In addition, synthetic biology may be further
enabled by a chloroplast transformation with large mutant libraries
for the entire plastid genome. Facile in vivo assembly of chloroplast
transformation vectors have been developed for plastid engineering
(Wu et al., 2017a). The first fully exogenous plastid transformation
has been completed in C. reinhardtii (O’'Neill et al., 2012). The
in situ ability of nanotechnology DNA delivery may enable new
directed evolution approaches to screen large mutant libraries.
Synthetic biology has made strides in research in a short amount
of time, and new research done in nanotechnology may help
to bolster it into new plant species.

Nanotechnology approaches are allowing the genetic
modification for the expression of proteins and the specific
delivery of cargoes to chloroplasts in wild-type plants. Chloroplast
transformations currently must be performed with somatic or
embryonic plant callus material and must be screened for
heterogeneity in their genomes. This callus culturing stage
requires manual labor and lengthy growth periods. New
nanotechnology approaches are focusing on using mature land
plants for the expression of exogenous DNA, which in turn
may lead to the development of chloroplast transformations
without calli culturing through targeted delivery into germline
or meristematic tissues. Nuclear expression of exogenous DNA

Plant cell

Mesoporous nanoparticle
100 nm d.

Quantum dot
10 nm d.

Carbon nanotube
5nmd. x 100 nm I.
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FIGURE 3 | Size comparison of nanomaterials to other exogenous biomolecule delivery systems. Average plant cell and the green alga Chlamydomonas reinhardtii
size are compared to chloroplast transformation carriers in the micrometer and nanometer scale. Gold microcarriers are standardly used in chloroplast
transformations of both land plants and green algae through particle bombardment while the glass beads are used in a vortex-based protocol for C. reinhardtii. It
becomes starkly apparent just how smaller nanoparticles are compared to standard microcarriers and potentially less disruptive for plant cells. The figure is made to
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mediated by SWCNT has been assessed with a green fluorescent
protein (Demirer et al., 2019a). Interestingly, the nuclear genomes
seemed to not have been transformed as the incorporation of
the exogenous DNA was not observed. A yellow fluorescent
protein has also been transiently expressed from chloroplasts
in mature Eruca sativa, Nasturtium officinale, Nicotiana tabacum,
and Spinacia oleracea plants through SWCNT mediated delivery
of exogenous plasmid DNA (Figure 4A; Kwak et al, 2019).
One major advantage of nanoparticles is the ability to functionalize
them with biomolecules for targeted and controlled delivery.
A chloroplast targeting peptide allowed quantum dots to
selectively target these organelles and to deliver chemical cargoes
(Figure 4B; Santana et al., 2020). These nanotechnology advances
in biomolecule delivery can act as promising tools for plant
biology research and widespread use in crop biotechnology.

CROP IMPROVEMENTS THROUGH
CHLOROPLAST NANOBIOTECHNOLOGY

Agriculture demands more precise monitoring of plant health,
increasing crop productivity, and efficiently delivering
agrochemicals with lessening amounts of harmful environmental
runoftf. Chloroplasts are sites of photosynthesis, assimilation
of nutrients, including nitrogen and phosphorus (Merchant
et al., 2006; Carmo-Silva et al., 2015), and function as signaling
organelles involved in plant stress responses (Van Aken et al.,
2016; Su et al., 2019). More precise monitoring and improvement
of photosynthesis, nutrient delivery to the sites of assimilation,
stress responses, and plant health would allow higher crop
yields. Some of these needs were met in the “Green Revolution”
with molecular biology and genetics advancements that allowed
higher crop productivity. However, chloroplast transformation-
based approaches have not been reproducibly developed in
most crops that feed the world (Bock, 2015).

Recent advances in nanosensors research may allow
nanotechnology-based devices that monitor plants health in
real-time before detrimental symptoms occur. A full review of
this topic discusses nanotechnology approaches for smart plant
sensors (Giraldo et al., 2019), including nanosensors for monitoring
plant health, detecting molecules related to photosynthesis, and
reporting chemicals in the environment to electronic imaging
devices already in use in phenotyping and agricultural operations.
Current standard technologies that monitor plant function, stress,
and photosynthesis rely on remote sensing tools to measure
chlorophyll fluorescence or gas analyzers to quantify CO,
assimilation (Pérez-Bueno et al., 2019). Recently, carbon nanotubes
were functionalized to sense H,0,, a key signaling molecule
generated by chloroplasts and associated with plant stress (Wu
et al.,, 2020). The H,0, was monitored in real-time and within
the plant physiological range through a near-infrared camera
(Figures 5A,B). Multiplexed sensing of several plants signaling
molecules associated with plant health, such as NO, glucose,
and Ca** among others, could allow for both monitoring plant
stress status and identification of types of stress experienced.
New research in nanotechnology has demonstrated the ability
to use fluorescent quantum dots to monitor glucose, a direct

product of chloroplast photosynthesis, through a Raspberry Pi
camera in laboratory conditions in wild-type Arabidopsis plants
(Figure 5C; Li et al, 2018). Previous approaches were only
able to monitor glucose through genetically modified plant model
systems. Plants embedded with nanosensors can also be engineered
into environmental sensors for chemicals in groundwater with
the use of remote near-infrared cameras. These plant nanosensors
can detect small amounts of molecules in the environment such
as those present in explosives (Wong et al, 2017). Although
carbon nanotubes and quantum dots raise environmental toxicity
concerns, improved knowledge in plant-nanoparticle interactions
is leading to more precise control of the spatial and temporal
distribution of nanomaterials in plant organs, such as leaves,
for reducing exposure to humans and the environment (Wang
et al., 2008; Williams et al., 2014). Alternatively, sentinel plants
with nanosensors may be deployed throughout an area to
determine what other plants within that crop field are experiencing.

Bolstering chloroplast biotechnology through nanotechnology
also may come through engineering photosynthesis in plants.
Semiconducting SWCNTs have been shown to increase
photosynthetic activity in mature plants (Figure 6A; Giraldo
et al., 2014). The mechanisms of increased photosynthetic rates
in land plants suggest that expanding the range of chloroplast
pigment absorption to the near-infrared is a route for improving
photosynthesis and is an avenue for new research. Nanotechnology
approaches are enabling the improvement of wild-type plants
without genetic modification by increasing their ability to
scavenge reactive oxygen species (ROS) that are accumulated
under abiotic and biotic stresses. Cerium oxide nanoparticles
catalytically reduce hydroxyl radicals in A. thaliana leaves, a
novel ability in plants (Figure 6B; Wu et al., 2018). This
augmented hydroxyl radical scavenging capability improves plant
stress tolerance by enhancing potassium mesophyll retention,
which is a key trait associated with salt stress. Stressed plants
interfaced with cerium oxide nanoparticles have higher carbon
asssimilation rates, photosystem II quantum yields, and quantum
efficiency of CO, relative to controls without nanoparticles
(Figures 6C-F; Wu et al.,, 2017b, 2018). Reducing ROS through
nanomaterials is a promising mechanism for improving or
maintaining plant productivity under stress environments in
the field. While both of these examples are in the lab environment
with a plant model species, they give an important stepping
stone to future applications in the field in crop plant species.

FUTURE RESEARCH IN CHLOROPLAST
NANOBIOTECHNOLOGY

Research into chloroplast biotechnology through nanotechnology
approaches may take guidance from previous research
breakthroughs in the biomedical field, lead to new discoveries
through improved synthetic biology tools, and enable innovative
ways of human-plant interactions, all while managing
environmental impacts for applications in crops. Future
chloroplast nanobiotechnology applications will range from
targeted delivery of agrochemicals, plastid transformation and
genome editing, nanosensors for monitoring signaling molecules,
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FIGURE 4 | Nanomaterial mediated delivery of DNA and chemical cargoes to chloroplasts. (A) Single walled carbon nanotubes coated with chitosan carry plasmid
DNA to chloroplasts. The nanomaterials are infiltrated into leaf mesophyll cells with a needless syringe. Confocal microscopy was then used for colocalization
analysis 2-3 days post-infiltration by measuring the chloroplast-specific fluorescent protein (YFP) expressed within the mesophyll cells of tobacco plants (Material
from Kwak et al., 2019). (B) Quantum dots with molecular baskets target the delivery of a chemical cargo to chloroplasts guided by a peptide recognition motif
(Chl-QD). These functionalized nanomaterials were then loaded with methyl viologen (paraquat; MV-ChI-QD) to generate superoxide anion within chloroplasts or
ascorbic acid (Asc-Chl-QD) to scavenge the superoxide anion. By monitoring reactive oxygen species (ROS) through the DHE dye using confocal microscopy, the
targeted nanomaterials were shown to specifically induce and scavenge ROS in vivo in chloroplasts. Scale bar, 40 pM (Material from Santana et al., 2020).

improvement of plant photosynthesis, and turning plants into  our understanding of chloroplast-nanoparticle interactions. The
biomanufacturing devices (Table 1). role of nanomaterial hydrophobicity, aspect ratios, and

To enable these future applications of nanotechnology for = biomolecule coatings on nanoparticle delivery to chloroplasts
chloroplast biotechnology advancements will require improving  is not well understood. Hydrophobicity has been reported to

Frontiers in Plant Science | www.frontiersin.org 83 July 2021 | Volume 12 | Article 691295


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nanotechnology Approaches for Chloroplast Biotechnology

Newkirk et al.
A
HeAptDNA-SWCNT sensors Laser excitation
R i s B e e
' . nIR camera
e H,0, Before s ::) Plant stress monitoring
"W Aot DNA stress | -
' Aptamer ' Before After
y===== (6,5) SWCNT Stress i High
1 generated H,0, :
' : ‘
, ®Hemin [
[ L
- : Low
v
1 L}
2 nIR fluorescence .
' quenching [
LI
-SRI ../ .. S
B uv-B High light
41 * —o— No stress 41 * —o— No stress
21 —e— UV-B stress 24 T —e— High light;
0+ T 1 0- ;
= 21 £ 2 =
E = S
= S 41 =
> 61 < -6 =
< - = s{§ Q{ &
104 -10- @i e
124 ) ) 12 . i | —°—No stress
14 — Tlmel (ml'n) ¥ Time (min) :i o—fig22 Time (min)
0 20 40 60 80 1000 0 20 40 60 80 100 120 140 160 180 200 0 10 20 30 40 50 60 70 80 90 100110
UV-B  UV-BON UV-B OFF High light High light ON  High light OFF - LL22777 L7
OFF OFF No flg22  With fig22 No flg22
Omin  5min  10min 20min 30 min 45min 60 min
4
APBA H H g
OOH =
cds Mz % cds 8 S
CdTe ——— > CdTe <;: S
EDC, NHS ol K=
TGA-QD conjugated with APBA generate BA-QD = 0"'_
m
oo e |
Glucose =
20 “4.p 8|2 8| 58] o8
CdT < Olo
y y <|3 ®°| ®
Glucose induced BA-QD fluorescence quenching @ 3’, 3 - 3
o
m

FIGURE 5 | Plant health monitoring by nanotechnology-based sensors. (A) Single-walled carbon nanotubes (SWCNTSs) can be functionalized with aptamer DNA and
hemins to detect H,0,, a signaling molecule associated with plant stress. SWCNT sensors report H,O, in real-time by quenching in NIR fluorescence intensity The
nanosensor fluorescence changes are monitored by a NIR imaging before and after the stress event. This standoff detection via NIR imaging can report stress events
within the plant physiological range of H,O, (10-100 pm; Wu et al., 2020). (B) SWCNT-based nanosensors allow early detection of stresses from UV-B, high light, and a
pathogen-related peptide (flg22; Reprinted with permission from \Wu et al., 2020). (C) Boronic acid-coated quantum dots (BA-QDs) can act as glucose sensors, a principal
product of chloroplast photosynthesis. Standoff glucose detection of A. thaliana is enabled by nanosensors excited through UV light and imaged with a Raspberry Pi
camera (Reprinted with permission from Li et al., 2018). Thioglycolic acid-coated quantum dots (TGA-QD) act as internal controls that do not respond to glucose.

play a role in altering the distribution of gold nanoparticles
in plant leaves (Avellan et al., 2019). Recent studies have also
explored how shapes of DNA nanostructures influence the
delivery of siRNA-based gene silencing biomolecules in plant
leaves (Zhang et al., 2020). Peptide coatings have recently been
reported to more precisely guide nanoparticles to chloroplasts
in plants (Santana et al, 2020). Future studies in these areas
will be a significant step forward in understanding the underlying
mechanisms of nanoparticle entry into plant cells and chloroplasts.

Chloroplast transformation is a limiting factor that, if alleviated,
could fundamentally transform plant biotechnology research.
Plant chloroplast transformation efficiencies are so low that
researchers studying RuBisCO, the key protein responsible for
CO, assimilation during photosynthesis, have relied on bacterial
systems instead of using plant or algae systems (Wilson et al.,
2018). With efficient chloroplast transformation rates, large
libraries could be used for the directed evolution of photosynthetic
proteins; genome shuffling could be performed with the entire
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FIGURE 6 | Nanotechnology approaches to improve plant photosynthesis. (A) SWCNTs interfaced with plant leaves increase chloroplast photosynthetic activity
(Material from Giraldo et al., 2014). (B) Cerium oxide nanoparticles catalytically scavenge reactive oxygen species (ROS) in chloroplasts, resulting in enhanced light
and carbon reactions of photosynthesis. Stressed plants with poly acrylic-coated cerium oxide nanoparticles (PNC) have higher (C) PSII quantum yields,

(D) maximum PSII efficiency (Fv/Fm), (E) carbon assimilation rates, and (F) quantum yield of CO, relative to controls without nanoparticles (NNP; Reproduced from
Wu et al., 2018 with permission from the Royal Society of Chemistry). *p < 0.05; “*p < 0.01. Different lower case letters mean significant differences at p < 0.05.
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photosynthetic ~ pathway; entire plastid genomes could
be synthesized and mutated for increased photosynthetic abilities.
For example, directed protein evolution is a strategy that takes
advantage of large mutant libraries and yields mutants with a
beneficial trait (Zhu et al., 2010; Sinha and Shukla, 2019). Recent
research has enabled the simultaneous multiplexed synthesis of
7,000 synthetic genes for two essential genes in Escherichia coli
(Plesa et al., 2018). While chloroplast transformation efficiencies
may never achieve the efficiency of bacteria transformation, the
most robust directed evolution experiment of a single chloroplast
gene, RuBisCO’s rbcL, in C. reinhardtii was able to yield 80,000
library variants that were selected and screened across multiple
chloroplast transformations (Zhu et al., 2010). While researching
chloroplast transformation efficiencies, we found that there was
a lack of standardization across research articles. Therefore,
we are recommending reporting the following parameters to

increase the scientific value and reproducibility of chloroplast
transformations. Chloroplast transformations should be reported
with raw data for (1) the amount and type of DNA used, (2)
age and origin of calli, or cell count for algae, (3) amount of
calli per plate bombarded, or algae cell count per transformation
replicate, (4) transformants per replicate and total number before
and after genetic screening, and (5) the transformation efficiency.

New synthetic biology applications and evolutionary strategies
could help to bioengineer chloroplast genomes with, for example,
improved efficiency through pathway engineering using robust
mutant libraries and directed protein evolution. Synthetic
genomics, i.e., the construction of chromosomes, is emerging
in the last decade as an exciting frontier for minimizing genomes,
constructing mosaic chromosomes of two or more species
reengineering organelles (Coradini et al, 2020). Synthetic
genomics approaches will be bolstered by nanoparticle gene
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TABLE 1 | Strengths and weaknesses of nanotechnology approaches for chloroplast biotechnology advancements.

Chloroplast
nanobiotechnology
applications

Strengths

Weaknesses

Areas of improvement

Chemical delivery - Targeted delivery -
- Less runoff into environment
- Improvement of agrochemical
suspensions

Environmental impact of biocompatible -
nanomaterials for targeted delivery is
unknown -

Biodegradability studies of
targeted nanomaterials
Controlled chemical release

Gene delivery - Species independent - Potential limitation of plasmid DNA size - Stable plastid genome
- Gene delivery without per nanoparticle transformation enabled
specialized equipment - Only transient expression shown by nanomaterials
- In situ gene delivery - Only proof of concept, with GFP - Targeted gene delivery to
expression chloroplasts for applied research
- Inducible expression of
exogenous DNA
- Overcoming the bottleneck of
selectable markers
Nanosensors - Real-time monitoring of plant - Available for only a few plant signaling - Targeted sensor delivery
signaling molecules molecules to date to chloroplasts
- High sensitivity down to single - Most studies performed in laboratory - Multiplexed sensing of plant signaling
molecule level conditions molecules
- Do not photobleach
- Near infrared imaging
- Species independent
Photosynthesis - Enhancement of light and carbon - Environmental toxicity of some types of - Targeted delivery of nanoparticles
reactions of photosynthesis nanomaterials used to to chloroplasts
- Protecting chloroplast boost photosynthesis - Develop more biocompatible and
photosynthetic machinery from - Most studies performed in laboratory biodegradable nanomaterials that
oxidative stress conditions improve photosynthesis
Biomanufacturing - Use of plants as widely accessible, - Research and development at very early - Proof of concept of turning plants
solar powered stage into biomanufacturing devices using

manufacturing technology

- Scalable, low cost manufacturing of
biopharmaceuticals and bioplastics
in situ

nanotechnology

delivery due to the ability to tune characteristics of the delivery
chassis, deliver a wider array of genes for more applications
at once, and allow gene delivery to precise organelles. In
addition, nanotechnology approaches may be employed for
CRISPR-Cas genetic engineering of plants (Demirer et al., 2021).
With the chloroplast’s DNA repair mechanism nearly exclusively
homology-driven, current approaches for plastid genetic
engineering rely on delivering antibiotic markers with homologous
arms for integration. However, a large problem with chloroplast
biotechnology is the lack of strong selectable markers, like
spectinomycin, necessary for marker excision through repeated
rounds of transformation for chloroplast genetic engineering
(Bock, 2015). In the future, CRISPR delivered by nanoparticles
may enable new strategies of inducible silencing and increasing
expression of exogenous DNA for pathway engineering that
move beyond the bottleneck of strong selectable markers.
Nanomaterials can be used to deliver genes that encode
proteins that act as sensors or the nanoparticle itself can be used
as a sensor, and these approaches could lead to new applications
in chloroplast biotechnology research. Through tunable
characteristics and various types of nanoparticles, genes can
be delivered that detect other proteins in wild-type plant species.
For example, nanotechnology approaches for gene delivery of
fluorescence resonance energy transfer (FRET) sensors to mature
plants without previous genetic modification. In the future,

multiplexed sensing of signaling molecules associated with
chloroplast function may be possible. Currently, with
C. reinhardtii, multiplexed stress-based imaging is possible
through fluorescent-activated cell sorting (Béchet et al., 2017).
In terms of applications to land plants, nanosensors already
offer approaches to monitor chloroplast ROS, glucose, and
nitric oxide (Giraldo et al., 2019). These plant signaling molecules
may be able to be monitored simultaneously for the actuation
of devices that promote plant health that are integrated into
artificial intelligence deep learning algorithms.

Research into photosynthesis would be bolstered by
nanotechnology approaches that allow targeted delivery of
nanoparticles that manipulate chloroplast function. Biomolecule
delivery of DNA or RNA (Wang et al, 2019) will expand
research in the lab into chloroplasts of land plants that are
not currently capable of being transformed. While nanotechnology
approaches for plant research is a new field, nanoparticles have
been used in mammalian systems to deliver biomolecules for
the past decades (Shahiwala et al, 2007; Woodward et al.,
2007). Their applications may give insights to future research
directions in plants. CRISPR/Cas9 genome editing in mammalian
cells through mRNA delivery has been demonstrated over the
span of months (Liu et al., 2019). Applications in the field of
nanoparticles for improving plant photosynthesis under stress
will also require studies on environmental toxicity, the longevity
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of nanoparticles in the environment, and exposure of those
nanoparticles to products for human consumption.

Plants and their chloroplasts potential are just beginning
to be explored in terms of manufacturing of biopharmaceuticals,
fuels, and materials. Plant chloroplasts within our homes may
become 3D printers for high-value biopharmaceuticals (Maliga
and Bock, 2011; Jin and Daniell, 2015). Polyhydroxybutyrate,
a biodegradable polyester, can be made within the chloroplast
and is being researched as a bioplastic (McQualter et al., 2016).
Plants themselves could be used as a platform for self-repairing
of infrastructure (Lu, 2020). A new class of materials made
with extracted spinach chloroplasts stabilized with antioxidant
cerium oxide nanoparticles can self-repair using glucose created
from photosynthesis (Kwak et al, 2018). Algae and their
chloroplasts enable a unique opportunity for renewable biofuels
to take advantage of existing gasoline infrastructure and create
jet fuel (Mayfield and Golden, 2015). In terms of legislation
that is further enabling renewable algal biofuels, algae has
officially been included in the latest 2018 Farm Bill in the
United States, which enables algae agriculture to receive federal
financial assistance for biomass cultivation, farm insurance,
loans, carbon capture research and creates a new USDA Algae
Agriculture Research Program (Conaway, 2018). These future
applications for plants may fundamentally revolutionize our
relationship with plants from providing food and materials to
intricate partners that facilitate technology access to the world.

CONCLUSION

Nanotechnology offers promising new approaches for some of
the hardest challenges in chloroplast biotechnology research.
Nanoparticle and plant cell interactions are still an emerging field
that needs to be studied, but research has shown promising results
in nanoparticles getting past plant cell barriers to their organelles.
Knowledge gaps still exist in the exact mechanism of entry of
nanoparticles into plant cells and chloroplast envelopes to determine
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the characteristics needed for a universal delivery cassette for
biomolecules that would be applicable across diverse plant species.
With current knowledge of plant-nanoparticle interactions, successful
nanoparticle-based biomolecule delivery to chloroplasts has been
possible. Using these targeted and controlled delivery technologies
to bolster the number of applicable species or increase the efficiency
of chloroplast transformations is yet to be seen. If increased
chloroplast transformation efficiencies were to be realized, emerging
synthetic biology-based strategies, such as directed protein evolution,
may be able to be deployed within plastid genomes to unlock
new potential in productivity and augmented manufacturing
capabilities in chloroplasts. Additionally, nanomaterials have already
been used to enable chloroplast biotechnology advancements such
as sensing specific compounds, increasing photosynthetic rates,
and decreasing stress-related molecules’ accumulation. Taken
together, chloroplast biology and biotechnology research have
challenges that can be uniquely addressed with nanotechnology
approaches for increasing crop productivity and realizing the next
generation of chloroplast-related biomanufacturing.
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Nervous necrosis virus (NNV) is the causative agent of viral nervous necrosis (VNN), which is
one of the most serious fish diseases leading to mass mortality in a wide range of fish species
worldwide. Although a few injectable inactivated vaccines are commercially available, there is
aneed for more labor-saving, cost-effective, and fish-friendly immunization methods. The use
of transgenic plants expressing pathogen-derived recombinant antigens as edible vaccines
is an ideal way to meet these requirements. In this study, chloroplast genetic engineering was
successfully utilized to overexpress the red-spotted grouper NNV capsid protein (RGNNV-CP).
The RGNNV-CP accumulated at high levels in all young, mature, and old senescent leaves
of transplastomic tobacco plants (averaging approximately 3 mg/g leaf fresh weight). The
RGNNV-CP efficiently self-assembled into virus-like particles (RGNNV-VLPs) in the chloroplast
stroma of the transgenic lines, which could be readily observed by in situ transmission electron
microscopy. Furthermore, intraperitoneal injection and oral administration of the crudely purified
protein extract containing chloroplast-derived RGNNV-VLPs provided the sevenband grouper
fish with sufficient protection against RGNNV challenge, and its immunogenicity was
comparable to that of a commercial injectable vaccine. These findings indicate that chloroplast-
derived VLP vaccines may play a promising role in the prevention of various diseases, not
only in fish but also in other animals, including humans.

Keywords: red-spotted grouper nervous necrosis virus (RGNNV), virus-like particles (VLPs), chloroplast genetic
engineering, oral vaccine, aquaculture

INTRODUCTION

According to a report by the Food and Agriculture Organization of the United Nations (FAO),
global fish production reached 179 million tons in 2018, with first-hand sales estimated at
USD 401 billion, and is projected to increase further over the next decade. In 2018, aquaculture
accounted for 46% of global fish production (82 million tons), but its contribution is expected
to be even greater in the future, as 34.2% of fish stocks are currently captured at biologically
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unsustainable levels (FAO, 2020). There are several factors that
hinder the sustainable development of the aquaculture sector,
but one of the major challenges is the prevention and control
of infectious diseases. Disease outbreaks can cause enormous
economic losses in the aquaculture industry. There are a wide
range of pathogens that can cause serious diseases in aquaculture,
including viruses, bacteria, protozoa, and metazoans (Lafferty
et al., 2015). Antibiotics have been widely used in aquaculture
to prevent and treat bacterial infections, but the overuse and
misuse of antibiotics have led to the spread of antibiotic-resistant
strains that pose health risks to humans (Reverter et al., 2020).
In addition, antibiotics are ineffective against pathogens other
than bacteria. Therefore, vaccines are better alternatives
to antibiotics.

Viral nervous necrosis (VNN), also known as viral
encephalopathy and retinopathy (VER) is one of the most
serious infectious diseases in aquaculture. It affects a wide
range of hosts, including 177 susceptible marine species, 62
of which have been reported to be prevalent (Bandin and
Souto, 2020). VNN frequently causes mass mortality in the
larval and juvenile stages of fish (Munday and Nakai, 1997),
leading to serious economic losses. Therefore, the development
of a highly immunogenic, cost-effective, and labor-saving VNN
vaccine is of great interest to the aquaculture industry. The
causative agent of VNN is the nervous necrosis virus (NNV),
which belongs to the genus Betanodavirus. NNV is a small,
non-enveloped icosahedral virus that contains two positive-
sense single-stranded RNA molecules, RNA1 (3.1 kb) and
RNA2 (1.4 kb), encoding the RNA-dependent RNA polymerase
and the capsid protein respectively (Low et al, 2017). Based
on the phylogenetic analysis of the partially variable sequences
within the RNA2, betanodaviruses have been classified into
four major genotypes: striped jack NNV (SJNNV), tiger puffer
NNV (TPNNV), red-spotted grouper NNV (RGNNYV), and
barfin flounder NNV (BENNV) (Nishizawa et al., 1997). Of
these, RGNNV is the most prevalent and has the highest
number of susceptible species (Bandin and Souto, 2020).

To date, several potential vaccines against VNN have been
proposed, including inactivated vaccines, DNA vaccines,
synthetic peptides derived from NNV capsid protein (NNV-
CP), recombinant subunit vaccines, and virus-like particles
(VLPs) (Costa and Thompson, 2016; Bandin and Souto,
2020). However, among them, only a few formalin-inactivated
vaccines against the RGNNV genotype have been licensed,
including one for sevenband grouper in Japan (Costa and
Thompson, 2016) and two for sea bass in the Mediterranean
market (Bandin and Souto, 2020). Commercially available
injectable  vaccines  provide  sufficient  protective
immunogenicity against VNN, but the parenteral method
of vaccination is laborious, expensive, stresses the fish, and
is not applicable to small fish in the larval or juvenile
stages. In contrast, oral administration of vaccines is an
ideal immunization method for fish because it is labor-
saving, inexpensive, and fish-friendly, and can be applied
to any size of fish. Although injection is the only recommended
route of administration for all commercially available VNN
vaccines, oral administration of a formalin-inactivated vaccine

with a capsaicin adjuvant has been reported to confer
significant protective immunity against VNN in fish (Gaafar
et al., 2018). However, the use of capsaicin in combination
with an inactivated VNN vaccine may not be feasible because
currently available commercial vaccines are more expensive
compared to the wholesale price of fish. Therefore, there
is an impending need for alternative cost-effective vaccines.

VLPs are composed of one or more structural proteins that
self-assemble to mimic the shape and size of the native virions
but do not contain the viral genetic materials required for
replication. VLPs are one of the most promising vaccine
candidates because they are safer than infectious attenuated
and inactivated vaccines and can effectively elicit humoral and
cellular immune responses (Lua et al, 2014; Charlton Hume
et al., 2019; Nooraei et al.,, 2021). To date, several VLP-based
vaccines against human diseases are commercially available,
including vaccines against hepatitis B virus (HBV), human
papillomavirus (HPV), and hepatitis E virus (HEV) (Lua et al.,
2014; Nooraei et al., 2021). In addition, the use of VLPs against
animal diseases, including fish, is also being explored as a
highly immunogenic and cost-effective vaccine candidate
(Liu et al., 2012; Jeong et al.,, 2020).

NNV-CP is the only structural protein of NNV that can
self-assemble into VLPs. Several potential VLP vaccines against
VNN have been reported, including NNV-VLPs produced in
insect cells using a baculovirus expression system (Lin et al.,
2001; Thiéry et al., 2006), Escherichia coli (Liu et al, 2006;
Lai et al., 2014; Lin et al., 2016; Chien et al,, 2018), and yeast
(Wi et al, 2015; Cho et al, 2017). Among them, orange-
spotted grouper NNV (OSGNNV)-VLPs derived from E. coli
(Chien et al., 2018) and RGNNV-VLPs expressed in yeast (Cho
et al, 2017) have been demonstrated to confer protective
immunity against NNV challenges in fish not only by injection
but also by oral administration, indicating that recombinant
VLPs could be promising oral vaccines against VNN. However,
such a VLP vaccine is not commercially available yet. Since
the microbial production of NNV-VLPs and the subsequent
purification process are costly, an oral VLP vaccine may not
be affordable.

Over the last three decades, plants have been utilized as
bioreactors in the “plant molecular farming” process to
produce biopharmaceuticals, such as antibodies, vaccines,
growth factors, and cytokines (Lomonossoff and D’Aoust,
2016; Mahmood et al., 2020; Tusé et al.,, 2020). Although
only a limited number of plant-derived recombinant
biopharmaceuticals have been commercially approved, plant
molecular farming offers several advantages over other
bioreactors, including cost-effectiveness, scalability, and lower
risk of contamination by bacterial endotoxins or animal
pathogens (Lomonossoff and D’Aoust, 2016; Mahmood et al.,
2020; Tusé et al, 2020). Plant-based protein expression
systems can be divided into two types: conventional stable
transformation, where transgenes are introduced into the
nuclear or chloroplast genome, and transient gene expression,
using Agrobacterium-mediated infiltration or plant virus-
based vectors. Although generating stable transformants is
time-consuming and labor-intensive, edible host plants
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expressing the desired recombinant antigen can
be administered directly as oral vaccines without any
purification process (Herndndez et al, 2014). This is an
attractive feature for the development of highly immunogenic,
labor-saving, and cost-effective vaccines for animals, including
fish (Clarke et al., 2013; Shahid and Daniell, 2016). Conversely,
transient expression systems can produce recombinant proteins
rapidly and in large quantities and are suitable to produce
injectable vaccines that require the purification of recombinant
antigens (Lomonossoff and D’Aoust, 2016; Mahmood et al.,
2020; Tusé et al., 2020). Using transient expression systems,
a variety of potential VLP-based vaccines against human
diseases have been developed (Marsian and Lomonossoff,
2016; Rybicki, 2020), some of which are in clinical trials,
including SARS-CoV2 vaccine candidates (Mahmood et al.,
2020; Tusé et al., 2020; Shohag et al., 2021).

Taking advantage of plant molecular farming, it has been
reported that transient expression of Atlantic cod NNV
(ACNNV)-CP in Nicotiana benthamiana leaves causes the capsid
protein to self-assemble into ACNNV-VLPs (Marsian et al,
2019). Furthermore, purified ACNNV-VLPs were able to partially
protect sea bass from NNV challenge, suggesting that plant-
derived NNV-VLPs could be candidates for VNN vaccines.
However, the yield of ACNNV-VLPs obtained by transient
expression in tobacco leaves was still low (10 mg of purified
VLPs from 1 kg of fresh weight leaves), and the immunogenicity
of plant-derived ACNNV-VLPs by oral administration has not
yet been evaluated (Marsian et al., 2019).

Chloroplast genetic engineering (plastid transformation) has
several advantages over nuclear transformation, the most distinctive
of which is the ability to integrate transgenes into the entire
highly polyploid chloroplast genomes (up to 10,000 copies per
cell), resulting in extremely high levels of exogenous protein
expression (Cardi et al, 2010; Jin and Daniell, 2015; Fuentes
et al., 2018). In most cases, the accumulation levels of recombinant
proteins expressed in transplastomic plants are 10-100 times higher
than those expressed in nuclear transformants and can even reach
more than 70% of the total soluble protein (TSP) (Oey et al,
2009; Castiglia et al, 2016). Further advantages of plastid
transformation include the absence of positional effects and gene
silencing, expression of multiple transgenes in an operon, and
containment of the transgenes by maternal inheritance of the
plastid genomes (Cardi et al., 2010; Jin and Daniell, 2015; Fuentes
et al, 2018). Chloroplast genetic engineering has been applied
to the production of high value-adding proteins, such as vaccine
antigens, biopharmaceuticals, and industrial enzymes, as well as
to the improvement of crop traits and metabolic engineering. In
particular, various studies have reported the production of
recombinant antigens derived from human and animal pathogens,
and several studies have shown that oral administration of antigen
vaccines expressed in crops with edible leaves, such as lettuce,
can provide sufficient immunogenicity (Arlen et al., 2008; Davoodi-
Semiromi et al,, 2010; Yacono et al,, 2012; Lakshmi et al., 2013;
Daniell et al., 2019). Although examples of chloroplast-expressed
VLPs are limited to those derived from human papillomavirus
type 16 (HPV-16) (Fernandez-San Millan et al., 2008; Lenzi et al.,
2008; Waheed et al, 2011), dengue serotype 3 virus

(Kanagaraj et al,, 2011), and poliovirus serotype 2 (Daniell et al.,
2019), it has been reported that HPV-16 L1 capsid protein
accumulates at high levels (24% of TSP) in transplastomic tobacco
plants and self-assembled into VLPs, which were highly
immunogenic when injected intraperitoneally into mice
(Fernandez-San Millan et al,, 2008). These results suggest that
chloroplast genetic engineering may be a promising platform for
the high-yield production of immunogenic VLP-based vaccines.

In this study, we generated transplastomic tobacco plants
overexpressing the RGNNYV capsid protein (RGNNV-CP), which
could successfully self-assemble into VLPs (RGNNV-VLPs) in
the chloroplast stroma. Both intraperitoneal injection and oral
administration of chloroplast-derived RGNNV-VLPs to fish
(sevenband grouper) showed high immunogenicity against
NNV challenge.

MATERIALS AND METHODS

Plant Growth Conditions

Tobacco (Nicotiana tabacum cv. Xanthi) plants were grown
aseptically on Murashige-Skoog (MS) medium containing 3%
(w/v) sucrose and 0.8% (w/v) agar at 25°C under a light-dark
cycle with a 16-h light period (50 pmol photons m™ s™') and
an 8-h dark period. Soil-grown tobacco plants were cultivated
in a phytotron (Koitotoron SBH2515A, Koito Industries Co.,
Yokohama, Japan) using sunlight and natural daylengths with
a temperature cycle of 12 h at 26°C and 12 h at 23°C.

Construction of the Plastid Transformation
Vector

To construct a universal plastid transformation vector for tobacco
plants, the homologous DNA fragment corresponding to a part
of the tobacco plastid rrnl6-rrn23 region [nucleotides 103441-
107302 in N. tabacum chloroplast genome DNA (GenBank accession
number Z00044.2)] was amplified by PCR using total cellular
tobacco DNA as a template with the following primer pair: ADLF
(5-CACTCTGCTGGGCCGACACTGACAC-3) and ADLR
(5'-CACTAGCCGACCTTGACCCCTGTT-3'), and inserted into
Pyull-digested pBluescript II KS (+) (Stratagene). The resulting
plasmid was then digested with Pvull, which recognizes the
intergenic spacer region between tobacco plastid trnl and trnA,
and the spectinomycin resistance gene (aadA), driven by the
tobacco plastid Prrn promoter (nucleotides 102553-102728 in
700044.2) and the bacteriophage T7 gene 10 leader sequence
(GI0L), was inserted into the Pvull-digested site to obtain the
universal plastid transformation vector, p16S-aadA-23S(T).

The ¢cDNA encoding RGNNV-CP was derived from RNA2
of the RGNNV strain SG2001Nag (GenBank accession number
AB373029). A DNA fragment consisting of the coding sequence
of RGNNV-CP (nucleotides 27-1043 in AB373029) with codon
usage optimized for plastid expression (RGNNV-CPpt) and the
subsequent 3' non-coding region (3' NCR) from the RNA2 of
RGNNYV, flanked by Ncol and Xbal sites, was synthesized by
Eurofins Genomics (Tokyo, Japan). The synthetic DNA fragment
was cloned into the pPpsbA-TpsbA(R), harboring the tobacco
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plastid psbA-derived promoter and subsequent 5'-untranslated
region (5'-UTR; complement of nucleotides 1595-1811 in
700044.2; PpsbA), a multiple cloning site, and 3'-UTR of tobacco
psbA (complement of nucleotides 142-535 in Z00044.2; TpsbA).
The resulting expression cassette, PpsbA:RGNNV-CPpt::RNA2-3'
NCR:TpsbA, was cut out with PstI and Sall and inserted into
pl6S-aadA-23S(T), which has cognate restriction sites just
downstream of aadA, to obtain the plastid transformation
vector, PRGNNV1. The nucleotide sequence of the final construct
was confirmed by dye-terminator sequencing.

Generation of Transplastomic Tobacco
Plants

Plastid transformation was performed as described in previous
studies (Nakahira et al., 2013; Kikuchi et al., 2018). Gold particles
(0.6 pm) coated with pRGNNV1 plasmid DNA were delivered
into young tobacco leaves cultured in vitro using the Biolistic®
PDS1000/He particle delivery system (Bio-Rad, Hercules, CA,
United States). The bombarded leaves were kept in the dark at
25°C for 3 days, then cut into small pieces (~0.25 cm?), and
placed onto RMOP agar medium [MS medium containing 3%
(w/v) sucrose, 0.8% (w/v) agar, 0.1 mg/L 1-naphthaleneacetic acid,
1 mg/L N°-benzyladenine, 1 mg/L thiamine, 100 mg/L inositol]
supplemented with 200 mg/L spectinomycin dihydrochloride as
a selective agent. In tobacco plasmid transformation, it is common
to use 500 mg/L spectinomycin dihydrochloride in all selection
rounds, but we experienced low efliciency in acquiring resistant
shoots or calli when 500 mg/L spectinomycin dihydrochloride
was used in primary selection. Therefore, in our research group,
the use of 200 mg/L spectinomycin dihydrochloride for primary
selection was kept as a standard condition (Nakahira et al., 2013;
Kikuchi et al., 2018). Resistant shoots and calli were transferred
onto RMOP agar medium containing 500 mg/L spectinomycin
dihydrochloride for the second selection. The obtained shoots
were subjected to total cellular DNA extraction, as described
previously (Kikuchi et al, 2018). To confirm that RGNNV-CPpt
was correctly introduced into the specific region of the plastid
genome, PCR-based genotyping was performed using the total
cellular DNA as a template with the primer pair 1: ADL-F3
(5-CGGGGGGGACCACCACGGCT-3") and ADL-R3 (5-AGGGTT
GAAGGGAGATAGTGCATCA-3"), and primer pair 2: RGNNV-
Fdl (5-CCATGGTAAGAAAAGGAGAAAAAAAATTAGC-3") and
Sal-TpsbA-Rv  (5-GTCGACCGAATATAGCTCTTCTTTCTTA
TT-3"). The amplification program using primer pairs 1 and 2
was as follows: 94°C for 1 min, followed by 30 cycles at 94°C
for 30 s, 53°C for 30 s, and 72°C for 2 min. The transgenic
lines confirmed by genotyping were subjected to two more rounds
of regeneration cycles on RMOP agar medium containing 500 mg/L
spectinomycin dihydrochloride to achieve homoplasmy and finally
rooted on MS medium supplemented with 3% (w/v) sucrose,
0.8% (w/v) agar, and 500 mg/L spectinomycin dihydrochloride.

Southern Blot Analysis

Total cellular DNA was extracted from wild-type and
transplastomic tobacco leaves using the DNeasy Plant Mini
Kit (QIAGEN, Valencia, CA, United States) according to the

manufacturers instructions. One microgram of total cellular
DNA was digested with Xmnl, separated by 1% (w/v) agarose
gel electrophoresis, and transferred to an Amersham Hybond-
N* positively charged nylon membrane (GE Healthcare, Chicago,
IL, United States). The DNA probe covering a part of the
tobacco plastid rrnl6-rrn23 operon was generated using the
PCR DIG Probe Synthesis Kit (Roche/Merck KGaA, Darmstadt,
Germany) with wild-type tobacco total cellular DNA as a
template and a primer pair: ADL-F2 (5-CCCCTTTTTT
ACGTCCCCATGTTCC-3") and ADL-R2 (5'-GCCTTTCCTCG
TTTGAACCTCGCCC-3"). The amplification program was as
follows: 95°C for 2 min, followed by 30 cycles at 95°C for
30 s, 58°C for 30 s, 72°C for 1 min, and 72°C for 7 min.
Hybridization was performed overnight at 60°C using DIG
Easy Hyb (Roche/Merck KGaA, Darmstadt, Germany). The
hybridized membrane was then washed, and the probe DNA
was detected using a DIG Luminescent Detection Kit (Roche/
Merck KGaA, Darmstadt, Germany) according to the
manufacturer’s instructions. Immunodetectable bands on the
membrane were visualized using the Chemiluminescence Imaging
System, FUSION SL4 (Vilber-Lourmat, France).

SDS-PAGE and Western Blot Analysis

To extract total cellular proteins from leaves of wild-type and
transplastomic tobacco plants grown on MS medium or in
soil, leaf material (200 mg) was homogenized in 1 ml of
pre-chilled phosphate-buffered saline (PBS) (pH 7.4). The
homogenate was centrifuged at 20,000 x g for 5 min at 4°C,
and the supernatant was collected as a soluble fraction. The
resulting pellet was resuspended in an equal volume of PBS
and 2x Laemmli Sample Buffer (Bio-Rad, Hercules, CA,
United States), and centrifuged at 20,000 x g for 5 min at
4°C. The resulting supernatant was collected as the insoluble
fraction. The protein concentration in the soluble fraction (total
soluble protein; TSP) was quantified using BCA Protein Assay
Kit (TaKaRa Bio Inc., Kusatsu, Japan) according to the
manufacturer’s instructions. The protein extracts were separated
by 12.5% or 13% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and subjected to Coomassie Brilliant
Blue (CBB) staining or Western blot analysis. For Western
blot analysis, proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Hybond P; GE Healthcare,
Chicago, IL, United States). After blocking, the blots were
incubated for 1 h with a custom-made rabbit antiserum against
a mixture of two synthetic peptides derived from amino acid
residues 170-180 and 209-220 of RGNNV-CP, purchased from
Eurofins Genomics (Tokyo, Japan), and then washed with T-PBS
[PBS containing 0.1% (w/v) Tween-20]. The blots were then
incubated with anti-rabbit IgG and HRP-linked antibody (Cell
Signaling Technology, Danvers, MA, United States) at a dilution
of 1:20,000 for 1 h. After washing the membranes with T-PBS,
immunoblot  detection  was  performed using a
Chemiluminescence Imaging System (FUSION SL4, Vilber-
Lourmat, France) and ECL Prime Western blotting detection
reagent (GE Healthcare, Chicago, IL, United States). The
expression levels of RGNNV-CP were quantified by densitometric
analysis using Fusion-Capt software (Vilber Lourmat, France).

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 717952


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nakahira et al.

Chloroplast-Derived Oral VLP Vaccine

Expression and Purification of
RGNNV-VLPs in Escherichia coli

DNA fragments flanked by Ncol and Notl sites encoding the
codon-optimized RGNNV-CP for expression in E. coli (RGNNV-
CPec) or its variant with a 6xHis tag at the C-terminus
(RGNNV-CPec-(GGGS);-Hiss) were synthesized by Eurofins
Genomics (Tokyo, Japan). Synthetic DNA fragments (RGNNV-
CPec and RGNNV-CPec-(GGGS);-His,) were inserted into pET-28a
(Novagen; Merck KGaA, Darmstadt, Germany) digested with
Ncol and NotlI to obtain pET-RGNNV and pET-RGNNV-His,
respectively.

The pET-RGNNV or pET-RGNNV-His was expressed in
E. coli BL21 (DE3), and the cells were cultured in Luria-Bertani
(LB) broth containing 20 mg/ml kanamycin at 37°C until the
OD at 600 nm reached 0.3-0.6. To induce gene expression,
isopropyl B-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 1 mM, and the cells were cultured at
30°C for 2 h. Cells were harvested and disrupted in PBS using
a sonicator (Sonifier SFX250, Branson, Danbury, CT,
United States). After centrifugation, the resulting supernatant
was layered on a 30% (w/w) sucrose cushion and ultracentrifuged
at 250,000 x ¢ for 60 min at 4°C using a Beckman TLS-55
swinging bucket rotor (Beckman Coulter Inc., Brea, CA,
United States). The resulting pellet was resuspended in PBS
and then layered onto a 10-40% (w/w) discontinuous sucrose
gradient and ultracentrifuged at 250,000 x g for 20 min at
4°C using a Beckman TLS-55 swinging bucket rotor. The
collected fractions were analyzed by SDS-PAGE to confirm
the fractions enriched with RGNNV-VLPs. The desired fractions
containing RGNNV-VLPs were diafiltrated and concentrated
using the Amicon Ultra-15 Centrifugal Filter Unit [10,000
molecular weight cutoff (MWCO); Merck KGaA, Darmstadt,
Germany], according to the manufacturer’s instructions.

Purification of Plant-Derived RGNNV-VLPs

Mature leaves (200 mg leaf fresh weight) from transplastomic
tobacco plants were homogenized in 1 ml of pre-chilled PBS
(pH 7.4). After centrifugation at 20,000 x g for 20 min at
4°C, the resulting supernatant was layered onto a 10-40%
(w/w) discontinuous sucrose gradient and centrifuged at
141,000 x g for 3 h at 4°C using a Beckman SW28 swinging
bucket rotor (Beckman Coulter Inc., Brea, CA, United States).
The collected fractions were analyzed by SDS-PAGE to confirm
the fractions enriched with RGNNV-VLPs. The desired fractions
containing RGNNV-VLPs were diafiltrated and concentrated
using the Amicon Ultra-15 Centrifugal Filter Unit (10,000
MWCO; Merck KGaA, Darmstadt, Germany), according to
the manufacturer’s instructions.

Transmission Electron Microscopy (TEM)

For negative staining, RGNNV-VLPs purified from E. coli or
tobacco plants were diluted to 0.8 mg/ml, placed on freshly
glow-discharged copper grids coated with carbon (Excel support
film, 200 mesh, Nisshin EM Co., Tokyo, Japan), and allowed
to dry completely. The grids were rinsed with water, negatively
stained with 2% (w/v) uranyl acetate, and then dried. Micrographs

were obtained using a transmission electron microscope
(JEOL JEM-1400, Tokyo, Japan) operating at 80 kV. Digital
images were captured using a charge-coupled device (CCD)
camera (EM-14321DCAM; Hamamatsu Photonics K. K.,
Hamamatsu, Japan).

For ultrastructural observations, mature tobacco leaf samples
were fixed with 2% paraformaldehyde (PFA) and 2% glutaraldehyde
(GA) in 0.05 M cacodylate buffer (pH 7.4) overnight at 4°C.
After fixation, the samples were washed with 0.05 M cacodylate
buffer and post-fixed with 2% OsO, in 0.05 M cacodylate buffer
for 3 h. The samples were then dehydrated overnight in a series
of graded ethanol solutions, infiltrated with propylene oxide
(PO), placed in a 50:50 mixture of PO and resin (Quetol-651;
Nisshin EM Co., Tokyo, Japan) for 3 h, then transferred to a
100% resin, and polymerized at 60°C for 48 h. The polymerized
resins were cut into 80-nm ultrathin sections with a diamond
knife using an ultramicrotome (Ultracut UCT; Leica, Vienna,
Austria), and the sections were mounted on copper grids and
counterstained with 2% uranyl acetate and Lead stain solution
(Sigma-Aldrich Co., Tokyo, Japan). The grids were observed
using a transmission electron microscope (JEM-1400Plus; JEOL
Ltd., Tokyo, Japan) at an acceleration voltage of 100 kV. Digital
images were captured using a CCD camera (EM-14830RUBY2;
JEOL Ltd., Tokyo, Japan).

Fish

Hatchery-reared young sevenband grouper (Epinephelus
septemfasciatus) with an average body weight of 25.8 g were
immunized intraperitoneally and orally with crudely purified
protein extracts from tobacco mature leaves. Fish were reared
at approximately 25°C in 1 m’ tanks with a flow-through system,
using water previously disinfected with ultraviolet (UV) light.
All animal experiments were conducted in accordance with
“Fundamental Guidelines for Proper Conduct of Animal
Experiment and Related Activities in Academic Research
Institutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science and Technology (Notice No. 711)” and
approved by the Ehime Fisheries Research Center. Prior to
immunization experiments, 20 fish from the fish stock were
randomly sampled and their brains were subjected to reverse
transcriptase-polymerase chain reaction (RT-PCR) test for detecting
betanodavirus as described by Nishioka et al. (2016). No positive
PCR products were detected in any of the examined fish.

Virus

The SGEhi00 strain of RGNNV genotype (Yamashita et al,
2005) was propagated in E-11 cells in Leibovitz’s L-15 medium
(Thermo Fisher Scientific, Waltham, MA, United States)
supplemented with 5% fetal bovine serum (FBS) (Thermo Fisher
Scientific, Waltham, MA, United States) at 25°C. Viral infectivity
titers were determined and stored at —80°C until use, as
described by Iwamoto et al. (2000).

Immunization of Fish
Sevenband groupers were immunized by intraperitoneal injection
or oral administration of crudely purified protein extracts from
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wild-type and transplastomic tobacco leaves. Mature leaves
were homogenized in pre-chilled PBS and centrifuged at
20,000 x g for 20 min at 4°C. The resulting supernatants were
filtered using a filter (Millex-GP Syringe Filter Unit, 0.22 pm,
polyethersulfone, 33 mm, gamma sterilized; Merck KGaA,
Darmstadt, Germany) to remove cell debris. The filtrate was
diafiltrated with PBS using an Amicon Ultra-15 Centrifugal
Filter Unit (10,000 MWCO; Merck KGaA, Darmstadt, Germany)
to reduce the contamination of alkaloids such as nicotine. The
concentration of recovered proteins was quantified using BCA
Protein Assay Kit (TaKaRa Bio Inc., Kusatsu, Japan), and the
protein samples were diluted to 2 mg/ml in PBS and stored
at —80°C until use.

A total of 280 fish were randomly divided into seven groups
(approximately 40 fish per group). For parenteral vaccination,
fish were immunized intraperitoneally with crudely purified
protein extracts (200 pg/fish) from wild-type or transplastomic
tobacco leaves, a commercial formalin-inactivated virus vaccine
(OceanTect VNN; Nisseiken Co., Ltd., Ome, Japan) as positive
control, or PBS as negative control. For oral vaccination, fish
were fed commercial diets supplemented with crudely purified
protein extracts from wild-type or transgenic tobacco leaves
(200 pg/fish) or PBS (0.1 ml/fish) as a negative control, once
a day for five consecutive days. After immunization, the
experimental fish were transferred to 45 L plastic tanks at
25°C (%1.0°C), supplied with UV-treated water, and fed with
commercial pellets once a day. On day 21 after immunization,
blood samples were collected from the caudal veins of 8-10
fish per group to measure anti-RGNNV neutralizing antibody
levels, and the remaining fish were subjected to a viral
challenge test.

Viral Challenge Test

Fish were intramuscularly challenged with RGNNV (SGEhi00
strain) at a dose of 10’ TCID;, per fish. The experimental
fish were reared in 45 L tanks at 25°C (+1.0°C) for 14 days
after challenging with virus and monitored for mortality. The
relative percent survival (RPS; Amend, 1981) was calculated
from the cumulative mortality using the following formula:

0 ) )
RPS — 11— Y%omortality of experimental group 100
%mortality of control group

Virus-Neutralizing Antibody Assay
Anti-RGNNV neutralizing antibody titers in sera were
measured using E-11 cells and SGEhi00 strains, as described
by Yamashita et al. (2005). The detection limit for antibody
titer was 1:80.

Statistical Analysis

The cumulative mortality and morbidity of fish after the RGNNV
challenge were analyzed using Fishers exact probability test.
The levels of anti-RGNNV neutralizing antibodies between the
vaccinated and PBS-control fish groups were tested by Student’s
t-test. Statistical significance was set at p < 0.05.

RESULTS

Construction of Plastid Transformation
Vector and Generation of Transplastomic
Tobacco Plants

The plastid transformation vector pRGNNV1 was constructed
to transform the chloroplast genomes. This vector contains a
synthetic RGNNV-CP gene (RGNNV-CPpt) with codon usage
optimized for expression in plastids. The coding region of
RGNNV-CPpt was designed to be followed by a 3' non-coding
region (3' NCR) derived from the RNA2 genome of RGNNYV.
The 3' NCR has been reported to be required for high expression
of RGNNV-CP in avian cell lines (Huang et al, 2007). To
further increase the expression level of RGNNV-CPpt, the
transgene was driven by a promoter derived from tobacco
plastid psbA and its subsequent 5'-untranslated region (5'-UTR),
and the transcript was stabilized by the 3'-UTR of tobacco
plastid psbA. This expression cassette was inserted into the
trnl-trnA intergenic region derived from the tobacco plastid
DNA on the universal plastid transformation vector p16S-aadA-
23S(T) with the spectinomycin resistance gene, aadA, as a
selectable marker, to obtain pPRGNNV1 (Figure 1A).

Plastid transformation was carried out by the biolistic method
using pRGNNV1, and 36 bombardments resulted in 11
independent  spectinomycin-resistant ~ shoots/calli. = Shoots
regenerated after the second round of selection with
spectinomycin were genotyped by PCR using a primer pair
(ADL-F3 and ADL-R3) to infer site-specific incorporation of
the transgene and another primer pair (RGNNV-Fdl and
Sal-TpsbA) to confirm the presence of the transgene. The results
demonstrated that three of the regenerating shoots were
PCR-positive, and that six were PCR-negative and considered
to be spontaneous mutants (data not shown). For the remaining
two regenerating shoots, the presence of the transgene was
confirmed, but it was not targeted to the trnl-trnA intergenic
region (data not shown). In both the shoots, the transgene
may have been mis-targeted due to homologous recombination
via the psbA promoter and/or the 5'-, 3-UTR of psbA used
in the expression cassette. After the three positive shoots were
subjected to two more rounds of regeneration cycles on RMOP
agar medium containing 500 mg/L  spectinomycin
dihydrochloride to achieve homoplasmy, they were finally rooted
on MS agar medium supplemented with 500 mg/L spectinomycin
dihydrochloride. Two of the three lines showed a normal
phenotype, but one line exhibited abnormal leaf morphology
with rounding and unevenness, probably due to somatic mutation
caused by tissue culture. Therefore, two independent
transformants with normal phenotypes (RGNNV1-1 and
RGNNV1-2) were subjected to further analysis.

To verify the site-specific integration into the plastid genome
and to confirm homoplasmy, Southern blot analysis was
performed using a probe covering the flanking region
(Figure 1A). The expected size of DNA fragments digested
with Xmnl was 2.3 kb and 53 kb for wild-type and the
transformed plastid DNA, respectively (Figure 1A). There was
no detectable 2.3 kb band in the two transgenic lines,
indicating that all copies of the plastid genome were
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FIGURE 1 | Generation of transplastomic tobacco plants expressing RGNNV capsid protein (RGNNV-CP). (A) Physical map of the target region in the plastid
genome (WT ptDNA) and schematic diagram of the chloroplast transformation vector, pPRGNNV1 (construct not drawn to scale). Synthetic DNA covering the codon-
optimized RGNNV-CP (RGNNV-CPpt) and the subsequent 3' non-cooding regioon (3' NCR) derived from the RNA2 genome of red-spotted grouper NNV (RGNNV)
is driven by the tobacco plastid psbA promoter and its 5'-UTR (PpsbA), and the transcript is designed to be stabilized by the 3'-UTR of tobacco plastid psbA
(TpsbA). The selectable marker gene aadA is under the control of the tobacco plastid ribosomal RNA operon promoter (Prrn). The transgenes are targeted to the
intergenic spacer region between trnl and trnA in the tobacco plastid genome. The location of the probe used in Southern blot analysis is shown as a black bar. The
wild-type and the transgenic chloroplast genomes give rise to hybridization signals corresponding to 2.3 kb and 5.3 kb Xmnl-Xmnl DNA fragments, respectively.

(B) Southern blot analysis of two independent transgenic lines (RGNNV1-1 and RGNNV1-2). Total cellular DNA was digested with Xmnl and subjected to

transformed (Figure 1B). The resulting homoplasmic T, lines
were grown in soil for seed collection, and T, generation plants
were used for all subsequent analyses.

High-Level Expression of RGNNV-CP in
Transplastomic Tobacco Plants

When grown on MS agar medium supplemented with sucrose
as a carbon source, the two transplastomic lines (RGNNV1-1
and RGNNV1-2) grew normally and showed a visible phenotype
similar to that of the wild-type plants (Figure 2A). Protein
extracts from mature leaves of wild-type and transgenic plants
grown on the synthetic medium were subjected to SDS-PAGE
followed by CBB staining. Protein extracts from the transgenic
plants showed a specific band of approximately 37 kDa, which
is expected for RGNNV-CP, mainly as a soluble protein, and
its accumulation level was higher than that of the large subunit
of Rubisco (RbcL) (Figure 2B).

When the transplastomic plants were grown in soil, they
showed a weak pale green phenotype (Figure 3B) and significant
growth retardation compared to wild-type plants (Figure 3A),
but eventually grew to the same height as the wild-type plants,
and viable seeds were obtained. Total soluble protein (TSP)
extracted from mature leaves of soil-grown plants was analyzed
by SDS-PAGE followed by CBB staining. As a result, a prominent
band of approximately 37 kDa, corresponding to the expected
molecular weight of RGNNV-CP, was specifically detected in
the extracts of two independent transgenic lines (RGNNV1-1
and RGNNV1-2), which was not found in the wild-type plant
extracts (Figure 3C). Since the biosynthetic capacity of proteins
decreases with leaf age, we evaluated the stability of RGNNV-CP
by examining the RGNNV-CP accumulation in each leaf. The
results showed that the accumulation of most proteins, including
RbcL, gradually decreased with senescence, while RGNNV-CP

was highly expressed in young leaves and stably accumulated
in mature and old senescent leaves (Figure 4A). To further
confirm that the 37-kDa band was derived from RGNNV-CPpt,
Western blot analysis was performed using an antiserum against
a mixture of two synthetic peptides derived from RGNNV-CP.
The results showed that the 37-kDa protein in transplastomic
plants was identical to the gene product of RGNNV-CPpt, and
no signal was obtained in wild-type plants (Figure 4C). The
accumulation level of RGNNV-CP was quantified by Western
blot analysis using a dilution series of the His-tagged RGNNV-CP
recombinant protein expressed and purified in E. coli as a
standard. Three independent experiments showed that
RGNNV-CP accounted for 10.2, 20.1, and 22.7% of TSP in
young, mature, and old senescent leaves of the transgenic
plants, respectively (Figure 4C). Based on the protein content
extracted from the leaves, the production yield of RGNNV-CP
was estimated to be 3.5, 3.4, and 2.3 mg/g leaf fresh weight
in young, mature, and old senescent leaves of the transplastomic
plants, respectively.

RGNNV-CP Efficiently Self-Assembles Into
VLPs in Chloroplast Stroma

RGNNV-CP was expressed in large amounts in the transplastomic
plants and showed high stability even in old senescent leaves,
suggesting that the recombinant protein was present in tobacco
chloroplasts as VLPs. To confirm this, TSP extracted from the
transgenic plants was analyzed by sucrose sedimentation. Among
the 10 fractions recovered (fraction 1 obtained from the top
of the tube), Rubisco was enriched in fractions 2 and 3, whereas
RGNNV-CP was detected in fractions 6-10 with higher molecular
weight (Figure 5A). This result is consistent with the fact that
the Rubisco holoenzyme in tobacco plants is a 550 kDa
RbcL8RbcS8 form (Wostrikoff and Stern, 2007), whereas 180
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FIGURE 2 | Transplastomic plants expressing RGNNV-CP grown under photoheterotrophic conditions. (A) Phenotype of wild-type (WT) and transplastomic
(RGNNV1-1 and RGNNV1-2) plants grown on MS agar medium containing 3% (w/v) sucrose as carbon source. Bar = 3 cm. (B) Detection of RGNNV-CP
accumulated in transplastomic plants (RGNNV1-1 and RGNNV1-2) by Coomassie Brilliant Blue (CBB) staining. Total, soluble, and insoluble protein extracts from
1.5 mg of fresh leaf were separated by 12.5% sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and stained with CBB. The 37-kDa and
55-kDa bands correspond to RGNNV-CP and large subunit of Rubisco (RbcL), respectively.
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FIGURE 3 | Transplastomic plants expressing RGNNV-CP grown under photoautotrophic conditions. (A) Soil-grown wild-type (WT) and transplastomic (RGNNV1-1
and RGNNV1-2) plants were cultivated in a phytotron using sunlight and natural daylength, with a temperature cycle of 12 h at 26°C and 12 h at 23°C. Bar = 30 cm.
(B) Mature leaves of WT and RGNNV1-2 plants. Bar = 5 cm. (C) Detection of RGNNV-CP accumulated in transplastomic plants (RGNNV1-1 and RGNNV1-2) by
CBB staining. Total soluble protein (TSP) extracted from 1.5 mg of fresh leaf was separated by 13% SDS-PAGE gel and stained with CBB.

copies of RGNNV-CP arranged with T = 3 symmetry self- analyzed by transmission electron microscopy (TEM), spherical
assemble into a 6,660-kDa VLP (Bandin and Souto, 2020).  particles with a diameter of approximately 25-30 nm were
When fractions enriched with RGNNV-CP were collected and  frequently observed (Figure 5B). The morphology and size of
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FIGURE 4 | High accumulation of RGNNV-CP in all leaves of the transgenic tobacco plant. (A) TSPs extracted from 1.5 mg of different leaves of a transplastomic
plant (RGNNV1-2) were separated by 13% SDS-PAGE and stained with CBB. TSP extracted from a mature leaf of wild-type (WT) plant was loaded as a control.

(B) The RGNNV1-2 plant used for the analysis shown in (A). The leaves were numbered from top to bottom. (C) Western blot analysis to detect RGNNV-CP
accumulated in the transplastomic plant. TSPs (500 ng) extracted from young (Y), mature (M), and old senescent (O) leaves of RGNNV1-2 correspond to leaf nos. 2,
10, and 20 in (B), respectively, were analyzed. TSP (5,000 ng) extracted from a mature leaf of wild-type (WT) was also loaded as a control. Blots were detected
using an antiserum against a mixture of synthetic peptides derived from RGNNV-CP. A dilution series (50, 100, and 200 ng) of purified 6xHis-tagged RGNNV-CP

(RGNNV-CP-His) expressed in Escherichia coli was analyzed as a standard.

the chloroplast-derived RGNNV-VLPs were similar to those
expressed in E. coli (Figure 5B).

To investigate whether RGNNV-VLPs are formed in tobacco
chloroplasts, in situ TEM observations were performed. Although
the grana stacked in the chloroplasts of the transformants
tended to be slightly smaller than those of wild-type tobacco,
there were no significant differences in chloroplast size or
morphology (Figure 6). Interestingly, however, the chloroplast
stroma of the transplastomic plants contained uniformly dispersed
spherical particles with a diameter of approximately 25-30 nm
(Figure 6). Such structures were not observed in the chloroplasts
of the wild-type plants (Figure 6). These results indicate that
RGNNV-CP can self-assemble into VLPs in tobacco chloroplasts.

Chloroplast-Derived RGNNV-VLPs Are
Highly Immunogenic Against RGNNV
Challenge

To investigate the immunogenicity of chloroplast-derived
RGNNV-VLPs, we planned to conduct a viral challenge test
after intraperitoneal injection and oral administration of VLPs
to the fish (sevenband grouper). Although it is convenient to
use crude TSP extracts containing chloroplast-derived RGNNV-
VLPs or lyophilized powder of the transgenic tobacco leaves
as vaccine candidates, there are concerns that alkaloid, such
as nicotine, contained in tobacco leaves may adversely affect

fish or reduce the immunogenicity of chloroplast-derived
RGNNV-VLPs. In fact, when Staphylococcus aureus-derived
antigenic protein (Efb) was expressed in tobacco and lyophilized
powder of transgenic leaves was orally administered to mice,
transgenic leaves of a low-alkaloid tobacco variety (cv. 81V9)
showed significantly higher immunogenicity than the transgenic
leaves of a common tobacco variety (cv. Samsun) (Festa et al.,
2013). Therefore, ultrafiltration was employed to reduce the
alkaloid content of TSP extracted from the wild-type and
transplastomic tobacco leaves. Although other methods have
been reported to be more effective in removing nicotine from
crude protein extracts derived from tobacco leaves (Fu et al.,
2010), ultrafiltration using a centrifugal filter device was chosen
because it is a simple method and is believed to have less
effect on the VLP structure during the purification process.
Comparison of the protein composition of TSPs extracted
from the leaves of wild-type and transgenic plants before and
after the ultrafiltration treatment showed no noticeable
differences (Supplementary Figure S1). In a preliminary
experiment, ultrafiltered protein extracts (200 pg/fish) from
wild-type and transplastomic leaves were administered
intraperitoneally or orally to sevenband grouper, and no lethal
symptoms, abnormal swimming behavior, or reduced growth
rate were observed, suggesting that the level of alkaloids
remaining in the protein extracts after ultrafiltration was not
considered to be harmful to fish.
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FIGURE 5 | Purification of RGNNV virus-like particles (RGNNV-VLPs) from
transplastomic tobacco plants. (A) TSP (T) extracted from mature leaves of
transplastomic plants (RGNNV1-2) was analyzed by sucrose gradient
sedimentation, and RGNNV-CP in each fraction was detected by CBB
staining. Fraction 1 was obtained from the top of the tube. (B) Electron
micrograph of the RGNNV-CP-enriched fractions recovered by the sucrose
gradient sedimentation analysis shown in (A). RGNNV-VLPs derived from the
transplastomic tobacco plants (Tobacco) and E. coli were visualized by
negative staining with 2% (w/v) uranyl acetate and transmission electron
microscopy (TEM). Bar = 100 nm.

For injection vaccination, ultrafiltered protein extracts from
the transplastomic leaves (200 pg/fish; approximately equivalent
to 1.5 pg/fish body weight of RGNNV-CP), the same amount
of protein extracts from wild-type leaves, a commercially
available formalin-inactivated vaccine, or PBS as a negative
control were administrated intraperitoneally to the fish without
adjuvant. Twenty-one days post-immunization, the experimental
fish were challenged with RGNNV, and mortality was monitored.
The results showed that the cumulative mortality of fish
immunized with PBS and wild-type tobacco-derived protein
extracts was 66.7 and 60.0%, respectively. In contrast, the
cumulative mortality of fish groups vaccinated with the
commercial vaccine and protein extracts containing chloroplast-
derived RGNNV-VLPs was only 10.0 and 3.3%, respectively
(Figure 7). This indicates that the RPS (Amend, 1981) of the
fish injected intraperitoneally with the commercial vaccine and
the protein extracts containing chloroplast-derived RGNNV-
VLPs was 85.0 and 95.1%, respectively, revealing that the
chloroplast-derived RGNNV-VLPs were more immunogenic
than the commercial inactivated vaccine (Table 1).

For oral vaccination, ultrafiltered protein extracts from the
transplastomic leaves (200 pg/fish; approximately equivalent to
1.5 pg/fish body weight of RGNNV-CP), the same amount of

protein extracts from wild-type leaves, or PBS were mixed with
commercial feed without adjuvant and fed to the fish once a
day for five consecutive days. This oral vaccination relied on the
fish to voluntarily eat the feed, making it difficult to strictly control
the vaccine dosage. However, it is ideal for use at the practical
application stage, and the same method has been used to investigate
the immunogenicity of E. coli-derived OSGNNV-VLPs (Chien
et al,, 2018) and yeast-derived RGNNV-VLPs (Cho et al., 2017).
A commercially available inactivated vaccine was not used in
this experiment because it has been reported that it does not
show significant immunogenicity when administered orally without
adjuvant (Gaafar et al, 2018). As in the case of parenteral
vaccination, the experimental fish were challenged with RGNNV
21 days after immunization and then monitored for mortality.
The results showed that the cumulative mortality of the fish
immunized with PBS and wild-type tobacco-derived protein extracts
reached 50 and 66.7%, respectively (Figure 7). In contrast, the
cumulative mortality of the fish group immunized with the protein
extracts containing chloroplast-derived RGNNV-VLPs was only
13.8% (Figure 7), and the RPS was calculated to be 72.4%
(Table 1). It seems counterintuitive that the cumulative mortality
of the fish group immunized with wild-type tobacco-derived
protein extracts (66.7%) was higher than that of the fish group
immunized with PBS (50%), but the difference was not statistically
significant (Table 1). Furthermore, when the cumulative morbidity
was calculated by adding the number of surviving fish showing
symptoms of the disease (abnormal swimming) to the number
of dead fish, the morbidity of both fish groups immunized with
PBS and wild-type tobacco-derived protein extracts was the same
at 73.3% (Table 1). Therefore, the above results were considered
to be due to experimental error and not due to toxic factors
other than nicotine. Compared with the cumulative morbidity of
the fish group vaccinated with PBS and with wild-type tobacco-
derived protein extracts, the cumulative morbidity of the fish
vaccinated with the protein extracts containing chloroplast-derived
RGNNV-VLPs was significantly lower (13.8%) (Table 1), indicating
that chloroplast-derived RGNNV-VLPs are immunogenic even
when administered orally.

Serum was collected from each group of immunized fish,
and the titer of anti-RGNNYV neutralizing antibody was measured.
The results showed that intraperitoneal injection of protein
extracts containing chloroplast-derived RGNNV-VLPs elicited
a high level of neutralizing antibodies (1:2600 + 1913.1;
p < 0.01). Statistically significant induction of neutralizing
antibodies was also observed when the same protein extracts
were administered orally (1:138 + 49.1; p < 0.01) and when
the commercial inactivated vaccine was administered by injection
(1:160 £ 106.5; p < 0.05) (Supplementary Figure S2). This
result is in agreement with the results of the RGNNV challenge
test (Figure 7).

DISCUSSION

In this study, transgenic tobacco plants producing RGNNV-VLPs,
a promising vaccine candidate against VNN, were developed
using chloroplast genetic engineering. Consequently, high levels

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 717952


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nakahira et al.

Chloroplast-Derived Oral VLP Vaccine

Chl

1 um

Chl

FIGURE 6 | Electron micrographs of RGNNV-VLPs present in high density in chloroplast stroma of transplastomic tobacco plants. /n situ TEM images of
chloroplasts from mature leaves of wild-type [WT; (A-C)] and the transplastomic [RGNNV1-2; (D-F)] plants. (B), (C), (E), and (F) are magnified views of the box
regions in (A), (B), (D), and (E), respectively. Chl, chloroplast; S, starch granule; V, vacuole; CW, cell wall; and PG, plastoglobule.

of RGNNV-CP accumulation (averaging about 3 mg/g leaf
fresh weight) were achieved in all young, mature, and old
senescent leaves (Figure 4). This may be due to the optimization
of codon usage of RGNNV-CP for expression in chloroplasts,
the use of the psbA promoter and its 5-UTR, which are
responsible for the high transcriptional and translational activity,
respectively, and the utilization of the psbA 3'-UTR, which
helps stabilize the transcript. A number of reports described
successful high expression of transgenes using the psbA-derived
gene expression cassette (Cardi et al, 2010; Jin and Daniell,
2015). In addition, among the several reports on chloroplast
expression of the HPV-16 L1 capsid protein (Ferndndez-San
Milldn et al., 2008; Lenzi et al., 2008; Waheed et al., 2011),
the highest expression level (24% of TSP) was achieved using

a psbA-derived gene expression cassette (Fernandez-San Millan
et al., 2008). However, it is unlikely that the 3' NCR derived
from RNA2 of RGNNYV, which has been reported to contribute
to the high expression of RGNNV-CP in avian cell lines (Huang
et al, 2007), is also involved in the high accumulation of
RGNNV-CP in chloroplasts. This is because we produced
transplastomic tobacco plants expressing RGNNV-CP without
the 3' NCR of RNA2 and observed that the accumulation
level of RGNNV-CP was comparable to those of RGNNV1-1
and RGNNV1-2 with the 3' NCR (data not shown). Another
reason for the high accumulation of RGNNV-CP in all leaves
of the transplastomic tobacco plants may be that RGNNV-CP
self-assembles into VLPs in the chloroplast stroma with high
efficiency (Figures 5, 6), and the resulting higher-order molecular

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 717952


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nakahira et al.

Chloroplast-Derived Oral VLP Vaccine

100
- -0-PBS-IN
-m-PBS-OR
80 i —O'WT-lN
:\o‘ —+-WT-OR
= 70 | |-0-RGNNVIN
£ —e-RGNNV1-OR
g —A-Inactivated-IN
o
£
)
=
©
>
£
= |
(@]

Days after virus challenge

FIGURE 7 | Cumulative mortality after RGNNV challenge in sevenband grouper immunized with chloroplast-derived RGNNV-VLPs. Fish were vaccinated with PBS
as control, crudely purified protein extracts from mature leaves of wild-type (WT) or the transplastomic (RGNNV1) tobacco plants, or a commercial inactivated
vaccine (Inactivated) by intraperitoneal injection (IN) or oral administration (OR). On day 21 after immunization, the fish were challenged by intramuscular injection
with RGNNV at a dose of 10%2 TCIDg, per fish and observed for an additional 14 days.

TABLE 1 | Immunogenicity of chloroplast-derived RGNNV-VLPs against RGNNV-challenge in sevenband grouper fish.

Cumulative mortality (%)

Cumulative morbidity (%)

Fish group? RPS® (%)
[No. of dead/No. of challenged] [(No. of dead + No. of showing abnormal swimming)/No. of challenged]

PBS-IN 66.7 [20/30] 66.7 [(20 + 0)/30]
WT-IN 60.0 [18/30] 10.0 70.0 [(18 + 3)/30]
RGNNV1-IN 3.3 [1/30] 95.1 3.3[(1 + 0)/30]"
Inactivated-IN 10.0 [3/30] 85.0 20.0[(8 + 3)/30]"
PBS-OR 50.0 [15/30] 73.3[(15 + 7)/30]
WT-OR 66.7 [20/30] -33.4 73.3[(20 + 2)/30]
RGNNV1-OR 13.8 [4/29] 72.4 13.8 [(4 + 0)/29]

2Fish were vaccinated with PBS as a control, crudely purified protein extracts from mature leaves of wild-type (WT) or transplastomic (RGNNV'1) tobacco plants, or a commercial
inactivated vaccine (Inactivated) by intraperitoneal injection (IN) or oral administration (OR). On day 21 after immunization, the fish were challenged by intramuscular injection with

RGNNV at a dose of 10° TCIDs, per fish and observed for an additional 14 days.
"RPS, Relative percent survival.
‘p<0.01.

structures are resistant to proteolysis in chloroplasts. In this
study, we investigated the accumulation level of RGNNV-CP
in the T, generation plants. Since one of the advantages of
plastid transformation is the absence of gene silencing, as seen
in nuclear transformants, high expression levels are likely to
be maintained in successive generations. Nevertheless, actual
confirmation of the above is essential for
practical applications.

The expression levels of RGNNV-CP in the transplastomic
tobacco plants generated in this study (averaging about 3 mg/g
leaf fresh weight) are more than 100-fold higher compared to
the productivity of ACNNV-VLPs transiently expressed in
tobacco leaves (10 mg/kg leaf fresh weight) in a previous study
(Marsian et al, 2019). Prior to this study, the expression of

future

NNV-CP using chloroplast genetic engineering in tobacco has
been reported, where, unlike our transformants, NNV-CP was
transcribed by the rice plastid-derived clpP promoter, and the
accumulation of NNV-CP in transplastomic tobacco plants was
confirmed by Western blot analysis, however, quantitative analysis
of expression levels has not been performed (Cho et al., 2018).
Although a simple comparison cannot be made, it is likely
that the transplastomic plants developed in this study, which
expressed RGNNV-CP using the psbA-derived gene expression
cassette, accumulated higher levels of the target capsid protein
than the transgenic plants in the previous study. One rationale
for this is that the psbA promoter shows much higher
transcriptional activity than the cIpP promoter in chloroplasts
(Legen et al., 2002). Furthermore, the yield of RGNNV-CP
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produced by the transplastomic tobacco plants in this study
(averaging approximately 3 g/kg leaf fresh weight) was comparable
to or better than that of 100 mg of OSGNNV-VLPs purified
from 1 L of E. coli culture (Chien et al, 2018) and 60 mg
of RGNNV-CP expressed in 1 L of yeast culture (Jeong et al.,
2020). However, it is difficult to directly compare the
immunogenicity of chloroplast-derived RGNNV-VLPs with that
of VLP vaccines expressed in E. coli or yeast. This is because
the conditions for each virus challenge test are different, including
the species and age of the fish, dose, frequency, interval of
administration of the VLP vaccines, and the titer of the virus
that infected the fish (Cho et al., 2017; Chien et al., 2018).

The RGNNV challenge of sevenband grouper vaccinated by
intraperitoneal injection demonstrated that crudely purified protein
extracts containing chloroplast-derived RGNNV-VLPs (RPS = 95.1)
were more immunogenic than the commercial inactivated vaccine
(RPS = 85.0) (Figure 7 and Table 1). This result is consistent
with the induction of extremely high levels of neutralizing antibodies
against RGNNV in the fish group vaccinated with chloroplast-
derived RGNNV-VLPs (Supplementary Figure S2). Furthermore,
oral administration of chloroplast-derived RGNNV-VLPs also
showed significant immunogenicity (RPS = 72.4), although it was
lower than that of parenteral administration. However, the variables
influencing oral immunization (dose, number of doses, and
administration interval) have not been optimized, and future
studies are needed to improve the immunogenicity of orally
administered chloroplast-derived RGNNV-VLPs. It should also
be noted that the levels of neutralizing antibodies elicited by oral
administration of chloroplast-derived RGNNV-VLPs and by
injection of a commercially available inactivated vaccine were
lower than expected (Supplementary Figure S2), and the results
could not clearly explain the high RPS values in the RGNNV
challenge test (Figure 7 and Table 1). Similar contradictory results
were reported when sea bass was immunized by injection of
ACNNV-VLPs transiently expressed in tobacco leaves. In a previous
study, parenteral administration of plant-derived VLPs to fish
provided some protection against NNV, but failed to induce
statistically significant anti-NNV antibodies (Marsian et al., 2019).
One hypothesis to explain these seemingly contradictory results
is that injection or oral administration of an inactivated or VLP
vaccine against NNV in fish may activate the humoral and cellular
immune systems simultaneously. This is because it has been
reported that immunization of fish with inactivated or VLP-based
vaccines not only induces neutralizing antibodies against NNV,
but also activates the expression of genes associated with cellular
immunity against betanodavirus infection (Kai et al, 2014;
Lai et al., 2014).

Immersion vaccination is an alternative immunization method
other than injection or oral administration and is suitable for
mass vaccination of fish that are too small for vaccination by
injection (Bogwald and Dalmo, 2019). Immersion vaccination
of fish with OSGNNV-VLPs derived from E. coli has been
reported to be more immunogenic than injection, however,
the dose of OSGNNV-VLPs required to confer significant
protective immunity by immersion was approximately 125 times
higher than that of injection (Chien et al, 2018), making it
difficult to reduce the cost of the vaccine. Although immersion

vaccination of fish with chloroplast-derived RGNNV-VLPs has
not been investigated, the high yield of RGNNV-VLPs produced
by transplastomic tobacco plants in this study suggests that
immersion administration of chloroplast-derived RGNNV-VLPs
may be an affordable vaccination method.

In this study, we have shown that chloroplast genetic
engineering is a promising platform for the mass production
of highly immunogenic RGNNV-VLP vaccines. However, it
will not be easy to commercialize the transplastomic plants
developed in the present study. Crude protein extracts from
tobacco leaves contain alkaloids, such as nicotine, which must
be removed before vaccination, but the cost of the purification
process is thought to be an obstacle to practical application.
Even though the use of low-alkaloid tobacco as a host plant
is possible, given consumer psychology, the use of a non-edible
plant as an oral vaccine may not be socially acceptable. One
possible solution to this problem is to develop transplastomic
plants that express large amounts of RGNNV-CP using leafy
greens as host plants. Lettuce is a representative leafy vegetable
for which a reproducible chloroplast transformation method
has been established. Lettuce transplastomic plants expressing
various recombinant antigens derived from human and animal
pathogens have been developed. Some studies have demonstrated
that recombinant antigens can be maintained in lyophilized
transgenic lettuce leaves for a long time at ambient temperature,
and specific antibodies against the antigens were induced in
mice by oral administration of lyophilized plant materials
(Davoodi-Semiromi et al., 2010; Lakshmi et al., 2013; Daniell
et al,, 2019). Fortunately, it has been reported that RGNNV-
VLPs can maintain their immunogenicity even after lyophilization
(Lan et al., 2018). Therefore, lyophilized powder of transplastomic
lettuce leaves expressing RGNNV-VLPs mixed with feed pellets
and orally administered to fish would be an ideal method of
VNN vaccination. We are currently working on the generation
of transplastomic lettuce plants overexpressing RGNNV-CP.

In the present study, we successfully expressed RGNNV-
VLPs with sufficient immunogenicity in tobacco chloroplasts,
suggesting that plastid transformation may be effective for mass
production of VLP vaccines against other fish diseases caused
by non-enveloped viruses, such as infectious pancreatic necrosis
virus (IPNV) (Jeong et al., 2020). The same is likely to be true
for the manufacture of VLP vaccines for the prevention of
viral diseases affecting humans and animals. While most reports
on the production of VLP vaccines in plants have utilized
stable nuclear transformation or transient expression systems
(Marsian and Lomonossoff, 2016; Rybicki, 2020), the use of
chloroplast genetic engineering may also be worth considering.

Since VLPs are particulate and have a high density of capsid
proteins on their surface, attempts have been made to display
heterologous antigens on the surface of VLPs by genetic fusion
or chemical conjugation to generate more immunogenic vaccines
(Chen and Lai, 2013; Rybicki, 2020). RGNNV-VLPs may serve
as attractive carriers for displaying foreign antigens. This is
because it has been reported that when foreign peptides were
fused to the C-terminus of OGNNV-CP, which is 100% identical
in amino acid sequence to RGNNV-CP, and expressed in E.
coli, the modified OGNNV-CPs were able to self-assemble into
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stable VLPs displaying a high density of foreign peptides (Xie
et al., 2016). If similar improvements can be applied to
chloroplast-expressed RGNNV-VLPs, they could provide a
versatile platform for the development of affordable vaccines
against various fish diseases caused by enveloped viruses,
bacteria, protozoa, and metazoans. Furthermore, a previous
study by another group reported that oral administration of
lyophilized powder of transplastomic tobacco leaves expressing
NNV-CP induced significant NNV-CP-specific IgA and IgG
responses in immunized mice (Cho et al., 2018), suggesting
that chloroplast-derived RGNNV-VLPs may also play a promising
role in disease prevention in mammals, including humans.

CONCLUSION

The results of the present study show that chloroplast genetic
engineering is a promising platform for the high-yield production
of RGNNV-VLPs, which can confer high immunity to fish by
injection or oral administration. In the future, if leafy vegetables
such as lettuce overproducing RGNNV-VLPs can be generated
by plastid transformation, they could be commercialized as
ideal oral vaccines that are cost-effective, labor-saving, and
fish-friendly. Further research on the production and
improvement of VLPs using chloroplast genetic engineering,
not limited to RGNNV-VLPs, may provide an impetus for the
development of affordable oral vaccines to prevent infectious
and chronic diseases in animals and humans.
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Carotenoids are pigments with important nutritional value in the human diet. As
antioxidant molecules, they act as scavengers of free radicals enhancing immunity and
preventing cancer and cardiovascular diseases. Moreover, a-carotene and f-carotene,
the main carotenoids of carrots (Daucus carota) are precursors of vitamin A, whose
deficiency in the diet can trigger night blindness and macular degeneration. With
the aim of increasing the carotenoid content in fruit flesh, three key genes of the
carotenoid pathway, phytoene synthase (DcPSY2) and lycopene cyclase (DcLCYB1)
from carrots, and carotene desaturase (XdCrtl) from the yeast Xanthophyllomyces
dendrorhous, were optimized for expression in apple and cloned under the Solanum
chilense (tomatillo) polygalacturonase (PG) fruit specific promoter. A biotechnological
platform was generated and functionally tested by subcellular localization, and single,
double and triple combinations were both stably transformed in tomatoes (Solanum
lycopersicum var. Microtom) and transiently transformed in Fuiji apple fruit flesh (Malus
domestica). We demonstrated the functionality of the S. chilense PG promoter by
directing the expression of the transgenes specifically to fruits. Transgenic tomato
fruits expressing DcPSY2, DclL.CYB1, and DcPSY2-XdCRTI, produced 1.34, 2.0,
and 1.99-fold more total carotenoids than wild-type fruits, respectively. Furthermore,
transgenic tomatoes expressing DcL.CYB1, DcPSY2-XdCRTI, and DcPSY2-XdCRTI-
DcLCYB1 exhibited an increment in B-carotene levels of 2.5, 3.0, and 2.57-fold in
comparison with wild-type fruits, respectively. Additionally, Fuiji apple flesh agroinfiltrated
with DcPSY2 and DcL.CYB1 constructs showed a significant increase of 2.75 and 3.11-
fold in total carotenoids and 5.11 and 5.84-fold in B-carotene, respectively whereas
the expression of DcPSY2-XdCRTI and DcPSY2-XdCRTI-DcLCYB1 generated lower,
but significant changes in the carotenoid profile of infiltrated apple flesh. The results
in apple demonstrate that DcPSY2 and DcL.CYBT1 are suitable biotechnological genes
to increase the carotenoid content in fruits of species with reduced amounts of
these pigments.

Keywords: carotenoid, Malus domestica, Solanum Iycopersicum, DcPSY2, DcLCYB1, Daucus carota, transgenic
tomatoes, metabolic engineering
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INTRODUCTION

Carotenoids are natural lipophilic pigments produced by plant
plastids that play important roles in light harvesting during
photosynthesis and in protecting the photosynthetic apparatus
against excessive light radiation. These secondary metabolites
also normally accumulate in fruits, flowers and seeds, providing
them yellow, orange, and red colors to facilitate pollination and
seed dispersal (Rosas-Saavedra and Stange, 2016). Carotenoids
are substrates for the biosynthesis of hormones that are crucial for
plant physiology such as abscisic acid (ABA) and strigolactones,
involved in the stress and developmental signaling responses
(Walter and Strack, 2011; Beltran and Stange, 2016). Several
plastidial enzymes have been identified that are essential for
carotenoid synthesis. Phytoene synthase (PSY) catalyzes the
first step and is the key regulatory point controlling flux
through the pathway (Figure 1). The carotenoid pathway has
been thoroughly described (Alcaino et al., 2016). Briefly, the
condensation of three molecules of isopentyl pyrophosphate
(IPP) with one molecule of di-methylallyl pyrophosphate
(DMAPP) generates the geranylgeranyl diphosphate (GGPP)
precursor. The condensation of two molecules of GGPP, carried
out by PSY, yields phytoene (C40). This is the first committed
step in carotenoid synthesis, which is also highly regulated. In
plants, colorless phytoene undergoes several steps of desaturation
and isomerization by phytoene desaturase (PDS), {-carotene
desaturase (ZDS), carotenoid isomerase (CRTISO) and ¢-
carotene isomerase (¢-ISO) (Isaacson et al., 2002, 2004; Lu
and Li, 2008). To produce lycopene in bacteria and yeast, the
four enzymatic steps from phytoene to lycopene mentioned
above are carried out by a single enzyme (CRTI) (Alcaino
et al, 2016). Subsequently, lycopene is cyclized by lycopene
B-cyclase (LCYB) producing p-carotene, whereas for a-carotene
production, both LCYB and lycopene e-cyclase (LCYE) are
required. Then, the hydroxylation of a-carotene produces lutein,
a yellowish pigment that is abundant in leaves (Hornero-Méndez
and Britton, 2002; Bang et al., 2007; Misawa, 2011; Figure 1).
Two subsequent hydroxylations of P-carotene, catalyzed by
carotenoid B-hydroxylase (CHYB) produce zeaxanthin, which
can be epoxidized by zeaxanthin epoxidase (ZEP) to form
violaxanthin, which can be used by violaxanthin de-epoxidase
(VDE) to regenerate zeaxanthin (Cazzonelli and Pogson, 2010;
Cazzonelli, 2011; Moise et al., 2014). Finally, violaxanthin is
the precursor for ABA, which is produced in the cytoplasm
(Figure 1). In mammals, carotenoids possess antioxidant activity
by quenching reactive oxygen species (ROS) (Stahl and Sies,
2003) thus decreasing the risk of developing certain diseases
caused by oxidative stress (Malone, 1991; Byers and Perry, 1992;
Voorrips et al, 2000; Holick et al., 2002) including cancer,
atheromas in vascular diseases, aging and macular degeneration
(Marnett, 1987; Mordi, 1993; Bartley and Scolnik, 1995; Rao
and Rao, 2007). Carotenoids are also precursors of vitamin A.
Specifically, the most relevant provitamin A carotenoids, given
their high antioxidant activity and wide distribution in food, are
a- and B-carotene, some xanthophylls such as p-cryptoxanthin
and some apo-carotenoids (Minguez-Mosquera and Hornero-
Méndez, 1997). Of these, P-carotene presents the highest

provitamin A activity since each molecule produces two retinal
molecules that are then reduced to vitamin A (retinol). Vitamin
A is converted into the visual pigment rhodopsin (retinal), in the
retina of the eye, and acts as a co-regulator of gene expression
(retinoic acid) (Zhu et al., 2013). Vitamin A is also required for
cell growth and for healthy immunity, among other physiological
processes (Olson, 1996). Therefore, increasing the carotenoid
content in crop plants to improve nutritional value and benefits
for human health has been a major goal of many research
programs worldwide. Over the last four decades, significant
progress has been made in the manipulation of carotenoid
content and composition in a large number of crops by either
genetic engineering or conventional breeding (Fraser et al., 1999,
2009; Giuliano et al., 2008; Rosati et al., 2009; Farré et al., 2010,
2011; Ye and Bhatia, 2012; Giuliano, 2014). Conventional and
assisted breeding have successfully enhanced B-carotene levels
in maize, sweet potato and cassava, benefiting human health in
several countries (Ceballos et al., 2013; Pixley et al., 2013). Genetic
engineering also allows nutritional traits to be targeted to specific
organs (e.g., cereal seeds) and multiple traits can be combined
in the same plants without complex breeding programs (Naqvi
et al.,, 2009, 2010). Other examples of efficient enhancement of
carotenoids through metabolic engineering have been obtained in
agronomical relevant crops (Alds et al., 2016), such as rice (Paine
et al., 2005), tomato (D’Ambrosio et al., 2004), potato (Diretto
et al., 2006), carrot (Jayaraj et al., 2008), canola (Shewmaker
et al., 1999; Ravanello et al., 2003), cassava (Failla et al., 2012),
sorghum (Lipkie et al., 2013), orange (Pons et al., 2014), and apple
(Arcos et al., 2020).

Apple (Malus domestica) is one of the most widely produced
fruits in the world and is consumed not only as a fresh fruit
but also in processed forms, such as juice and jam' (Harker
et al, 2003). As well as improving nutritional value, fruit
color is one of the major aims of apple breeding because it
provides novel appearances and influences consumer preferences
(Yuan et al, 2014). The accumulation of anthocyanins and
carotenoids in the skin and pulp are responsible for color in
mature fruits (Telias et al., 2011; Cerda et al., 2020). However,
commercial varieties such as “Royal Gala” and “Fuji” present
low levels of carotenoids in the flesh reaching about 2-6 ng/g
fresh weight (FW; Ampomah-Dwamena et al., 2012; Cerda et al.,
2020). Specifically, the flesh of Fuji fruits accumulates around
1.8 pg/g FW in total carotenoids (Arcos et al, 2020), 0.04-
0.22 pg/g dry weight (DW) of lutein and 0.79-1.14 jg/g DW of
B-carotene (Delgado-Pelayo et al., 2014). Low carotenoid levels
can be ascribed to reduced biosynthesis, deficient accumulation,
and/or efficient degradation. Previous studies determined that
the PSY enzyme in apple is codified by a family of genes with
different levels of expression in fruit flesh (Ampomah-Dwamena
et al., 2012; Cerda et al., 2020) and that the most expressed
PSY genes are functional (Ampomah-Dwamena et al., 2015;
Cerda et al, 2020) suggesting that the synthesis pathway is
not the limiting step for carotenoid accumulation. In addition,
the ectopic expression of the Arabidopsis 1-deoxy-D-xylulose
5-phosphate reductoisomerase (AtDXR) in Fuji apple, a gene
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FIGURE 1 | The main steps of carotenoid biosynthesis and related pathways
in plants. The methylerythritol 4-phosphate (MEP) pathway produces
isoprenoids in plastids leading to the production of geranylgeranyl
pyrophosphate (GGPP). Phytoene synthase (PSY) is the first enzyme in the
carotenogenic pathway and produces phytoene. In plants, phytoene is then
desaturated and isomerized by phytoene desaturase (PDS), ¢—carotene
desaturase (ZDS), ¢—carotene isomerase (Z-1SO) and prolycopene isomerase
(CRTISO) forming lycopene. In bacteria, these reactions are carried out by a
single multifunctional enzyme, phytoene desaturase (CRTI). -carotene is
produced if lycopene is cyclized only by lycopene B-cyclase (LCYB) whilst
a-carotene is produced if both LCYB and lycopene ¢-cyclase (LCYE) are
involved. B-carotene hydroxylase (CHYB) and e-carotene hydroxylase (CHYE)
produce lutein. CHYB produces zeaxanthin, which can be converted into
violaxanthin by zeaxanthin epoxidase (ZEP). The reverse step can be carried
out by violaxanthin de-epoxidase (VDE). Violaxanthin is the precursor of
abscisic acid. Dotted arrows indicate multiple enzymatic reactions. Solid gray
arrows represent different steps of the carotenogenic pathway. The blue arrow
indicates consecutive desaturations carried out by bacterial CRTI.
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participating in the synthesis of carotenoid precursors, produces
a threefold rise in total and individual carotenoids in leaves
(Arcos et al., 2020). This information led to the proposal that
apple is a potential target to become a functional food with high
pro-vitamin A and antioxidant components, when genes that
codify for biosynthetic enzymes are expressed. Therefore, this
work focused on the generation of a biotechnological platform for

the rapid functional assessment of whether specific biosynthetic
genes can be used to increase the content of provitamin A in
fruits. This platform initially uses tomato fruits as a model, before
final testing in apples.

Fruits and vegetables are the main sources of carotenoids,
and among these, the orange carrot stands out. To generate
the biotechnological platform, we chose PSY2 and LCYBI from
Daucus carota and Crtl from Xanthophyllomyces dendrorhous.
Carrot accumulates high levels of o and p-carotene in its
taproot, similar to X. dendrorhous, a yeast that is able to
accumulate as much as 0.5% DW in astaxanthin, a ketocarotenoid
produced from PB-carotene (Niklitschek et al, 2008). Carrot
presents two paralogs for PSY and LCYB genes (Just et al,
2007). DcPSY2 and DcLCYBI are highly expressed in carrot
leaves and tap roots during plant development (Fuentes et al.,
2012; Simpson et al, 2016), suggesting functional roles for
carotenoid synthesis. However, no functional characterization
for DcPSY2 has been published yet. Nevertheless, in the
case of DcLCYBI, its overexpression results in 2-10 fold
more carotenoids in transgenic tobacco (Moreno et al., 2016,
2020), and a threefold increase in carrots (Moreno et al.,
2013). Indeed, DcLCYBI1 also presents a plastidial localization
(Moreno et al., 2013). Regarding XdCrtl, it codifies the enzyme
that catalyzes the conversion of phytoene into lycopene in
X. dendrorhous (Niklitschek et al, 2008). Although several
studies have used CrtI from Erwinia uredevora to modify
the synthesis of carotenoids in plants, as well as the use
of other bacterial carotenogenic genes orthologous to PSY
(CrtB) and LCYB (CrtY) (Romer et al., 2000; Ye et al., 2000;
Fraser et al, 2002; Paine et al., 2005; Diretto et al., 2007),
XdCrtI has yet to be used to increase carotenoids for this
purpose. Here, we describe the design and development of
carotenogenic gene expression vectors (pCP-CG) that utilize
single or combinations of DcPSY2 and DcLCYBI carrot
carotenogenic genes and XdCrtI from yeast to increase the
carotenoid level in apples. To guide transgenic gene expression,
the selection of a suitable promoter is essential. In the
case of fruits, one of the enzymes that participates in fruit
ripening is polygalacturonase (PG), a hydrolase responsible for
the degradation of polyuronides or pectins in the cell wall
(DellaPenna et al., 1986). PG accumulates during fruit ripening,
due to transcriptional activation of the PG gene (Sheehy et al.,
1987; DellaPenna et al., 1989). The tomato PG promoter (pPG)
was characterized by Montgomery et al. (1993), who showed
that the first 806 pb upstream of the transcription start site
are sufficient to confer fruit flesh (pulp) specific expression.
Therefore, in this study, the carotenoid biosynthetic genes were
cloned under the pPG from Solanum chilense (tomatillo). Once
the biotechnological platform was built, the functionality of
the vectors was evaluated through subcellular localization, by
stable transformation of Solanum lycopersicum cv. Microtom
and by transient expression in M. domestica. The results
demonstrate that the pCP-CG vectors, specially pPSY2 and
pLCYBI, increment the total carotenoid and p-carotene levels in
tomatoes and/or apple fruits, proving their suitability in genetic
engineering programs for the improvement of nutritional quality
and color traits.
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MATERIALS AND METHODS

Vector Construction

pCP  vector construction was based on a Dbackbone
from the pB7FWG2-AtDXR vector, which includes the
p35S:DXR:GFP:T35S cassette (Perello et al, 2016, kindly
provided by Dr. Manuel Rodriguez-Concepcion, CRAG-CSIC,
Spain). This cassette was obtained after a double digestion with
Xbal and Sacl. The backbone fragment of 7,854 bp contains
the RB and LB of the T-DNA and the BAR gene for BASTA
or glufosinate (herbicide) resistance in plants. A specifically
designed Multicloning Site (MCS) of 141 bp including EcoRI,
Apal, Pstl, Avrll, EcoRV, BspEl, Ncol, and BgIII restriction
sites flanked by Xbal and Sacl was synthesized by Genescript
(United States?). The MCS was cloned in the Xbal and Sacl
sites of the backbone to yield a new and royalty-free binary
vector, named pCP that confers resistance to BASTA herbicide
(Supplementary Figure 1, 201403013, Inapi, Chile).

DNA sequences of carrot PSY2 (DQ192187) and LCYBI
(DQ192190), and CrtI (gi.68250374) of X. dendrorhous, were
optimized based on M. domestica codon usage by means of
the OPTIMIZER software’. The M. domestica table obtained
from* was used as a reference set. Vector NTI software was
used to verify the correct reading frame of the constructs as
well as the amino acid homology with the native sequences
encoded by PSY2, Crtl, and LCYBI. The FGENESH 2.6
gene prediction program was also employed, selecting the
item “organism dicotyledonous plants®”. A plastidial signal
peptide (tp) (171 bp) from the small subunit of pea Ribulose
Bisphosphate Carboxylase Oxygenase (RUBISCO; EC 4.1.1.39
Seq ID X00806) was included at the 5 NTR of XdCrtl to
direct the encoded protein to these organelles (Figure 2).
A 806 bp fragment of the tomato (S. chilense, tomatillo) PG
promoter (pPG) was selected to direct the expression of each
gene. A 277 bp fragment of the Agrobacterium tumefaciens
nopaline synthase terminator (NosT) was included at the 3’
end of each coding sequence (Accession number V00087°).
The sequences of interest, including pPG:DcPSY2:NosT,
pPG:DcLCYBI:NosT, and  pPG:tp:XdCrt:NosT  were
synthesized and cloned in the pUC57 vector by GeneScript
(United States). Afterward, pUC57:pPG:DcPSY2:NosT was
digested with Spel, pUC57:pPG:DcLCYBI1:NosT with AvrIl and
pPG:tp:XdCrtI:NosT with Xhol, and each cassette was cloned
into the MCS of pCP producing the single (pPSY2 and pLCYB1),
double (pPSY2-CRTI) and triple vectors (pPSY2-CRTI-LCYB),
collectively called pCP-CG vectors (Figure 2). Each vector was
verified through sequencing (Macrogen Co.) and transformed
into Agrobacterium tumefaciens (GV3101 strain). Positive
clones were selected and used for stable transformation of
S. lycopersicum var. Microtom and for transient transformation
of M. domestica var. Fuji.

Zhttp://www.genscript.com
*http://genomes.urv.es/ OPTIMIZER/
“http://www.kazusa.or.jp
Shttp://linux1.softberry.com
Chttp://www.ncbi.nlm.nih.gov/nuccore/V00087
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FIGURE 2 | pCP-CG constructs used for the functional assessment of
DcPSY2, DcLCYB1, and XdCRTI. The pCP backbone is derived from
pB7FWG2.0, with the incorporation of a specifically designed Multiple Cloning
Site (MCS; see Supplementary Figure 1). Different carotenogenic genes
were cloned into the MCS, under the control of the tomato polygalacturonase
promoter (pPG) and the Nos terminator (NosT). (A) pPSY2. The single gene
and fruit-specific expression cassette PG:DcPSY2 was chemically
synthesized and cloned into pCP. (B) pLCYB1. The single gene and
fruit-specific expression cassette PG:DcLCYB2 was chemically synthesized
and cloned into pCP. (C) pPSY2-CRTI. A double gene and fruit-specific
expression cassette including the PG promoter driving the XdCRTI gene fused
to a transit peptide (PG:tpXdCRTI) was chemically synthesized and cloned
into pPSY2. (D) pPSY2-CRTI-LCYB1. The single gene and fruit-specific
expression cassette PG:DcLCYB?2 was cloned into pPSY2-CRTI.

Subcellular Localization of DcPSY2 and
XdCrtl

For the subcellular localization analysis, the full-length and
optimized for M. domestica DcPSY2 and XdCrtl sequences
were amplified, including the PG promoter but excluding
the stop codon from the previously sequenced pPSY2 and
pPSY2-CRTT clones using primers listed in Supplementary
Table 1. Amplicons were subcloned into pCR8/GW/TOPO
(Invitrogen) and thereafter recombined into the binary vector
pMDC107 (Curtis and Grossniklaus, 2003) in order to express
the chimeric proteins DcPSY2:GFP and tp:XdCRTI:GFP, both
under the control of pPG. As controls, the pPG:GFP (cloned
in pCAMBIA 1302, Abcam) and the empty pMDC107 vector
were included (Supplementary Figure 2). The constructs
were transiently expressed by agroinfiltration in Nicotiana
tabacum (tobacco) leaves and tomato fruits at breaker stage.
A. tumefaciens suspensions containing the pPG:DcPSY2:GFP,
pPG:tp:XdCRTL:GFP and both control constructs were infiltrated
into 2 months old tobacco leaves and into the tomato fruit flesh
following previously described protocols (Moreno et al., 2013;
Arcos et al., 2020). Plants and fruits were maintained at 20-22°C,
30-50% humidity and while tobacco plants were kept under a
16 h white light photoperiod, tomato fruits were kept in the
darkness for 4 days. Then, the infiltrated areas of the leaves
and fruits were analyzed for GFP and chlorophyll fluorescence
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using a confocal LSM510 microscope. Images were processed
with LSM5 Image Browser.

Tomato Stable Transformation and

in vitro Culture

Solanum lycopersicum var. Microtom was cultivated in vitro
in solidified Murashige and Skoog (MS: 4.4 g/L MS salts,
20 g/L sucrose, and 0.7% agar-agar) medium and transformed
according to a previous report (Pino et al, 2010). Briefly,
cotyledons of in vitro 8-10 days post-germination seedlings were
cut and dipped into an A. tumefaciens culture containing the
respective genetic construct for 15-20 min, and then transferred
into a co-culture medium (4.4 g/L MS salts, 30 g/L sucrose,
6 g/L agar-agar, and 100 wM acetosyringone) for 2 days in
darkness at 25°C (Supplementary Figure 3). The explants were
then transferred to the Induction medium (4.4 g/L MS salts,
100 mg/L Myo-Inositol, 30 g/L sucrose, 6 g/L agar, 5 uM BAP,
0.3 mg/L BASTA, and 400 mg/L Timentin) for callus induction
and initial shoot development which started between 4 and
6 weeks post-transformation. The new shoots were transferred to
Elongation medium (4.4 g/L MS salts, 100 mg/L Myo-Inositol,
15 g/L sucrose, 6 g/L agar, 0.5 mg/L BASTA, and 400 mg/L
Timentin). After 2 months, 4-6 cm high plants developed several
branches and a minimum of 4-5 leaves. Then, the shoots were
transferred to Rooting medium (4.4 g/L MS salts, 100 mg/L Myo-
Inositol, 15 g/L sucrose, 6 g/L agar, 0.5 mg/L BASTA, 400 mg/L
Timentin, and 5 mg/L IBA) for 2 weeks. Three months-old plants
developed a root system including primary and secondary roots,
following which they were acclimated to greenhouse conditions
(photoperiod of 16 h light/8 h darkness and illuminated with
white fluorescent light; 150 pmol/m? s at 22-25°C) in plastic
pots (20 x 10 cm) containing a mix of soil and vermiculite (2:1),
until they finally reached maturity and started producing fruits
approximately 1 month later. Mature T1 plants were used for
further analysis (Supplementary Figure 3).

RNA Extraction and Quantitative

Expression Analysis

Tomato RNA extraction was performed as described in Meisel
et al. (2005). Briefly, mesocarps from five transgenic tomatoes
(500 mg) were ground in liquid nitrogen and divided to perform
three independent RNA extractions. The powder was then mixed
with extraction buffer (2% CTAB, 2% PVP40, 25 mM EDTA,
2 M NaCl, 100 mM Tris-HCI, 0.05% spermidine, and 2%
B-mercaptoethanol) at 65°C for 15 min. The samples were
centrifuged and the phase containing the RNA was precipitated
with 10 M LiCl overnight at 4°C. After centrifugation at 12,000g
during 20 min, samples were resuspended in 20 LWL of DEPC
water. Genomic DNA traces were eliminated by a 40 min DNase
I (Fermentas) treatment. For cDNA synthesis, 2 pug of DNA-
free RNA were incubated with 1.5 pL of 10 pM oligo AP
(Supplementary Table 1) and 8.3 pL of RT mixture (0.5 pL
of RNase Inhibitor Ribolock, Fermentas), 1 pL of 10 mM
dNTPs (Fermentas), 2.8 uL of 25 mM MgCly, and 4 pL of
5x RT Improm II buffer (Promega) for 5 min at 70°C. Then,
the samples were incubated for 5 min on ice. Subsequently,

1.2 pL of RT Improm II was added to continue with cDNA
synthesis according to RT Improm II manufacturer’s instructions.
For conventional expression analysis (Supplementary Figure 4),
PCR reactions (28-35 cycles) were performed using Taq
DNA polymerase (New England BioLabs) according to the
manufacturer’s recommendations and an annealing temperature
adjusted to each set of primers (Supplementary Table 1) and
using SIPSY to show the cDNA quality. Quantitative expression
analysis (qQRT-PCR) was performed in a LightCycler system
(MX3000P, Stratagene), using SYBR Green double strand DNA
binding dye, as described in Fuentes et al, 2012). Specific
primers for optimized DcPSY2, DcLCYBI, and XdCRTI were used
(Supplementary Table 1), based on the optimized sequences
(Supplementary Material). Actin was selected as reference gene.
Each qRT-PCR reaction was performed with three biological and
two technical replicates. In all cases, the reaction specificities
were tested with melting gradient dissociation curves and non-
template controls (NTC).

Transient Transformation of Apple Fruits

Transient transformation of apples fruits was performed
according to Arcos et al. (2020) with modifications. Fuji
apple fruits at the mature green stage were infiltrated using
the Agrobacterium-injection strategy containing the genetic
construct of interest (pPSY2, pLCBY1, pPSY2-CRTI, or pPSY2-
CRTI-LCYBI) and controls (WT). Each construct was infiltrated
into a quarter of three fruits to have three biological replicas.
Briefly, 30 mL of bacterial cultures in LB medium supplemented
with Rifampicin (50 mg/L) and Spectinomycin (50 mg/L) were
grown overnight at 28°C with agitation until an optical density
(600 nm) of 0.2-0.3. The cultures were centrifuged, and the
pellet resuspended in 30 mL of infiltration medium (10 mM
MgSOy4, 10 mM MES, 10 mM MgCl,). The culture was then
infiltrated into the fruit flesh with a tuberculin syringe to a depth
of 0.5 cm. For each apple, one half of the fruit was homogeneously
agroinfiltrated. Agroinfiltrated fruits were maintained in an
incubator with a photoperiod of 18 h light/6 h darkness, at
20-22°C and 30-50% of humidity. After 7 and 14 days post-
infiltration, samples were taken for carotenoid quantification.

Carotenoid Extraction and Quantification
From Tomato and Apple Fruits

Mesocarps from five transgenic tomatoes (500 mg) of each
line of approximately 40-45 days post-flowering were ground
in liquid nitrogen and divided to carry out three independent
carotenoid extractions. For transient analysis, three independent
apple fruits were agroinfiltrated with each construct including
both controls, and after 7 and 14 days, 300 mg of infiltrated
flesh of each apple were ground in liquid nitrogen independently.
In all cases, each sample was measured twice, by adding 4 mL
of hexane:acetone:ethanol (2:1:1) to obtain an homogeneous
mixture. This solution was transferred to a tube, shaken for
2 min, incubated on ice and darkness for a further 2 min, and
then centrifuged at 10.000 rpm for 10 min at 4°C. Finally, the
carotenoids were recovered from the upper phase and dried
using gaseous nitrogen. Once dried, the samples were stored
at —80°C or resuspended in 2 mL of acetone for carotenoid
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quantification. All extractions were carried out in on ice and
in dim light conditions. Total carotenoids were quantified
was carried out using a Shimadzu spectrophotometer at 474,
645/662 (chlorophyll a and b contribution) and at 520/750 nm
(for turbidity). Quantification of individual carotenoids was
undertaken in a Reverse Phase High Performance Liquid
Chromatography (RP-HPLC) using a RP—18 Lichrocart 125—4
reverse phase column (Merck®). Pigment composition was
determined according to Lichtenthaler and Buschmann (2001).
The mobile phase was acetonitrile:methanol:isopropyl alcohol
(85:10:5) with a 1.5 mL/min flow rate at room temperature in
isocratic conditions. Carotenoid and chlorophyll concentrations
were calculated according to the total pigments obtained at
474 nm by spectrophotometry, by retention times, absorption
spectra and purity of the peaks, as described in Fuentes
et al. (2012) and corroborated with the Carotenoids Handbook
(Britton, 1995; Britton et al., 2004).

RESULTS

Modifications of Carotenogenic Genes
and Functional Analysis of pCP-CG

Vectors by Subcellular Localization

To generate the biotechnological platform to boost carotenoid
content in apples, we chose PSY2 and LCYBI from D. carota
and Crtl from X. dendrorhous. The codon usage of each
gene was optimized to maximize expression in apples
(Supplementary Material).

The XdCrtl was destined to plastids using the transit
peptide (tp) of the RUBISCO small subunit (Supplementary
Material). This transit peptide has been used to direct Erwinia
uredovora Crtl to tobacco leaf plastids, as determined by
immunolocalization with gold particles (Misawa et al., 1993).
We also amplified a 806 bp fragment upstream of the
transcription start site of the PG promoter from S. chilense
(tomatillo) (Supplementary Material) in order to direct
expression of the carotenogenic genes to fruits. Using the
different modules - the three carotenogenic genes, the tp and
the PG promoter — four pCP-CG vectors were generated with
different gene combinations, as described in section “Materials
and Methods” (Figure 2).

Subsequently, we determined the correct plastid location of
DcPSY2 and tp:XdCrtl; that of DcLCYB1:GFP has been reported
previously (Moreno et al., 2013). Therefore, pPG:PSY2:GFP and
pPG:tp:XdCrtl:GFP were transiently expressed in tomato fruits
at breaker stage where both chloroplasts and chromoplasts are
present in the flesh of the fruit. GFP fluorescence showed that
DcPSY2:GFP had a speckled distribution (Figure 3a). This signal
colocalized with the emission of chlorophyll (Figures 3b,c),
strongly suggesting that DcPSY2:GFP has a chloroplastic
localization. Similarly, GFP signal from tp:XdCrtI:GFP
exhibited a distribution pattern of discrete foci (Figure 3e),
which colocalized with the autofluorescence from chlorophyll
(Figures 3f,g). Therefore, this result showed that the plastidial
tp from the pea RUBISCO small subunit was functional in

tomato. Considering that the GFP fluorescence distribution
following infiltration with the control pPG:GFP construct was
cytoplasmic in fruits, and much reduced in tobacco leaves
(Supplementary Figure 2), we demonstrated the fruit specificity
of the PG promoter from S. chilense. Overall, these results show
that DcPSY2:GFP and tp:XdCrtI:GFP are chloroplastic.

Stable Transformation of S. lycopersicum
With the pCP-CG Vectors Produce Fruits

With Higher Carotenoid Contents

The functional characterization of pPSY2, pLCYBI1, pPSY2-
CRTI, and pPSY2-CRTI-LCYBI vectors was carried out by
stable transformation of S. lycopersicum var. Microtom. The
in vitro transformation and regeneration culture to obtain
transgenic plants was adapted from the protocol described
in Pino et al. (2010) and summarized in Suppplementary
Figure 3. During plant development, no phenotypic differences
were noticeable with respect to WT tomato plants, except in
the case of those transformed with pPSY2-CRTI-LCYBI1 that
showed dramatic alterations at all stages during the regeneration
process (Suppplementary Figure 3). These lines exhibited a
slower induction of shoots and their vegetative development
was also delayed in comparison with the other transgenic lines.
Interestingly, these lines produced tomatoes when they were still
in vitro, about 2 months after the regeneration process started.
This was significantly earlier in comparison with the WT and
other transformed lines, which only produced fruits once they
were in soil in greenhouse conditions.

Transformed tomato plants were subjected to molecular
analysis to select transgenic lines once they were acclimated
to the greenhouse conditions, except for pPSY2-CRTI-LCYBI.
Twelve pPSY2 lines, seven pLCYBI lines, and eight pPSY2-
CRTT lines were transgenic, based on the respective transgene
amplification (data not shown). At fructification, tomato fruits
from untransformed WT plants, as well as from lines transformed
with pPSY2, pLCYB1, and pPSY2-CRTI were observed at
different developmental and ripening stages ranging from
incipient green fruits to red, fully mature fruits; no significant
differences between them in terms of size and ripening time
were noted, and all were similar to previous reports (Fraser
et al, 2002; Apel and Bock, 2009). However, in the case
of the pPSY2-CRTI-LCYBI construct, it was not possible to
regenerate fully developed plants; instead stem-like structures
were obtained with a reduced number of incipiently developed
leaves. Nonetheless, these plants showed an accelerated flower
development with fully functional flowers that yielded fruits
during in vitro culture (Suppplementary Figure 3). Since the
tissue was limited, molecular analysis of these fruits was
challenging. Thus, transgene expression was confirmed when
some of these fruits reached maturity. We determined that fruits
of seven pPSY2 lines, five pLCYBI1 lines and seven pPSY2-
CRTT lines expressed the transgene (Supplementary Figure 4),
and three of each were selected for qRTPCR and phenotypic
analysis (Figure 4) and carotenoid quantification (Figure 5). As
explained above, it was not possible to regenerate fully developed
lines transformed with pPSY2-CRTI-LCYBI. Therefore, the
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chlorophyll

GFP

pDcPSY2:GFP

tp:XdCrtl:GFP

FIGURE 3 | Subcellular localization of DcPSY2 and XdCRTI. Transient transformation of tomato fruits agroinfiltrated with DcPSY2:GFP or XdCrtl:GFP fused to a
transit peptide (tp). The expression of both constructs was driven by the pPG promoter. Fluorescence was observed 4 days after transient transformation. (a) GFP
fluorescence of DcPSY2:GFP. (b) Chlorophyll autofluorescence of (a). (c) Merge of panels (a,b), showing colocalization of chlorophyll and the GFP signal. (d) Bright
field of (a=c). (e) GFP fluorescence of tp:XdCRTI:GFP. (f) Chlorophyll autofluorescence of (e). (g) Merge of panels (e,f), showing colocalization of chlorophyll and
GFP signal. (h) Bright field of (e-g). The TRITC filter U-N31001 was used for visualizing GFP fluorescence, with an excitation wavelength between 465 and 495 nm.
Emission was collected between 513 and 556 nm. Chlorophyll autofluorescence was assessed by using a U-MNG2 filter, with an excitation wavelength between 530

and 550 nm and emission collected at 590 nm. Scale bar = 50 pm.

Bright Field

expression analysis was performed with a group of tomatoes
obtained from in vitro culture and not from individual transgenic
lines (Figure 4 and Supplementary Figure 4).

For these evaluations, five mature fruits of each line were
harvested and phenotypically analyzed. Fully ripe WT tomato
fruits (2.2 & 0.3 cm diameter) have a homogeneous red exocarp,
are firm to the touch and have a central pedicel surrounded
by several sepals (Figure 4a). Transverse sections showed a
red fleshy mesocarp and endocarp with several yellowish seeds
embedded in a locular cavity (Figure 4a.1). Transgenic tomato
fruits from pPSY2 (Figures 4b,b.1), pLCYB1 (Figures 4c,c.1),
and pPSY2-CRTI (Figures 4d,d.1) were phenotypically similar
to fruits from WT plants (2.4 £+ 0.3 cm diameter). On the
other hand, pPSY2-CRTI-LCYBI transgenic fruits exhibited a
pale orange color at the ripening stage (Figures 4e,e.1), unlike
the fruits of the WT and other transgenic lines, which turned
red. In addition to the color difference, these transgenic fruits did
not develop seeds and were therefore sterile lines (Figure 4e.1).
Quantitative expression analysis showed that pPSY2 lines (P6,
P14, and P16) present between 2.8 and 9.8-fold of PSY2
expression, pLCYBI lines (L3, L5, and L6) present between
12 and 45.2-fold LCYBI expression (Figures 4f,e, respectively),
whereas pPSY-CRTI lines (PC3, PC4, and PC5) present between
3.6 and 300-fold expression of PSY2 and 0.2 and 1.2-fold CRTI
expression (Figure 4h). In the case of the transgenic pPSY2-
CRTI-LCYBI fruits, CRTI expression was significantly lower than
that of PSY2 and LCYBI (Figure 4i).

Regarding the total content of carotenoids, and compared to
WT plants, the pPSY2 lines present a 1.21-1.34-fold increase,
pLCYBI lines present a 1.7-2-fold increase, and pPSY2-CRTI

lines showed a 1.21-1.99-fold increase whilst pPSY2-CRTI-
LCYBI lines had a 2.9-fold decrease (Figure 5). This suggests
that the expression of LCYBI is sufficient to enhance the
total carotenoid content in fruits and that the simultaneous
expression of these three transgenes negatively modulates the
carotenoid pathway, reducing the total carotenoid content in
tomato fruits (Figure 5).

Analysis of the individual carotenoid profiles revealed that
transgenic tomatoes from the pPSY2 lines had up to 1.25-
fold more lycopene, and only one line presented a 2.5-fold
increase in PB-carotene and two had a 1.27-fold increment
in a-carotene with respect to WT (Figure 5A). Transgenic
fruits from the pLCYBI1 lines had a 1.75-2.0-fold increase
in lycopene, 2.12-2.5-fold increase in P-carotene, and 1.36-
2.27 fold increment in a-carotene with respect to the WT
(Figure 5B). Fruits of pPSY2:CRTI lines presented a 1.87-
1.95-fold increase in lycopene, two to threefold increase in
B-carotene and 1.4-1.75-fold increment in a-carotene with
respect to WT (Figure 5C), whereas pPSY2-CRTI-LCYBI
transgenic tomatoes present 3.6-fold less lycopene, a 2.57-fold
increment in B-carotene, and 7.3-fold less a-carotene compared
to untransformed controls (Figure 5D). The orange coloration
phenotype of these tomatoes could be due to the combination of
a reduced amount of red lycopene together with an increment
in orange B-carotene (Figure 4e). These results suggest that the
expression of carrot carotenogenic genes is capable of modulating
carotenoid synthesis in a fruit that naturally accumulates large
amounts of these pigments. Moreover, the increase in carotenoid
content does not directly correlate with the expression level,
as exemplified by comparing pPSY2 and pPSY2-CRTI lines.
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Interestingly, pLCYB1 was the genetic construct that triggered
the highest increase in carotenoid content, constituting the most
promising tool for future experiments.

Carotenoid Quantification in Apple Fruits
After Transient Expression of pCP-CG

Vectors

In order to test if the pCP-CG constructs were able to modify
the content of carotenoids in apple, transient assays were
carried out in Fuji fruits at breaker stage (Suppplementary
Figure 5). At 7 and 14 days post-agroinfiltration, tissue samples
were taken for carotenoid analysis. After 7 days of incubation,
apples agroinfiltrated with pPSY2 and pLCYB1 showed an
increase of 1.65 to 1.50-fold in total carotenoid content (4.3 and
3.94 wg/gFW, respectively) in comparison to non-agroinfiltrated
(WT) apples (2.61 pg/gFW) (Table 1). Carotenoid profile
analysis revealed that for these constructs, the lutein levels remain
stable with respect to the control (Table 1). On the contrary,
the PB-carotene content almost doubles (to 3.51 wg/gFW in
pPSY2 and to 3.30 pg/gFW in pLCYBI1), respect to the WT
apple fruits (1.81 pg/gFW) (Table 1). Fruits agroinfiltrated with

pPSY2-CRTI showed a significant increment in total carotenoids
and B-carotene of 1.17- and 1.3-fold (3.05 and 2.35 pg/gFW,
respectively) (Table 1). Similarly, apple fruits infiltrated with
pPSY2-CRTI-LCYB1 exhibited an increment in their total
carotenoid (3.07 pg/gFW) and P-carotene (2.23 pg/gFW)
content in comparison to control WT fruits, but to a similar or
lesser extent in comparison with fruits agroinfiltrated with other
pCP-CG constructions (Table 1).

Samples taken 14-days post-infiltration revealed that the total
carotenoid content doubled in fruits agroinfiltrated with each one
of the four pCP-CG constructs in comparison to WT (Table 1).
Similarly, a significant increase in p-carotene levels was found
in the infiltrated fruits with the pCP-CG series (4.78 ng/gFW
for pPSY2, 5.47 ng/gFW for pLCYBI, 3.40 pug/gFW for pPSY2-
CRTI, and 3.43 pg/gFW for pPSY2-CRTI-LCYB1) in comparison
to control WT fruits (0.94 pwg/gFW; Table 1). On the other
hand, the apple fruits transiently transformed with the pCP-
CG constructs did not present changes in the lutein content
(Table 1), maintaining the same correlation observed in the 7-
day incubation experiment. Altogether, these results suggest that
transient expression of the pCP-CG constructs are functional in
apple fruits, and suggest that double or triple constructs with
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FIGURE 5 | Total and individual carotenoid quantification in pCP-CG transgenic lines. (A) pPSY2, (B) pLCYBH1, (C) pPSY2-CRTI, and (D) pPSY2-CRTI-LCYB1
transgenic lines. Total carotenoids were quantified in fruits by spectrophotometry at 474 nm and individual carotenoids by HPLC expressed in ng/gDW. Asterisks
indicate significant differences respect to the control (WT) determined by one-way ANOVA and Dunnet post-test, o < 0.05, *p < 0.01, **p < 0.001. In (D) the
results were analyzed with a two-way t-test, ***p < 0.0001.

genes arranged in tandem do not trigger a synergistic effect on
the carotenoid content.

DISCUSSION

Biotechnological Platform

Significant progress has been made in the generation of
genetically modified crops with improved carotenoid content and
nutritional properties (Alds et al., 2016). With the same goal, we
designed and generated a biotechnological platform to evaluate
key genes, with the aim of improving the carotenoid content,
and thus the nutritional value of apples. The selection of the
carotenogenic genes was based on our previous studies regarding
carotenoid biosynthesis regulation in carrot, particularly in
the taproot, which accumulates up to 1.5 mg/gDW in total
carotenoids (Fuentes et al., 2012; Moreno et al., 2013, 2016;
Rodriguez-Concepcion and Stange, 2013; Simpson et al., 2016,
2018). We have established that the increment in carotenoids
correlates with a significant increase in the expression of almost

all carotenogenic genes, especially DcPSY2, DcZDS2, DcPDS,
DcLCYBI, DcLCYE, DcZEP, and DcNCEDI (Simpson et al.,
2016). The two PSY paralogs in carrot, DcPSY1 and DcPSY2,
present an induction of 3.2 and 316-fold during carrot tap root
development, respectively, whereas LCYBI rises by eightfold and
LCYB2 by 100-fold at the mature stage of taproot development
(Simpson et al., 2016).

Some of the carotenogenic genes from carrot have been
previously characterized, demonstrating that they are functional
in vivo. Both DcZDS1 and DcLCYBI code for functional enzymes
necessary for carrot development and carotenoid synthesis
(Moreno et al., 2013; Flores-Ortiz et al., 2020). Total carotenoids
rise threefold when DcLCYBI is overexpressed in carrot
and a 2-10-fold increment when expressed in tobacco, with
concomitant increases in chlorophyll content and photosynthetic
activity which together have a positive impact on plant fitness
(Moreno et al,, 2013, 2016, 2020). The ability of LCYBI
to confer these qualities by itself when expressed in plants
was the reason for selecting this gene as a candidate to be
assessed in the biotechnological platform developed in this
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work. On the other hand, DcPSY2 was selected as previous
data suggested that it could play a relevant role during the
stress response; we determined that its expression is induced
by saline stress and ABA in carrot, and showed that AREB
transcription factors bind to the DcPSY2 promoter (Simpson
et al., 2018). Here we demonstrated that DcPSY2:GFP has the
expected plastidial subcellular localization (Figure 3), and is
therefore a possible candidate for boosting carotenoid content
in both transgenic pPSY2 tomatoes (Figure 5A) and transiently
infiltrated apple fruit flesh (Table 1). In the case of XdCrtl,
its functionality was demonstrated by site directed mutagenesis
using the double recombinant method in X. dendrorhous,
whereby the deletion of XdCrtI in the homozygous strain causes
a completely albino phenotype (Niklitschek et al., 2008). Here
we determined that tp:XdCrtI:GFP with the pea small subunit
RUBISCO transit peptide was correctly destined to plastids
(Figure 3) and could be a suitable contender for enhancing
total carotenoids and B-carotene when comparing pPSY2 and
pPSY2-CRTT transgenic tomatoes (Figure 5C). The synthesis of
carotenoids requires GGPP, a common precursor also needed
for vitamin E (a-tocopherol), gibberellic acid and chlorophyll
synthesis. Therefore, re-directing this precursor toward the
synthesis of carotenoids by using constitutive promoters can
have a negative impact on the metabolism of these other
compounds. Consequently, a detrimental effect can be triggered
both phenotypically and/or physiologically, with the generation
of alterations such as dwarfism (Fray et al., 1995; Sandmann,
2001). A strategy to minimize this risk is to design genetic
constructs with genes driven by tissue- or developmental-specific
promoters. In this work, a 806 bp fragment of the fruit specific
promoter of the tomato PG gene from S. chilense was chosen.
This promoter has 99% identity to the 4,052-4,818 bp region of
the S. Iycopersicum PG promoter FJ465170.1 (Lau et al., 2009;
Supplementary Figure 6), and targets specifically the transgenes
to fruits (Figure 3 and Supplementary Figure 2). Although
the expression of PG increases during apple ripening (Janssen
et al, 2008), it has been established that the PG promoter
does not depend on ethylene, and thus induces ripening in
both climacteric fruits such as tomatoes (Lincoln et al., 1987),
and non-climacteric fruit such as apples’. Importantly, the PG
promoter from S. chilense is not subjected to intellectual property
protection and is therefore available to be used without royalties.
As a selection marker, we used bar that confers resistance
to the BASTA (or phosphinothricin) herbicide. This gene is
free of rights, and there are several currently commercialized
transgenic plants®-® harboring bar. The carotenogenic genes used
here are also free of rights, even more so after optimizing their
nucleotide sequence to make them more different from those
native sequences present in carrot and yeast databases. For
optimization, the sequence of interest was modified according
to the preferential use of codons of the final organism, using
the average of the codon usage of ribosomal genes or of
a group of highly expressed genes (Puigbo et al., 2007).

"http://www.postharvest.com

Swww.isaa.org

Ywww.chilebio.cl

Here, the codon usage table of 567 mRNAs of M. domestica
was available, and considered a sufficient population (163,086
codons) to successfully guide the codon usage preference, or
at least to discriminate unusual codons (see text footnote
4). In the optimization of DcPSY2, XdCrtl, and DcLCYBI,
most codons were conserved, since those used preferentially in
carrots and yeast were the same as those in apples. However,
there were codons that code for certain amino acids such
as Tyr, Thr, Ser, Gln, Asn, Ile, Phe, and Glu where codon
optimization was required.

Carotenoid Increment in Tomato

Tomato represents a suitable model to evaluate our
biotechnological platform designed for the functional assessment
of candidate carotenogenic genes. The results obtained through
this initial strategy allowed us, in a short period of time, to
project possible results that were ultimately used to improve the
carotenoid content in apples.

Mature tomato fruits accumulate significant amounts of
the reddish lycopene, and very low levels of B-carotene and
xanthophylls (Fraser and Bramley, 2004; Liu et al, 2015;
D’Andrea and Rodriguez-Concepcion, 2019; Diretto et al., 2020).
During ripening, carotenoid levels rise up to 400 times, of
which lycopene represents 90% of the total, accumulating
approximately 2,000 pLg/g DW of this pigment (Fraser et al., 1994,
2002). This large accumulation of carotenoids is associated with
several factors such as sink capacity and the activity of some
plastidial proteins (Sun et al, 2018; D’Andrea and Rodriguez-
Concepcion, 2019). Equally important is the regulatory role of
the expression level of carotenogenic genes during ripening such
as PSY1 and PDS that present an increase whilst LCYB and LCYE
decrease their expression during ripening (Giuliano et al., 1993;
Pecker et al., 1996; Ronen et al., 1999, 2000).

As mentioned above, transgenic tomatoes expressing apple-
optimized DcPSY2, DcLCYBI, and XdCrtI showed a dissimilar
increase in the levels of total carotenoids, lycopene, p-carotene
and lutein (Figure 5) which correlated only partially with gene
expression (Figures 4f-i). Specifically, pPSY2 lines present up
to 1.34-fold rises in total carotenoids and 1.25-fold increases
in lycopene in P6 and P14 lines, whereas only P14 has a 2.5-
fold increase in B-carotene, and P14 and P16 have a 1.27-fold
increment in a-carotene (Figure 5A); P6 and P14 have the lowest
PSY2 expression level (Figure 4f). Nevertheless, this allows us to
conclude that DcPSY2 codes for a functional enzyme capable of
increasing carotenoids in tomato fruits but at a moderate level
and that a reduced expression level is sufficient to increment
B-carotene (P14). Fraser et al., 2002 obtained an increase of up
to 2.1 times in the total carotenoid content and lycopene in fruits
of the Alisa Craig tomato variety transformed with the CrtB gene.
This gene codifies a PSY from E. uredovora, which was expressed
in a fruit-specific manner. These results suggest that DcPSY2
might not be as efficient as CrtB, but this should be confirmed
by comparing the same variety of tomato.

Regarding pLCYBI1 transgenic lines, they have almost two
times more total carotenoids and lycopene and up to 2.5 times
more p-carotene and 2.27 times more a-carotene in all transgenic
lines (Figure 5B). Although L3 presents the lowest expression
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level, it is one of the two transgenic lines with the highest
carotenoid content together with L6, the line with the highest
expression level (Figures 4g, 5B). Previous reports have shown
that the fruit-specific expression of AfLCYB in tomato var.
Moneymaker (Rosati et al., 2000) and the constitutive expression
of the endogenous SILCYB in tomato var. Red Setter (D’Ambrosio
et al., 2004) resulted in an increase of total carotenoid content of
1.6 times and 2 times, respectively, which is similar to the increase
we obtained in pLCYB1 tomatoes var. Microtom (Figure 5).
Regarding individual carotenoids, AtLCYB transgenic tomato
fruits yielded on average 3.1 times more P-carotene than the
control whereas the lycopene content remained constant (Rosati
et al., 2000). Similarly, SILCYB transgenic lines presented an
increase of over ten times in P-carotene (D’Ambrosio et al.,
2004); unlike Rosati et al., 2000, this was accompanied by a
53-fold drop in the lycopene levels (D’Ambrosio et al., 2004).
Interestingly, DcLCYBI did not produce a detriment in lycopene
content and actually produced an increase in a-carotene levels.
The expression of DcLCYBI alone produces a twofold increment
in total carotenoids (Figure 5B), similar to transplastomic
tomatoes that expressed LCYB from Narcissus pseudonarcissus
that produced a 50% increment in total carotenoids (Apel
and Bock, 2009). Expressing AtLCYB or EuCtrY enabled the
enhancement of B-carotene without substantial reductions in
lycopene (Rosati et al., 2000; Wurbs et al., 2007). This shows
that DcLCYBI is at least as equally efficient as LCYBs from
other species. Indeed, tomatoes from pLCYB1 lines had a higher
carotenoid content than tomatoes from the pPSY2 and pPSY2-
CRTI lines (Figure 5), suggesting that in tomato the endogenous
SIPSY, desaturases and isomerases are highly active. Our data
revealed that the apple-optimized XdCrtI is functional in tomato.
pPSY2-CRTI transgenic tomatoes exhibited a larger increase in
total carotenoids and lycopene (twofold) in comparison to pPSY2
and also produced up to threefold more B-carotene and up to
1.75-fold more a-carotene compared to WT fruits (Figure 5C),
especially in PC3 and PC4, the transgenic lines that have the
lowest expression level of both PSY2 and CRTI. This suggests

that a low expression level is enough to increment the carotenoid
level whilst a very high level of expression may not produce
a significant increment and sometimes causes a detriment in
total or individual carotenoid levels (Figure 5C). In previous
studies, EuCrtI was constitutively expressed in tomato var. Alisa
Craig which resulted in a twofold increase in B-carotene levels
with a significant reduction in both total carotenoid content and
lycopene, producing orange-colored fruits (Romer et al., 2000).
This metabolic effect was also due to the induction of endogenous
PDS, ZDS, and LCYB and a reduction in PSY1 enzyme activity
(Romer et al., 2000). These results suggest that the pPSY2-CRTI
construct is more efficient in terms of total carotenoids, lycopene,
and lutein production than pPSY2.

The simultaneous expression of three carotenogenic genes
in tomatoes has not been previously reported, although it is a
strategy that was previously used in rice and potato (Ye et al,
2000; Diretto et al., 2007). Both in rice that simultaneously
express PSY, CRTI, and LCYB (Ye et al., 2000) and in potato, that
express Erwinia CrtB (PSY), Crtl, and CrtY (LCYB) (Diretto et al.,
2007), there were increases in lutein and f-carotene contents in
transgenic lines. On the contrary, in our study, the expression of
pPSY2-CRTI-LCYBI in tomatoes produces a significant decrease
in total carotenoid content. This decrease correlates with 3.6-
fold falls in lycopene and 7.3-fold falls in a-carotene, but not
in B-carotene levels, which increased significantly (by 2.57-fold,
Figure 5D). We propose that these alterations are responsible
for the orange phenotype of these transgenic fruits (Figure 4e).
The decrease in total carotenoids observed in the pPSY1-CRTI-
LCYBI lines, although it is an unexpected result, is similar to
that obtained by Romer et al. (2000) in tomatoes expressing
35SCaMV:CRTI. Even though there are several reasons that could
explain this phenomenon, one hypothesis is that the constitutive
and high expression of CRTI in transgenic lines, increases the
expression levels of LCYB, thus causing a concomitant increment
in B-carotene synthesis (Romer et al., 2000). A second hypothesis
is that the CRTI enzyme is more efficient, delivering either
a more abundant or a more suitable substrate to the LCYB

TABLE 1 | Quantification of carotenoids in apple fruits agroinfiltrated with the pCP-CG vectors.

Days post-infiltration  Fuji Apple Total carotenoid (ng/gFW) Lutein (ng/gFW) B-carotene (ng/gFW)
Mean SD FC t-test Mean SD FC t-test Mean SD FC t-test

7 WT 2.62 0.11 - - 0.81 0.14 - - 1.81 0.03 - -
pPSY2 4.31 0.32 1.65 * 0.79 0.07 - ns 3.51 026 1.94 e
pLCYB1 3.94 0.31  1.50 = 0.64 0.1 - ns 3.30 0.31 1.82 *
pPSY2-CRTI 3.05 022 1.17 * 0.70 0.10 - ns 2.35 0.23 1.30 *
pPSY2-LCYB-CRTI 3.08 0.177 1.18 * 0.84 0.15 - ns 2.23 0.18 1.23 *

14 WT 2.06 0.30 - - 112 0.16 - - 0.94 0.19 - -
pPSY2 5.67 1.60 275 * 0.88 0.27 - ns 4.79 1.37 6.1 >
pLCYB1 6.39 1.33 3.1 * 0.92 0.20 - ns 5.47 1.16 5.84 *
pPSY2-CRTI 4.67 0.77 227 * 1.27 0.42 - ns 3.40 0.53 3.63 **
pPSY2-LCYB-CRTI 4.27 0.63 2.07 * 0.83 0.06 -0.74 * 3.44 0.69 3.67 >

Values are means of three biological replicas. “FW” represents Fresh Weight, “SD” Standard deviation and “FC” Fold of Change. Significant levels: ‘P < 0.05; P < 0.01;
"'P <0.001; ns: not significant; — not considered. The bold values represent the pigments fold of change (FC) between agroinfiltrated apples respect to non-agroinfiltrated

apples (WT).
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enzyme which then transforms it into p-carotene. These two
possibilities are not mutually exclusive and actually together
could have a synergistic effect increasing the B-carotene content
(Giuliano et al., 2000). In our case, the simultaneous expression
of the three key genes may be redirecting the metabolic flux of
the carotenoid pathway toward the production of B-carotene at
the expense of the a-carotene branch and of the accumulation
of those that are synthesized in previous stages, producing
fruits with the pale orange appearance. In addition, the dwarf
in vitro phenotype of these lines can also be explained by the
redirection of the metabolic flow of GGPP precursors of the
MEP pathway to carotenoid synthesis, with a detriment of the
synthesis of gibberellic acid (GA), causing negative effects on
the general development and physiology of the plant. GGPP
is a precursor shared for the synthesis of carotenoids and
for that of several growth regulators such as cytokines, ABA
and GA (Cuttriss et al., 2007; Howitt et al., 2007; Rodriguez-
Concepcion, 2010). GA is an important phytohormone involved
in plant development (Yamaguchi, 2008). Tomato plants (var.
Alisa Craig) that overexpress PSY1 under the 35S promoter
had fruits with higher levels of lycopene but presented a dwarf
phenotype due to reduced levels of GA (Fray et al., 1995).

Taken together, our results allow us to suggest that pLCYB1 is
the most suitable option for producing tomato fruits with a higher
B-carotene and total carotenoid content.

Carotenoid Increment in Apple Fruits

To evaluate our biotechnological platform, we chose a transient
expression assay because it provides a rapid and robust tool for
assessing the activity of genetic constructs before undertaking
a stable transformation (Sparkes et al., 2006). This is especially
relevant in non-model fruits such as apples (Arcos et al., 2020).
However, the infiltration of apple fruits has inherent challenges,
given their anatomical and physiological characteristics such as
large parenchymatous cells with substantial vacuoles (Spolaore
et al, 2001). Together with the stage of maturity of the
fruits during the infiltration, these factors contribute to making
agroinfiltration a highly heterogeneous and complex process
(Suppplementary Figure 5). Nevertheless, once key steps of the
procedure have been standardized, it is a feasible approximation
for functional assessment, providing a valuable tool. Our data
showed that in Fuji apple fruits, all four pCP-GC constructs
were capable of modifying the content of total and individual
carotenoids after transient agroinfiltration (Table 1). Indeed,
the 1.17-2.27-fold increment in total carotenoids obtained with
pPSY2-CRTT was similar to those values previously reported
by Arcos et al. (2020) with the same genetic construct (2GC)
but using a different transient transformation strategy (vacuum
infiltration). Interestingly, data at 14-days post-infiltration
showed that the total carotenoid content and B-carotene levels
were in several cases up to twice and triple, respectively, to
those obtained at 7-days post agroinfiltration (Table 1). This
could be associated with the stability of the enzymes after
infiltration as well as the storage mechanism of the pigments
once produced. In addition, it shows that apple fruits were
capable of continuing the normal ripening process despite the
exogenous bacterial application, at least for the periods evaluated.

This also allows us to conclude that DcPSY2 is functional in
apple fruits. Moreover, the increments seen in B-carotene also
suggest that endogenous carotenogenic genes such as desaturases
(PDS and ZDS), isomerases (Z-ISO and CRTISO) and LCYB are
functional in apples.

The fact that the single constructs (pPSY2 and pLCYBI)
duplicated the content of total carotenoids and PB-carotene
with respect to the double (pPSY2-CRTI) and triple constructs
(pPSY2-CRTI-LCYBL1) both at 7 and 14-days post infiltration,
suggest that the transgenes in the double or triple constructs
might not be properly expressed, or the stability of these
transcripts/enzymes could be harmed. It is important to
remember that each carotenogenic gene in the pCP constructs is
driven by the same promoter, which could generate competition
for the same transcription factors, limiting the recruitment of the
transcription machinery, especially in the multiple constructs.

These results lead us to propose that apple fruits obtained
from stable transformation will also accumulate at least two
to three times more carotenoids. However, it is feasible to
consider that the increment in the carotenoid levels would be
even higher in the flesh considering our previous results, by
expressing 35S:AtDXR in Fuji (Arcos et al., 2020). Specifically,
leaves of AtDXR transgenic apples displayed up to a threefold
rise in total carotenoids (508 mg g~! FW) and in B-carotene
(508 mg g~! FW) when compared to wild-type plants, and
twofold rises when transiently infiltrated in apple fruits (Arcos
et al., 2020). In addition, in the flesh of banana fruits, a 2.3-
fold increment in B-carotene was obtained by expressing PSYI or
PSY2 directed by a constitutive promoter when compared to the
wild-type (Paul et al., 2017), and in kiwi fruit, a 1.3-fold increase
in B-carotene was observed by expressing either GGPPS or PSY
(Kim et al.,, 2010). Regarding the constructs generated, these
results suggest that pPSY2 or pLCYBI are the best candidates for
the stable transformation of apples, and possibly for other fruits
with pale flesh, in order to improve carotenoid content and thus
nutritional properties.

CONCLUSION

1. The PG promoter from S. chilense var. tomatillo correctly
directs gene expression to fruits in tomato and apple.

2. DcPSY2 codifies for a functional enzyme with a
plastidial localization.

3. All four pCP-CG vectors are able to increase the
total carotenoid content, particularly of P-carotene, in
tomatoes and apples.

4. Of the pCP-CG vectors, those that possess the carrot
carotenogenic genes DcPSY2 and DcLCYBI, would be
the best candidates for increasing carotenoids in stably
transformed apples.
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Heterologous synthesis of a biophysical CO,-concentrating mechanism (CCM) in plant
chloroplasts offers significant potential to improve the photosynthetic efficiency of Cs
plants and could translate into substantial increases in crop yield. In organisms utilizing
a biophysical CCM, this mechanism efficiently surrounds a high turnover rate Rubisco
with elevated CO, concentrations to maximize carboxylation rates. A critical feature of
both native biophysical CCMs and one engineered into a Cg plant chloroplast is functional
bicarbonate (HCO;") transporters and vectorial CO,-to-HCO5~ converters. Engineering
strategies aim to locate these transporters and conversion systems to the C; chloroplast,
enabling elevation of HCO43~ concentrations within the chloroplast stroma. Several CCM
components have been identified in proteobacteria, cyanobacteria, and microalgae as
likely candidates for this approach, yet their successful functional expression in C; plant
chloroplasts remains elusive. Here, we discuss the challenges in expressing and regulating
functional HCO;~ transporter, and CO,-to-HCO;~ converter candidates in chloroplast
membranes as an essential step in engineering a biophysical CCM within plant chloroplasts.
We highlight the broad technical and physiological concerns which must be considered
in proposed engineering strategies, and present our current status of both knowledge
and knowledge-gaps which will affect successful engineering outcomes.

Keywords: CO,-concentrating mechanism, bicarbonate transport, chloroplast envelope,improving photosynthesis,
chloroplast engineering

INTRODUCTION

Crop improvement technologies utilizing synthetic biology approaches have been central to a
number of recent advances in photosynthetic output (e.g., Kromdijk et al., 2016; Salesse-Smith
et al,, 2018; Ermakova et al., 2019; South et al., 2019; Batista-Silva et al., 2020; Lopez-Calcagno
et al, 2020). These ambitious aims come at an unprecedented time in human history when
agricultural productivity must be rapidly boosted in order to feed future populations (Kromdijk
and Long, 2016). In a 2008 review, we discussed the potential of utilizing components of the
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CO,-concentrating mechanism (CCM) of cyanobacteria as a
means to improve crop photosynthetic CO, fixation (Price
et al., 2008), with potential to raise rates of carboxylation at
ribulose-1,5-bisphosphate ~ (RuBP)  carboxylase/oxygenase
(Rubisco) while improving nitrogen and water-use efficiencies
(Price et al., 2011a; McGrath and Long, 2014; Rae et al,, 2017).
In the intervening years great steps forward have been made
to address this challenge, yet many uncertainties remain on
the path to generating a functional chloroplastic CCM.

The CCMs of proteobacteria, cyanobacteria, and microalgae
are comprised of bicarbonate (HCO;") transporters and vectorial
CO,-to-HCO;~ conversion complexes which, in concert,
accumulate a high concentration of HCO;™ in prokaryotic cells
and microalgal chloroplasts (Figure 1; Kaplan et al., 1980;
Badger and Price, 2003; Moroney and Ynalvez, 2007). As a
charged species of inorganic carbon (C;), HCO;™ is not freely
diffusible through cell membranes (Tolleter et al., 2017), and
allows for the generation of an elevated cellular or stromal

HCO;™ pool compared with the external environment (Price
and Badger, 1989a). The second chief component of these
CCMs are specialized Rubisco compartments called carboxysomes
(Rae et al, 2013) and pyrenoids (Figure 1; Moroney and
Ynalvez, 2007; Mackinder, 2018; Hennacy and Jonikas, 2020)
where co-localized carbonic anhydrase (CA) enzymes dehydrate
HCO;™ into CO,, providing high concentrations of CO, as
substrate for RuBP carboxylation.

Collectively, these systems are often termed biophysical CCMs
since their function utilizes the active movement of C; across
cellular compartments to release it as CO, around Rubisco
(Giordano et al., 2005). This is distinct from biochemical CCMs
found in C, and CAM plants, which generally utilize HCO;~
for the carboxylation of phosphoenolpyruvate into transportable
organic acids, prior to spatial or temporal CO, re-release and
carboxylation by Rubisco.

Modeling has shown that the installation of biophysical
CCM HCO;™ transporters in the inner-envelope membrane

HCO,

SoRpIak

Lumen

transporter proteins are as listed in Table 1.
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FIGURE 1 | Inorganic carbon uptake components of cyanobacterial, proteobacterial, and microalgal CO,-concentrating mechanisms (CCMs). Key inorganic
carbon transport mechanisms of cyanobacteria (A), proteobacteria (B), and microalgae (C) that facilitate elevated cytoplasmic and stromal HCO;~ concentrations.
The HCO4~ pool is utilized to generate localized high concentrations of CO, in specialized Rubisco-containing compartments knowns as carboxysomes (A,B) or
pyrenoids (C), supporting high carboxylation rates. In cyanobacteria (A), HCO;™ is potentially supplied to the periplasmic space via an outer-membrane (OM) porin,
and is directly transferred across the plasma membrane (PM) by the single-protein Na*-dependent transporters bicarbonate transporter A (BicA) and SbtA, or by the
ATP-driven complex BCT1. In addition, cytosolic CO,, acquired by either diffusion, leakage from the carboxysome or spontaneous dehydration of HCO,™, is
converted to HCO,™ by the energy-coupled, vectorial CO, pumps NHD-15 and NHD-1, in the thylakoid membranes (TM). In proteobacteria (B), DabBA plays a
similar role, taking advantage of relatively high rates of CO, influx from a low-pH external environment to vectorially generate a cytoplasmic HCO;™ pool (Desmarais
et al., 2019). In microalgae (C), HCO;™ is accumulated via a series of transporters located on the PM (LCI1 and presumably ATP-driven HLAQ), the chloroplast inner
envelope membrane [inner-envelope membrane (IEM); LCIA] and the TM (bestrophins, BST1-3). Thylakoids traverse the Rubisco-containing pyrenoid where the
thylakoid lumen-localized carbonic anhydrase (CA) CAH3 is thought to convert HCO;~ supplied to the thylakoid lumen to CO,. Analogous to the cyanobacterial
system, the LCIB/C complex constitutes a putative, vectorial CA that may recycle any CO; arising in the chloroplast stroma back to HCO;™. Fd, ferredoxin; RuBP,
ribulose-1,5-bisphosphate; 3-PGA, 3-phosphoglycerate; SbtB, SbtA regulator protein; and ChpX/ChpY, NDH-1 complex vectorial CO,-HCO;~ domains. Individual

Sugars
uBPkYg
b
055~ar

3-PGA
2

Frontiers in Plant Science | www.frontiersin.org 122

August 2021 | Volume 12 | Article 727118


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Rottet et al.

Enhancing Chloroplast Bicarbonate Uptake

(IEM) of C; chloroplasts is sufficient to elevate the chloroplastic
C,, leading to a net improvement in CO, available for Rubisco
carboxylation and therefore net carbon gain (Price et al., 2011a;
McGrath and Long, 2014). This initial step in the conversion
of crop plant chloroplasts to a sub-cellular CCM not only
provides potential yield gains but is also necessary to generate
the required stromal [HCO; ] needed for carboxysome or
pyrenoid function in the engineering trajectory toward a complete
chloroplastic CCM (Price et al., 2013). Therefore, the successful
engineering of HCO;™ accumulation in C; stroma is a critical
step in this process.

While the idea to generate a C; chloroplastic CCM has
been considered for some time (Price et al, 2008), the pace
of progress in this field highlights a myriad of conceptual and
technical challenges associated with achieving such a complex
goal. Progress toward the construction of carboxysomes and
pyrenoids in C; chloroplasts has been made (Lin et al., 2014a;
Long et al, 2018; Atkinson et al., 2020), and the transfer of
a complete and functional CCM from proteobacteria into
Rubisco-dependent Escherichia coli (Flamholz et al., 2020)
indicates theoretical potential for successful transfer of CCMs
to plants. However, hurdles remain in both understanding and
constructing CCM components within eukaryotic organelles
where system complexity confounds an already difficult
engineering task. This is exemplified by reports of the successful
expression of HCO;™ transporters into C, chloroplasts, but their
lack of function and/or incorrect targeting (Pengelly et al,
2014; Atkinson et al., 2016; Rolland et al., 2016; Uehara et al.,
2016, 2020), or lack of functional characterization in planta
(Nolke et al., 2019), highlights the need to further understand
the composite interactions of chloroplast protein targeting,
membrane energization, and small molecule passage across the
chloroplast envelope.

Herein, we discuss some of the known complexities associated
with the engineering task of generating functional HCO;~
transport systems in C; chloroplasts and highlight unknown
details, which require ongoing research focus to enable a clearer
path to successful elevation of chloroplastic HCO;™ for increased
carboxylation efficiency in crop plants.

CAN HCO;- CONCENTRATIONS
BE ELEVATED IN A C; CHLOROPLAST?

The terrestrial nature of C, plants and their appearance in
geological history during a period of relatively high atmospheric
CO, (Flamholz and Shih, 2020) is a possible contributor to
the absence of biophysical CCMs from higher plant chloroplasts
(Raven et al, 2017). The efficiency of Rubisco carboxylation
is hampered by O,, leading to photorespiratory expenditure
of accumulated CO, and chemical energy (Busch, 2020). It is
assumed that factors selecting for maintenance of relatively
high rates of carboxylation, as atmospheric concentrations of
CO, decreased while O, increased approximately 350 million
years ago, may have led to a divergence in mechanistic adaptations
between aquatic and terrestrial photosynthetic organisms
(Flamholz and Shih, 2020; Long et al., 2021). Thus, cyanobacteria

and many eukaryotic algae evolved CCMs to overcome these
challenges, while emerging terrestrial C; plants have maintained
a larger investment in Rubisco and evolved to maximize beneficial
biochemical contributions from photorespiratory nitrogen and
sulfur metabolism (Shi and Bloom, 2021). As a result, terrestrial
C; plant lineages have not evolved with a capability to elevate
chloroplastic C; concentrations like many of their aquatic
counterparts. Indeed, there is good argument that biochemical
CCM evolution (e.g., C, photosynthesis) would be favored in
terrestrial systems over strategies which accumulate HCO,~
(Flamholz and Shih, 2020). While horizontal gene transfer may
have been involved in the evolution of C, photosynthesis
(Wickell and Li, 2020), there has presumably been very little
opportunity or evolutionary pressure for plants to acquire genes
from aquatic biophysical CCMs in order to evolve alternative
CO, fixation strategies. In addition, the slower diffusion of C,
species in aquatic environments compared with plant tissue
may confine evolutionary trajectories (Raven et al., 2017;
Flamholz and Shih, 2020). This underscores the fact that the
C; chloroplast has evolved in a gaseous atmosphere and with
alternative solutions to Rubisco promiscuity to its aquatic
cousins, highlighting that the concept of an engineered
chloroplastic CCM is one in which considerable evolutionary
complexity must be considered.

When considering any engineering design for enhanced
HCO;™ uptake into C; chloroplasts, a reasonable question to
ask is whether HCO;™ can be elevated in this organelle, and
if so, how? There is sufficient HCO;™ in the mesophyll cytoplasm
available for transport into chloroplasts (at least 250 pM; Evans
and von Caemmerer, 1996). However, a CCM engineering
strategy must ensure HCO;™ can gain passage across both the
outer-envelope membrane (OEM) and IEM of the chloroplast.
Given that C; chloroplasts typically access C; from the external
environment (primarily as the more membrane-permeable CO,);
chloroplast membranes appear not to have specific HCO;~
transport mechanisms (Rolland et al, 2012). Nonetheless, a
number of oxyanions, such as phosphate, nitrate, and sulfate
evidently do diffuse through the OEM (Bolter et al., 1999).
Notably, simple diffusion of CO, through leaf tissue is insufficient
to support the supply rates needed for observed rates of CO,
assimilation by plants (Morison et al., 2005), and it is likely
that CO, entry into the chloroplast is also facilitated by CO,-
permeable aquaporins (Flexas et al., 2006; Evans et al., 2009;
Tolleter et al., 2017; Ermakova et al, 2021) and CA-driven
distribution of C; between predominant species (HCO;™ and
COy; Price et al.,, 1994). Therefore, the facilitated entry of C
into C; chloroplasts is conceptually not counter to contemporary
chloroplast function, and on face value would appear beneficial.

In general, solute transport across the chloroplast OEM is
considered to be relatively unhindered due to the presence of
low-selectivity and large-molecule channel proteins present in
this membrane (Bolter et al., 1999; Hemmler et al., 2006; Duy
et al,, 2007). It is expected that anion passage into the inter-
membrane space (IMS), and presumably that of HCO;~, occurs
via at least one of the outer envelope protein channels (OEPs;
Duy et al, 2007), with OEP21 a potential route for broad
anion uptake into the IMS (Figure 2; Hemmler et al., 2006).
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FIGURE 2 | Location and function of inorganic carbon uptake systems in a proposed chloroplastic CCM. Inorganic carbon uptake components from cyanobacteria
and proteobacteria proposed for engineering into the chloroplast IEM and thylakoids of terrestrial C5 plants. Membrane transporters and vectorial CO,-HCO;~
conversion complexes from cyanobacteria and proteobacteria are shown in color (see Figure 1; Table 1). Additional native chloroplastic systems which may
support the required energetics and facilitation of active HCOg3~ uptake (including Na* and H* extrusion systems and the NHD1 Na*/H* antiporter) are shown in gray.
The cyanobacterial HCO;™ transporters BicA and SbtA, as well as the ATP-driven BCT1 complex are targeted to the IEM may require unknown activation processes,
indicated by lightning bolts. Note the added complexity of the multi-subunit BCT1 complex requiring protein components in the inter-membrane space (IMS), IEM,
and stroma. The cyanobacterial vectorial NDH-1 complex has been suggested on the thylakoid membrane as it likely requires energization by components of the
photosynthetic electron transport chain (ETC). The proteobacterial vectorial DAB complex is tentatively depicted on the IEM, but, alternatively, co-localization with
the ETC on the thylakoid membrane may be favorable for its energization. The broad-specificity channel protein OEP21 on the outer-envelope membrane (OEM) is
depicted as a putative access point for cytoplasmic HCO;~ uptake into the IMS. Individual transporter proteins are as listed in Table 1.
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While inward passage through this specific channel may
be hampered by triose-phosphate export in the light (Duy
et al., 2007), it and other OEPs offer broad selective import
into the IMS. Currently, there is no reason to expect that
HCO;™ cannot access the IMS. Nonetheless, it is worthy of
consideration, and additional transport mechanisms or solutions
should be considered for the elevation of IMS [HCO;™] if this
becomes a roadblock to the overall strategy. Notably, insertion
of an IMS-specific CA would likely generate the requisite
HCO;™ from diffusion of CO, in this location (depending on
the IMS pH) for utilization by an IEM-localized pump, in the
unlikely scenario that insufficient HCO,™ is present here. The
ApH across the chloroplast IEM has been measured to be up
to 1 pH unit (Demmig and Gimmler, 1983) suggesting that
an IMS pH of 7-7.5 is feasible in the light, ensuring that
>80% of C; species would exist as HCO;™ in the presence of CA.

Assuming sufficient HCO,™ is available in the IMS from
the cytosolic pool, its transport across the IEM into the
chloroplast stroma is predicted to be feasible using either high
affinity, low flux transporters [e.g., the cyanobacterial sodium-
dependent bicarbonate transporter, SbtA, and the ATP driven
bicarbonate transporter, BCT1; Table 1; Figures 1, 2], or low
to medium affinity, high flux transporters (e.g., BicA; Table 1;
Figures 1, 2). For the most part, the affinity of these HCO;~
transporter types falls below the proposed cytosolic [HCO;™]
(Table 1), suggesting that sufficient transport is feasible. Either
independently, or in concert, modeling suggests that functional
forms of these transporter types should provide net import

into the stroma and enable increased CO, supply to Rubisco
(Price et al., 2011a).

Once HCO;™ concentrations in the chloroplast are elevated,
it is acknowledged that stromal CA is likely to prevent the
desired function of a complete chloroplastic CCM, since its
action in converting HCO;~ to CO, transforms the C; pool
from one with low membrane permeability to one which can
rapidly diffuse away from the site of fixation (Price et al,
2013; McGrath and Long, 2014). This would rob an engineered
carboxysome (housing a Rubisco with relatively high K,CO,)
of its primary C; substrate, and ectopic CA is known to lead
to a high-CO,-requiring phenotype in cyanobacteria (Price and
Badger, 1989a). However, in the development of a simpler
CCM with only functional HCO;~ uptake, stromal CA would
provide the rapid, pH-driven development of CO, needed in
the chloroplast to supply additional CO, to Rubisco. The net
effect of such a system is the modest elevation of chloroplastic
C;, which leads to enhanced CO, availability at Rubisco
(Price et al,, 2011a; McGrath and Long, 2014).

It is relevant to consider what effects elevated stromal HCO;~
might have on chloroplast function beyond the capability of
supplying increased CO, to Rubisco. A role for HCO;™ as a
proton acceptor during water oxidation has been proposed in
photosystem II (PSII) function, with HCO;~ providing stabilizing
and protective effects (Shevela et al., 2012). CO, formation
from HCO;™ at PSII occurs at a rate that correlates with O,
evolution at the donor side (somewhat slower at the acceptor
side; Shevela et al., 2020). A simplistic viewpoint therefore is
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TABLE 1 | Inorganic carbon (C) uptake systems relevant to expression of CCMs in chloroplasts.

C, uptake system Organism Functional units Classification Substrates; Kinetic properties References
subcellular Energization
location
BicA Cyanobacteria® Homodimer Sulfate permease HCO;/Na* symport; Medium-high flux;  Price et al., 2004;
plasma membrane (SUI._P), Solute carrier  dependent on Na* low affinity (kos Shelden et al., 2010;
family (SLC26A) gradient 74-353 M HCO,) Price and Howitt,
2011; Wang et al.,
2019
SbtA Cyanobacteria® Possible homotrimer HCO;7/Na* symport; Low flux; high Price et al., 2004,

BCT1 (cmpABCD
operon)

LCIA/Nar1.2

HLA3

LcH

BST-1
BST-2

BST-3
NHD-1,

NHD-1,,

ndhA,B,C,D3,E,F3,G-
QsVv

chpX/cupB

DAB2; dabA2, dabB2

LCIB/C; [ciB, IciC

plasma membrane

Cyanobacteria®

plasma membrane

Chlamydomonas®

chloroplast envelope
Chlamydomonas®

plasma membrane

Chlamydomonas®

plasma membrane

Chlamydomonas®

thylakoid membrane

Cyanobacteria®

thylakoid membrane

Cyanobacteria®

thylakoid membrane

Halothiobacillus
neapolitanus

plasma membrane

Chlamydomonas®

Chloroplast stroma,
pyrenoid periphery

Five subunit complex:
CmpA (substrate
binding), 2x CmpB
(TMD), CmpC (ATPase:
substrate binding
fusion), and CmpD
(ATPase)

Unknown

Unknown

Unknown

BST-1 pentamer

21 subunit complex:
CupS, ChpY (CupA,
type Il B-CA), NdhD3,
and F3 (specialized for
CO, hydration)

NdhA, B, G, E, G-Q, S,
V (NDH-1 core,
antiporter-like H*
pumping proteins, Fd
binding, PQ binding)
20 subunit complex:

ChpX (CupB, type Il
B-CA), NdhD4, and F4
(specialized for CO,
hydration)

NdhA, B, C, E, G-Q, S,
V (NDH-1 core,
antiporter-like H*
pumping proteins, Fd
binding, PQ binding)
heterodimer: DabA2
(type Il B-CA homolog),
DabB2 (H* pumping
protein homolog)
heterodimer: LciB-LciC
(B-CA subtype)

ATP-binding cassette
(ABC) transporter

Formate-nitrite
transporter family

ABC transporter

Anion channel

Bestrophin-like
proteins, Anion/
Cl-channel family

Specialized respiratory
NDH-1-type complex,
energy-coupled
vectorial CA

Specialized respiratory
NDH-1-type complex,
Energy-coupled
vectorial CA

Energy-coupled
vectorial CA

Vectorial? CA

dependent on Na*
gradient

HCOs™; ATP hydrolysis®

HCO;™; unknown

HCO;™; ATP hydrolysis®

Ci (some evidence for
CO,); unknown

HCO;™; unknown

CO,; photosynthetic
electron transport/
redox-coupled H*
pumping®, reduced Fd-
dependent

CO,; photosynthetic
electron transport/
redox-coupled H*
pumping®, reduced
Fd-dependent

CO,; cation gradient-
coupled®

CO,; unknown

affinity (ko5 2-38 M
HCOy)

Low flux; high
affinity (kos 10—
15uM HCOy")

Unknown

Unknown

Unknown

Unknown

Low flux; high
affinity (kos 1-2pM
CO,)

High flux; medium
affinity (kos 10—
15uM CO,)

Unknown

Unknown

2011a,b; Du et al.,
2014, Forster et al.,
2021

Omata et al., 1999;
Koropatkin et al.,
2007; Price et al.,
2011a

Wang et al., 2015;
Atkinson et al., 2016

Gao et al., 2015;
Wang et al., 2015;
Atkinson et al., 2016
Wang et al., 2015;
Atkinson et al.,
2016; Kono and
Spalding, 2020

Mukherjee et al.,
2019

Maeda et al., 2002;
Price et al., 2011a;
Laughlin et al., 2020;
Schuller et al., 2020

Maeda et al., 2002;
Price et al., 2011a;
Laughlin et al., 2020;
Schuller et al., 2020

Desmarais et al.,
2019

Duanmu et al., 2009;
Wang et al., 2015;
Jinetal., 2016

CA, Carbonic anhydrase; Fd, ferredoxin; PQ, plastoquinone; ks substrate concentration supporting half-maximum C; transport activity; TMD, transmembrane domain.
eldentified and characterized in several species incl. Synechococcus elongatus PCC7942, Synechocystis sp. PCC68083, Synechococcus sp. PCC7002, and Thermosynechococcus

elongatus.

bldentified in Chlamydomonas reinhardti.
°Energization is to some extent speculative based on structural homology.
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that greater quantities of stromal HCO;~ may support PSII
function rather than having any negative effects, as appears
to be the case for cyanobacteria and microalgae. This PSII
property highlights potential conversion of HCO;™ to CO, in
an engineered chloroplastic CCM, however, and longer-term
goals would be to generate systems which recycle stromal CO,
back to HCO;~, whether it is generated through PSII action,
anaplerotic reactions, or indeed leakage from an engineered
carboxysome or pyrenoid (Price et al, 2013). Nonetheless,
CO, losses via these processes are likely to be minimal
within an engineering scheme utilizing a HCO;™ transporter
and a carboxysome, benefiting only marginally from the
addition of vectorial CO,-to-HCO;~ conversion complexes
(McGrath and Long, 2014).

WHICH C; UPTAKE SYSTEMS
COULD FACILITATE CHLOROPLASTIC
HCO;- ACCUMULATION?

Inorganic carbon acquisition is an essential step in driving a
biophysical CCM and for maximizing its efficiency. Acquisition
of the predominant C; species (CO, and HCO;™) contributes
to the accumulation of an intracellular/chloroplastic HCO;~
pool well above external C; levels, with up to 1,000-fold increases
observed in cyanobacteria (Price, 2011). This can only
be achieved by active C; uptake against a concentration gradient,
requiring energy, as opposed to passive diffusional uptake
through protein channels such as CO, aquaporins (Uehlein
et al, 2012; Li et al., 2015). Active C; uptake systems can
be divided into two categories, energy-coupled CAs (also known
as vectorial CO, pumps or CO,-to-HCO;™ conversion systems)
and active HCO;™ transporters. A number of C; transport
systems have been identified through genetic screens of high
CO, requiring mutants in the microalga Chlamydomonas
(Spalding, 2008; Fang et al., 2012), several cyanobacteria (Price
and Badger, 1989b; Badger and Price, 2003; Price et al., 2008)
and, recently non-photosynthetic, CO,-fixing y-proteobacteria
(Scott et al, 2018; Desmarais et al., 2019), summarized in
Table 1 and Sui et al. (2020).

Cyanobacterial C; Uptake Systems
In cyanobacteria, five C; uptake systems have been verified,
subsets of which are present in all species (Figure 1A; Table 1).
These transport systems differ in subcellular localization, substrate
affinity, flux rates, energization and regulation of gene expression,
and transport activity (Price, 2011). These properties somewhat
determine their suitability for function in a proposed chloroplastic
CCM. Dependent on the species, some C; uptake systems are
constitutively expressed, but in most cases, their expression is
controlled by a combination of limiting C; and light (Badger
and Andrews, 1982; Kaplan et al., 1987; McGinn et al., 2003;
Price et al., 2011b).

Intracellular CO,-to-HCO;™ conversion in cyanobacteria is
facilitated by two specialized, thylakoid-located NAD(P)H
dehydrogenase (NDH1) complexes related to the respiratory

complex-I from mitochondria: the low Ci-inducible, high affinity
NDH-1;, and the constitutive, slightly lower affinity NDH-1,
complexes (Maeda et al., 2002; Ohkawa et al., 2002). The CO,
hydration subunits ChpY (CupA) and ChpX (CupB) of NDH-1,
and NDH-1, respectively, convert cytoplasmic CO, to HCO;",
energized by reduced ferredoxin or NADPH that are generated
by photosynthetic electron transport, and hence light-dependent
(Ogawa et al, 1985; Maeda et al., 2002; Price et al., 2008;
Battchikova et al., 2011). Recently, catalytic properties of the
cryo-EM structure of the NDH-1; complex have been analyzed
applying quantum chemical density modeling to the cryo-EM
structure, which has shed light onto putative regulatory
mechanisms. CO, hydration by NDH-1, (and by analogy
NDH-1,) is energetically linked to plastoquinone oxido-reduction
coupled to proton-pumping, which controls the opening and
closing of the putative CO, diffusion channel and lateral removal
of H* generated in the CO, hydration reaction catalyzed by
the ChpY (CupA) subunit. This mechanism ensures that the
backward reaction, and unfavorable CO, release, is prevented
(Badger and Price, 2003; Schuller et al, 2020). In plant
chloroplasts, we expect such systems would require thylakoid
localization for correct function.

Direct transfer of HCO;~ from the outside into the cytoplasm
is facilitated by three types of plasma membrane-located HCO;~
transporters (Figure 1). The high affinity transporters, BCT1
and SbtA, were shown to be newly synthesized upon activation
of HCO;™ uptake, while constitutively expressed BicA was
induced without further de novo protein synthesis (Siiltemeyer
et al, 1998; McGinn et al, 2003). The heteromeric BCT1
complex (encoded by the cmpABCD operon; Table 1) is a
high affinity-low flux HCO;™ transporter (Omata et al.,, 1999)
of the ATP binding cassette (ABC) transporter superfamily,
strongly suggesting ATP is used for energization. However,
ATPase activity has not yet been demonstrated. BCT1 is
composed of the membrane-anchored, substrate-binding protein
CmpA, the homodimeric, membrane integral CmpB domain,
and the cytoplasmic ATPase subunits CmpC and CmpD. CmpC
appears to be a fusion protein which contains both the ATPase
moiety and a putative regulatory substrate-binding domain
homologous to CmpA. CmpA requires Ca** as co-ligand for
binding of HCO;™, yet it is unclear whether Ca®* plays a role
in HCO;™ transport (Koropatkin et al., 2007). The complexity
of the proposed subunit localization of BCT1 for chloroplast
envelope expression (one subunit in the IMS, one in the IEM,
and two in the stroma; see below) provides further plant
engineering challenges in addition to correct transporter function.

Both, BicA and SbtA (Table 1) are HCO; /Na" symporters
that require a cell-inward directed Na* gradient for HCO,~
uptake (Shibata et al., 2002; Price et al,, 2004), and as single
protein transporters are attractive considerations for chloroplast
engineering. BicA, a medium affinity-high flux transporter of
the SLC26A solute carrier superfamily, is thought to function
as a homodimer (Compton et al., 2011; Price and Howitt,
2014; Wang et al, 2019). The high affinity-low flux SbtA
transporter, constitutes its own Na*-dependent HCO, transporter
superfamily, and is likely to be active as a trimer (Du et al., 2014;
Fang et al.,, 2021; Forster et al, 2021). These requirements for
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Na* for HCO;™ uptake highlight the potential for excessive
influx of Na* in a chloroplast-based CCM which we discuss below.

Non-photosynthetic Bacterial C; Uptake
Systems

The DAB proteins (encoded by the dabl and dab2 operons)
first identified in Halothiobacillus neapolitanus are distributed
throughout prokaryotic phyla and have been proposed to
function as energy-coupled CAs accumulating HCO;™ in the
cytoplasm (Desmarais et al., 2019). A heterodimeric functional
unit consists of the cytoplasmic exposed p-CA-like DabA protein
coupled to the membrane-integral cation antiporter-like
membrane subunit DabB (Figure 1B). Vectorial CO, hydration
by DabA has been hypothesized to be driven by a cation (H*
or Na') gradient but has not yet been proven experimentally
(Laughlin et al., 2020). From an engineering standpoint, DAB
proteins may represent a viable alternative to NDH1,,, complexes
as candidates for CO, uptake/recapture in chloroplasts as
introduction of only two proteins is required for DABs compared
to 20-21 different proteins for NDHI;, (Price et al, 2019).
However, the suitability of DABs to function in chloroplasts
will be uncertain until mechanisms of energization/regulation
are resolved. In addition, we need to consider that DABs or
any vectorial CA will only be effective in the final engineering
stages once the endogenous stromal CA has been successfully
removed (Price et al., 2011a).

Microalgal C; Uptake Systems

In Chlamydomonas, HCO;™ transporter genes induced under
low C; include plasma membrane-located HLA3 and LCI1
(Figure 2; Kono and Spalding, 2020), the chloroplast envelope-
located LCIA (Narl.2; Wang et al., 2011; Atkinson et al., 2016;
Kono and Spalding, 2020), thylakoid membrane-integral
bestrophin-like proteins BST1, BST2, and BST3 (Mukherjee
et al, 2019), and the chloroplast-located CIA8 (Machingura
et al., 2017). In addition, stromal LCIB/C complex and the
thylakoid lumenal carbonic anhydrase CAH3 have been implied
in CO, recapture (reviewed in Mackinder, 2018; Mallikarjuna
et al, 2020). Importantly, neither substrate affinities, net
accumulation capacity, and energization nor regulatory
mechanisms of individual transporters are sufficiently understood
to evaluate their suitability for expression in C; chloroplasts
at this time (Table 1). It is highly likely though that HLA3
(Figure 1C), as a member of the ABC and transporter family,
is energized by ATP hydrolysis (Wang et al, 2015), and
heterologous expression of HLA3 or LCIA in Xenopus oocytes
showed some HCO,;™ uptake activity but were not characterized
further (Atkinson et al., 2016).

WHAT ARE THE ENERGETIC AND
FUNCTIONAL REQUIREMENTS OF C;
UPTAKE SYSTEMS?

One major challenge for heterologous expression of C; uptake
systems is the regulation of protein function, which encompasses

both primary energization and fine-tuning of activity to match
dynamic photosynthetic CO, assimilation capacity of plant
leaves (Price et al., 2013; Rae et al., 2017; Mackinder, 2018).
Irrespective of the organism, C; uptake appears to be controlled
at the level of gene expression as well as protein function.
While our current knowledge allows us to control expression
of transgenes quite effectively, control of protein function in
a non-native environment is still vastly empirical and, without
greater understanding, far from attaining control by
rational design.

Regulation of transporter function appears to be as little
understood as energization. Most knowledge has been gathered
for the cyanobacterial C; uptake systems (Table 1). In
cyanobacteria, as in chloroplasts, elevated HCO;™~ concentration
is only beneficial for photosynthetic carbon gain in the light.
For maximum efficiency, C; uptake activity needs to be in
tune with day/night cycles and changes in light intensity. In
cyanobacteria, CO, uptake and HCO,™ transport are activated
within seconds in the light, with CO, uptake preceding HCO,~
uptake (Badger and Andrews, 1982; Price et al., 2008, 2011b),
and both SbtA and BicA are inactivated within seconds in
the dark (Price et al., 2013; Forster et al., 2021). While a link
between light-activation/dark-inactivation of C; uptake and the
state of photosynthetic electron transport and/or to a redox
signal has been suggested by Kaplan et al. (1987), the identity
of the light signal, signal transduction pathways and sensory/
response mechanisms of the C; uptake proteins are still elusive.
Furthermore, protein phosphorylation may play a role in post-
translational modulation of HCO;™ transporter activity
(Sultemeyer et al., 1998), and it is uncertain whether the native
cyanobacterial regulatory kinases/phosphatases could function
correctly in plastids when co-expressed with their transporter
targets. This level of regulation dependency needs to be addressed
to ensure replication of cyanobacterial-like control of C; uptake
mechanisms in a C; system.

Light/Dark Control of C; Uptake

There is some evidence for redox-regulation of CO, uptake
by the NDH-1 complexes in cyanobacteria. NDH1;,, function
is directly linked to the trans-thylakoid proton motive force
and cyclic electron transfer at photosystem I through interaction
with ferredoxin and plastoquinone intermediates of the
photosynthetic electron transport chain (ETC; Schuller et al,,
2020). Light-driven changes in photosynthetic electron transport
cause instantaneous changes of the redox state of the ETC
which modulates CO, fixation via changes in NADPH production,
ATP synthesis, and the redox-sensitive activation state of the
Calvin-Benson-Bassham (CBB) cycle enzymes. In cyanobacteria,
oxidizing conditions activate the small, inhibitory CP12 protein
and ferredoxin-thioredoxin redox signaling cascades which
inhibit the CBB cycle enzymes (via thiol-oxidation of cysteines;
McFarlane et al., 2019), thus coordinating CO, uptake and
carboxylation. Given that the ETC and the ferredoxin-
thioredoxin-CP12 regulatory system are highly conserved and
present in all plant chloroplasts, regulatory features may already
be present in chloroplasts if large, multi-gene NDH-1 complexes
could be heterologously expressed. However, it is unlikely that
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this modus of redox-regulation applies to plasma membrane-
located HCO;™ transporters, which are spatially separated from
the ETC and have not been detected among proteins targeted
by thioredoxin (Lindahl and Florencio, 2003).

Currently without experimental evidence, other putative
redox-sensitive regulatory mechanisms for cyanobacterial C
uptake, such as eliciting signaling molecules such as Ca®
(Torrecilla et al., 2004; Dominguez et al., 2015), light-stimulated
changes in membrane potential (Murvanidze and Glagolev,
1982), and Ca*" sensory phosphorylation relays triggered by
light-dark transitions (Mata-Cabana et al., 2012) are speculative.
However, regardless of the regulatory mechanism, the main
concern remains whether an analogous regulatory system exists
in the chloroplast and whether it can interact appropriately
with the introduced foreign proteins, or, whether such systems
need to be transplanted into chloroplasts alongside C; uptake
systems. Importantly, Ca>* plays a major regulatory role for
photosynthesis and related metabolism in chloroplasts and
light-dark transitions elicit specific Ca** responses (Pottosin
and Shabala, 2016). Therefore, chloroplasts harbor an extensive
Ca’* signaling infrastructure and are part of the whole plant
signaling network which includes crosstalk between chloroplastic
and cytoplasmic Ca®* signaling responses to environmental
stimuli (Navazio et al., 2020). How the incorporation of additional
systems, which could have Ca** dependencies, might impact
on overall inter- and intra-cellular signaling is yet to be seen.

So far, evidence for control of HCO;™ uptake involving
interaction of the transporter with regulatory proteins and/or
additional co-factors has only emerged for SbtA. Heterologous
co-expression of SbtA and its cognate Py-like SbtB proteins
in E. coli abolished SbtA-mediated HCO,™ uptake constitutively
and formed SbtA:SbtB containing protein complexes (Du et al.,
2014). This suggests activity of SbtA can be modulated through
binding its respective SbtB (Fang et al., 2021). Effects on SbtA
activity have not been observed in low Ci-acclimated, SbtB-
deficient cyanobacterial mutants (Forster et al., 2021), although
initial C; acclimation and growth appeared to be compromised
in Synechocystis sp. PCC6803 (Selim et al., 2018). However,
so far, in vitro evidence suggest that certain SbtA and SbtB
pairs interact in response to adenylate ratios and adenylate
energy charge sensed through SbtB (Kaczmarski et al., 2019;
Forster et al., 2021), and even though the in vivo role of the
SbtA-SbtB interaction is not clear yet, co-expression of SbtA
and SbtB may be necessary for appropriate functional control
in chloroplasts.

Implications for pH Balance, lon

Homeostasis, and Energetic Requirements
While single gene HCO,;™ transporters such as the SbtA HCO,™/
Na* symporters are prime candidates for chloroplast expression
(Du et al,, 2014), accumulation of HCO,;  and Na' in the
stroma in the dark could theoretically lead to pH imbalances
and high concentrations of Na* impairing chloroplast
biochemistry (Price et al, 2008; Mueller et al., 2014; Myo
et al, 2020). Cellular pH is tightly regulated to ensure near
optimal conditions for biochemical reactions to occur. The
cytoplasmic pH in Arabidopsis is maintained at about 7.3

(Shen et al., 2013), whereas the chloroplast stroma has been
reported to vary between pH 7.2 in the dark to about pH
8 in the light (Hohner et al, 2016). All membrane systems
in plant cells possess numerous transport systems (comprised
of cation/H* and anion/H* exchangers) that maintain pH
homeostasis in different subcellular compartments, and
transmembrane H* gradients as a proton motive energy source.
In the light, the capacity for pH-regulation and buffering in
chloroplasts is likely to accommodate the alkalinization caused
by continued HCO;~ import into the chloroplast. Bicarbonate
accumulation in the chloroplast via a single transporter type
is unlikely to exceed the pool sizes of up to 50 mM measured
in CCM-induced and actively photosynthesizing cyanobacteria
(Kaplan et al., 1980; Woodger et al., 2005). Moreover, the pH
disturbance associated with short-term (~ 5min) exposure of
leaves to high CO,, which elevated stromal HCO;™ up to 90 mM
in the dark and 120mM in the light, was counteracted rapidly
within seconds (Hauser et al., 1995). However, it is uncertain
whether pH buffering is as effective if continued HCO;™ uptake
in the dark were to accumulate substantial HCO;™ pools without
consumption by Rubisco. Consideration must therefore be given
to this uncertainty in CCM engineering strategies.

The second potentially confounding issue with expression
of the SbtA and BicA transporters on the chloroplast envelope
is the influx of Na*. Assuming a stoichiometry of 1:1 for Na*
and HCO;~ co-transport, these transporters could increase
chloroplast [Na*] by at least as much as the [HCO;™] mentioned
above. In contrast to halophytes which tolerate higher
chloroplastic Na* concentrations, photosynthesis in glycophytes
(including many C; crop plants) becomes impaired by subtle
elevation of stromal Na* from 0.21 to 0.38mM in Arabidopsis
(Mueller et al, 2014). The NHD1 Na'/H* antiporter on the
chloroplast envelope is active in Na* extrusion (Figure 2),
maintaining a positive Na* gradient for other Na*-dependent
carriers on the chloroplast envelope, regulating stromal pH,
and contributing to salt tolerance (Hohner et al., 2016; Tsujii
etal., 2020). This suggests that, in particular, light/dark regulated
Na* extrusion and Na*/HCO," symport need to be synchronized.
Thus, boosting Na* export systems on the chloroplast envelope
may be required to restore ion/pH balance, which could involve
overexpression of the endogenous NHDI1 or expression of
foreign Na*/H* antiporters such as cyanobacterial Nha$S proteins
(Price et al., 2013).

Unfortunately, regulation of Na* fluxes between different
compartments of plant cells and the characteristics of Na*
carriers are not well understood, therefore making it difficult
to predict how active HCO;™ uptake might influence Na* fluxes.
In addition to the potential over-accumulation of stromal [Na'],
it is not clear whether the cytoplasmic [Na'] and the magnitude
of the Na® gradient across the chloroplast envelope will
be sufficient for optimal energization of SbtA or BicA and in
varying environments. Estimates of cytoplasmic [Na'] range
between 3 and 30 mM (Karley et al., 2000; Tester and Davenport,
2003), which exceeds the K,5; (Na" concentration supporting
half-maximum HCO,;™ uptake rates) of 1-2mM Na* for SbtA
and BicA (Price et al., 2004; Du et al, 2014). Stromal Na*
concentrations have been reported between 0.2 and 7mM
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(Schroppel-Meier and Kaiser, 1988; Mueller et al, 2014).
Therefore, dependent on the plant species and/or environmental
conditions, cytoplasmic Na* is in the lower concentration range,
and the differential between cytoplasm and stroma, could
impose limits on HCO,™ uptake rates depending on substrate
availability. However, plants under field conditions experience
relatively higher salinity in most agricultural soils than in
controlled growth environments, which means we can expect
their cells operate at slightly elevated cytoplasmic Na* levels
(Tester and Davenport, 2003), which renders Na* limitation
fairly unlikely.

Based on homology to ABC transporters, the cyanobacterial
BCT1 and the Chlamydomonas HLA3 (Figures 1A,C) are
thought to be energized by ATP hydrolysis, but the ATP
required per HCO,™ transported has not been determined.
Modeled ATP requirements for SbtA and BicA activity, which
consume ATP indirectly as costs for proton transport to maintain
the Na* gradient, project 0.5 and 0.25 ATP, respectively, per
HCO;™ transported (Price et al, 2011a). Particularly at low
external C, suppression of photorespiration by active HCO;~
uptake is more ATP cost-effective than typical C; photosynthesis,
and ATP demand for transporter function should be readily
covered by photophosphorylation in the chloroplast. The
modeling did not consider additional ATP requirements for
synthesis and maintenance of C; uptake complexes though,
since protein accumulation and turnover rates are unknown
in both native organisms and chloroplasts, which is a modest
pressure onto ATP production compared to the overall daily
expenditure in living cells. Recent modeling of proposed
pyrenoid-based systems also highlights ATP costs to chloroplastic
CCMs; however, these can be limited depending on the
engineering strategy (Fei et al., 2021).

HOW CAN WE GET C; UPTAKE
SYSTEMS INTO THE CHLOROPLAST?

The expression of transgenes from the nuclear genome of
terrestrial plants is the favored means to introduce a CCM
into crop plants due to current difficulties associated with
successful insertion of exogenous genes into the chloroplast
genomes of some major crops (Hanson et al., 2013). Nonetheless,
many proof-of-concept approaches utilize plastome expression
to assess CCM components (Lin et al., 2014b; Pengelly et al.,
2014; Long et al., 2018). We focus here on strategies relating
to the import of nuclear-encoded proteins into chloroplastic
membranes and stroma where broader application to the majority
of globally important crops is feasible. This approach introduces
many complicating challenges when considering the transfer
of systems from a cyanobacterium where proteins are targeted
to the membrane from the inside, whereas in chloroplast
proteins would come from the outside.

Successful transport of HCO;™ into C; plant chloroplasts
requires that a transporter will be pumping solute across the
chloroplast IEM, into the chloroplast stroma. This sounds simple
in principle but implies several assumptions about the transporter
are true. Firstly, that it is successfully expressed and targeted

to the chloroplast. Secondly, correct direction of the imported
protein to the chloroplast IEM occurs. Thirdly, the protein
must fold and orient itself in the appropriate manner such
that its intended direction of transport is inward to the stroma.
Finally, any processes which ensure activation and energization
of the transporter must be met (discussed above). Correct
targeting of HCO,~ transporters to the chloroplast IEM has
been the subject of several reports in recent years (Atkinson
et al, 2016; Rolland et al., 2016, 2017; Uehara et al., 2016,
2020; Nolke et al., 2019), however, correct localization, orientation,
and activation of these proteins to ensure favorable function
remain an engineering challenge.

Foreign Protein Expression and Targeting
The initial step of expressing foreign genes in transgenic plants
is a common point of failure due to a myriad of factors relating
to gene positional effects (Pérez-Gonzalez and Caro, 2019)
and silencing (Jackson et al, 2014), codon usage (Nakamura
and Sugiura, 2009), promotor and terminator combinations
(Beyene et al.,, 2011; de Felippes et al., 2020), and potential
degradation of the precursor protein (Lee et al, 2009; Shen
et al, 2017; Hristou et al, 2020). This usually requires the
analysis of relatively large numbers of plant transformation
events and somewhat laborious testing of gene expression
cassettes (often in transient expression systems) to ensure
appropriate levels of protein expression can be achieved. We do
not provide further discussion on this point but highlight that
fine-tuning this aspect of CCM engineering in C; plants is
not trivial and can heavily impact on the trajectories of
engineering approaches.

Once expressed, nuclear encoded proteins targeted to the
chloroplasts are translocated as pre-proteins within the cytosol
where chaperones, such as Hsp70, Hsp90, and the 14-3-3
protein complex are involved throughout the translocation
process (Figure 3; May and Soll, 2000; Schwenkert et al., 2011).
Proteins translated in the cytosol and destined for the chloroplast
either remain unfolded with the help of chaperones (Jarvis,
2008), or can be imported to the chloroplast in a fully-formed
state (Ganesan et al., 2018), prior to translocation across the
chloroplast envelope. These chaperones are crucial to prevent
the premature folding of large proteins and aggregation and/
or degradation of pre-proteins (Wojcik and Kriechbaumer, 2021).

Upon reaching the chloroplast, pre-proteins enter through
the TIC-TOC pathway and are then directed within the chloroplast
to their final destination (e.g., IEM, OEM, stroma, thylakoid
membrane, or lumen; Figure 3; Oh and Hwang, 2015; Lee et al,,
2017; Xu et al., 2020). Noticeably, post-import insertion into
the IEM could involve additional processing by the Cpn60/
Cpn10 chaperonin complex within the stroma, prior to insertion
into the IEM through a membrane bound translocase (SEC2;
Li and Schnell, 2006; Li et al, 2017). These various processes
are facilitated by the pre-protein chloroplast transit peptide (cTP)
which possesses binding sites for chaperones and is crucial for
targeting nuclear-encoded proteins into the chloroplast (Ivey
et al,, 2000; Rial et al., 2000; Lee and Hwang, 2018). Therefore,
the types of chaperones that would mediate foreign pre-protein
chloroplast import would depend on the cTP used. There is
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FIGURE 3 | Possible pathways for membrane HCO,~ transporter insertion in
G5 chloroplasts. For successful targeting to the correct membrane in Cs
chloroplasts, candidate inorganic carbon uptake system proteins need to
utilize an appropriate chloroplast targeting peptide (cTP) at the N-terminus of
the nuclear-encoded pre-protein. Chaperones co-ordinate transit of
membrane pre-proteins to the TIC-TOC translocons enabling initial import into
the chloroplast. Here, proteins can undergo a number of localization
processes, dependent on sequence motifs and interactions. Proteins
destined for the IEM are handled by the stop-transfer or post-import (SEC2)
pathways, whereas the signal recognition particle (SRP) pathway is utilized by
proteins destined for the thylakoid (Lee et al., 2017). Ultimate localization can
be partly driven by transmembrane domain (TMD) sequences (Rolland et al.,
2017; Singhal and Fernandez, 2017). The stromal processing peptidase (SPP)
must recognize and cleave the cTP in such a way that no functionally
disruptive scar is left behind on mature transporters when they reach their

proper destination. Very little is known about targeting foreign proteins to the
IMS.

currently no understanding of the cyanobacterial chaperone
requirements for CCM-related HCO;™ transporters in their native
systems, thus we must rely on host system chaperones for correct
folding (if required) in heterologous plant expression. However,
Atkinson et al. (2016) and Nolke et al. (2019) have shown
successful targeting of microalgal chloroplast membrane
transporters, suggesting there is a propensity for direct transfer
of proteins from homologous systems with chloroplasts. Notably,
the common ancestral origin of cyanobacteria and C, plant
chloroplasts is partly identified in shared phylogeny of many
of their outer membrane proteins (Day and Theg, 2018), and
this might suggest potential for successful transfer of cyanobacterial
membrane components to the chloroplast IEM. However, the
transfer of genes from the plastome to the nucleus during C,
plant evolution means both the inversion of directional insertion

of membrane proteins (Day and Theg, 2018), and the emergence
of cTPs to enable protein trafficking through the TIC-TOC
complex and to the correct membrane (Figure 3; Knopp et al., 2020;
Ramundo et al., 2020).

Correct targeting to the chloroplast membranes is further
complicated by the presence of additional organelles in plant
cells, and dual targeting between chloroplasts and mitochondria
is commonly observed (Peeters and Small, 2001; Sharma et al.,
2018). This complexity of organelle targeting (Bruce, 2000;
Wojcik and Kriechbaumer, 2021) requires specific choice of
cTP in proposed photosynthetic engineering strategies, and
we suggest that the direction of foreign proteins to the appropriate
cellular compartment is unlikely to be a one-size-fits-all solution
(Rolland et al., 2017). There are also likely to be protein cargo-
specific requirements which determine the choice of cTP for
each heterologous membrane protein directed to the chloroplast
IEM, thus identifying the need to test and tailor genetic
constructs on an individual basis. This strategy is also required
to optimize promotor/terminator requirements and is highly
relevant in systems where protein stoichiometry (such as for
multi-protein complex transporters such as BCT1) may
be essential for function.

Successful incorporation of multi-component membrane
transporter complexes such as BCT1 (Figures 1, 2) will require
subunits which lie not only in the IEM, but also in the IMS
and the stroma of the chloroplast. Targeting to the IMS has
not been well investigated, with few examples in the literature
investigating the subject (Kouranov et al., 1999; Vojta et al.,
2007). At least two pathways to this location are thought to
exist, one where proteins mature in the IMS (e.g., the TIC
complex subunit Tic22; Kouranov et al., 1999), and one where
proteins transit through the stroma and are then re-inserted
into the IMS (e.g., MGD1; Vojta et al, 2007). Which may
be the most appropriate pathway and whether foreign proteins
can utilize either approach is yet to be described. In contrast,
targeting to the stroma has been thoroughly studied and might
therefore be the easiest to achieve (reviewed in Li and Chiu,
2010). One aspect worth mentioning is the stromal processing
peptidase (SPP) which is known to cleave cTPs from several
nuclear-encoded proteins imported into the stroma (Figure 3;
Richter and Lamppa, 1998, 2002). The complete removal of
cTPs is highly desirable in chloroplast engineering, as N-terminal
additions to foreign proteins can impede their function. However,
successful cTP cleavage may be prevented by cargo protein
secondary and tertiary structure. With difficult cargoes, cTPs
may need to be extended beyond the cleavage site with a
flexible linker which will ultimately leave a scar that might
also impede protein function. Notably, however, some novel
cTPs have been designed to reduce the proteolytic scars while
enhancing targeting of difficult protein cargoes. These engineered
cTPs, such as RC2 and PC1 (Shen et al, 2017; Yao et al,
2020) include about 20 residues from its native mature cargo
(a spacer to allow translocating factors better access to the
cTP) which are followed by a second SPP cleavage site (to
allow removal of the additional 20 residues used as spacer).
Another approach that has been specifically used for the HCO;~
transporters SbtA and BicA included a TEV protease cleavage
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site after the cTP to enable removal by a heterologously expressed
TEV protease (Uehara et al, 2016, 2020).

As mentioned above, the NDH complex may depend on
plastoquinone for energization, and if we were to use such a
complex for CO, recapture, the chloroplast thylakoid membrane
would be the destination of choice (Figure 2; Long et al., 2016;
Price et al, 2019; Hennacy and Jonikas, 2020). While the
chloroplast twin arginine translocation, and secretory pathways
direct mostly soluble proteins to the thylakoid lumen, it is the
chloroplast signal recognition pathway (SRP) that targets membrane
proteins to the thylakoid membrane (Figure 3; Smeckens et al.,
1985; Schnell, 1998; Aldridge et al., 2009; Ouyang et al., 2020;
Xu et al, 2020). Note that dual targeting between thylakoid
and IEM was encountered when foreign transporters were targeted
to the IEM (Pengelly et al., 2014; Rolland et al., 2017). A study
on two closely related Arabidopsis proteins, SCY1 (thylakoids)
and SCY2 (IEM), shed light on the sorting mechanism between
IEM and thylakoids. In brief, the N-terminal region of SCY2
alone was not sufficient for exclusive targeting to the IEM.
Instead, two internal transmembrane domains (TMDs) were
required to achieve unambiguous localization to the IEM with
no leakage toward the thylakoid membrane (Singhal and Fernandez,
2017). This study demonstrated that targeting is cargo-dependent.
Hence, a more complex engineering of cargo TMDs might
be required to successfully target foreign HCO;~ transporters
within the chloroplast (Rolland et al., 2017).

Control of Membrane Protein Orientation

Due to the inverted targeting strategy proposed for cyanobacterial
transporters, there is potential for nuclear-encoded membrane
proteins to be incorrectly oriented in the chloroplast IEM,
even if targeting is successful. Most of the work done to
understand membrane protein orientation (i.e., TMD topology)
has been carried out in bacteria, establishing the positive-inside
rule (Lys and Arg rich loops orient in the cytoplasm; von
Heijne, 1986) and the charge-balanced rule (Dowhan et al,
2019). However, little is known about topology determinants
in C; plant chloroplast membranes. Membrane lipid composition
is known to influence the orientation of membrane proteins
in the OEM (Schleiff et al., 2001). However, since the lipid
composition of the C; chloroplast OEM differs from the IEM
(Block et al., 2007), it is difficult to draw parallels between
their orientation determinants. Interestingly, specific TMDs also
appear to affect membrane protein orientation (Viana et al.,
2010; Okawa et al.,, 2014). While changing lipid composition
to control orientation is unrealistic in plants (but was achieved
in bacteria; Dowhan et al, 2019), rational design of TMDs,
and interconnecting loops (Rapp et al, 2007) from HCO,"
uptake systems might be an option. As shown for the secretory
pathway in plant endoplasmic reticulum, membrane protein
signal peptides may also play a role in the orientation of some
proteins (Wojcik and Kriechbaumer, 2021). Hence, it is reasonable
to assume that correct targeting and orientation of membrane
proteins in the chloroplast IEM are dependent on both the
cargo protein and its targeting sequence (Rolland et al., 2016;
Uehara et al, 2016, 2020). As a result, broad screening of
targeting peptides for candidate cyanobacterial membrane protein

cargos is likely required, both on a case-by-case basis and
possibly between heterologous hosts. Membrane protein
orientation must therefore be considered when addressing CCM
component expression in plant systems and will affect predicted
outcomes of functional HCO,” uptake assessment in
transformed plants.

PERSPECTIVES AND CONCLUSION

Application of synthetic biology approaches to elevate HCO,~
concentrations in C; plant chloroplasts, as a means to enhance
Rubisco carboxylation, is an ongoing engineering endeavor among
plant biologists. It is, however, a complex task which needs to
be considered within a broad framework of molecular and
physiological complexity. Efforts to heterologously express
candidate HCO;~ transporters and CO,-to-HCO;~ converting
complexes in C; plants must therefore be contemplated within
this context. Therefore, it is critically important that researchers
addressing this challenge gather evidence of correct targeting,
orientation and processing of protein transporters in plant systems.
Functionality should be addressed where possible, and techniques
which provide evidence of successful HCO;™ import (e.g., Tolleter
etal, 2017) and elevated leaf-level carboxylation should accompany
reports of plant growth and productivity to ensure that predicted
physiological outcomes correlate with enhanced growth. In
addition to this, greater detail is required on the functional
characterization of existing HCO;™ uptake systems in their native
systems (Table 1), while an understanding of the broader natural
variation in HCO,~ uptake systems (e.g., Scott et al, 2018;
Desmarais et al., 2019) should be accumulated to provide greater
options for engineering purposes.
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Sustainable and economically viable support for an ever-increasing global population
requires a paradigm shift in agricultural productivity, including the application of
biotechnology to generate future crop plants. Current genetic engineering approaches
aimed at enhancing the photosynthetic efficiency or composition of the harvested tissues
involve relatively simple manipulations of endogenous metabolism. However, radical
rewiring of central metabolism using new-to-nature pathways, so-called “synthetic
metabolism”, may be needed to really bring about significant step changes. In many
cases, this will require re-programming the metabolism of the chloroplast, or other
plastids in non-green tissues, through a combination of chloroplast and nuclear
engineering. However, current technologies for sophisticated chloroplast engineering
(“transplastomics”) of plants are limited to just a handful of species. Moreover, the
testing of metabolic rewiring in the chloroplast of plant models is often impractical
given their obligate phototrophy, the extended time needed to create stable non-
chimeric transplastomic lines, and the technical challenges associated with regeneration
of whole plants. In contrast, the unicellular green alga, Chlamydomonas reinhardftii is
a facultative heterotroph that allows for extensive modification of chloroplast function,
including non-photosynthetic designs. Moreover, chloroplast engineering in C. reinhardtii
is facile, with the ability to generate novel lines in a matter of weeks, and a well-
defined molecular toolbox allows for rapid iterations of the “Design-Build-Test-Learn”
(DBTL) cycle of modern synthetic biology approaches. The recent development of
combinatorial DNA assembly pipelines for designing and building transgene clusters,
simple methods for marker-free delivery of these clusters into the chloroplast genome,
and the pre-existing wealth of knowledge regarding chloroplast gene expression and
regulation in C. reinhardtii further adds to the versatility of transplastomics using this
organism. Herein, we review the inherent advantages of the algal chloroplast as a
simple and tractable testbed for metabolic engineering designs, which could then be
implemented in higher plants.

Keywords: crop improvement, chloroplast, synthetic biology, transplastomics, Chlamydomonas reinhardtii
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INTRODUCTION

The latter half of the 20th century witnessed what is widely
referred to as the “Green Revolution”. By implementing
agricultural technologies such as novel high-yielding varieties
of cereal crops in combination with the adoption of synthetic
fertilisers, new crop protection technologies, and intensive
irrigation regimes, it is estimated that global food production
tripled between the 1960s and early 2000’s (Pingali, 2012).
However, the returns from such technologies are plateauing
for all major crops, particularly for the cereals (Grassini
et al, 2013), and it is recognised that more radical changes
to the phenotypes of crop species will be needed in order
to significantly increase their productivity and improve their
nutritional content. Changes that are essential to meet the
challenges of dramatic climatic changes and an ever-increasing
global population (Bailey-Serres et al., 2019). Carefully managed
commercial production of transgenic crops with resistance to
herbicides (Duke, 2015) and insect pests (Tabashnik et al.,
2013) has already become a reality and has shown promise
for future undertakings. One can imagine further desirable
improvements, such as tolerance to weather extremes (Bailey-
Serres et al, 2019), more efficient light harvesting and
energy conversion through manipulations of the photosynthetic
apparatus (Perera-Castro and Flexas, 2020), “upgrading” the
carbon-fixation pathway (Simkin et al, 2015, 2017; Ding
et al, 2016) and even the elimination of the ubiquitous
but inefficient Rubisco enzyme (Sharwood, 2017; Cummins
et al, 2018). Further radical engineering might include the
introduction of nitrogen fixation into the plant tissue (Liu
et al, 2018) or new anabolic pathways for key nutrients
currently lacking in plants, such as vitamin By, (Smith et al,
2007) and long-chain polyunsaturated fatty acids (Venegas-
Caleron et al., 2010). Clearly, realising such goals will require
approaches beyond conventional breeding and selection, namely
sophisticated genetic engineering tools combined with synthetic
biology and systems biology technologies for the major crop
species, together with a simple model chassis that can serve
as a tractable and malleable testbed for exploring these
radical ideas.

For many of the desired improvements, the plastid is a key
player since it is the site of photosynthesis within green tissue,
as well as the site of major metabolic pathways, such as starch,
haem, and fatty acid biosynthesis (Neuhaus and Emes, 2000),
and a proposed location for nitrogen fixation (Liu et al., 2018).
Since plastids contain their own small genome (termed, the
plastome) and a genetic system derived from their prokaryotic
ancestry (Green, 2011), this represents an attractive target for
genetic engineering compared to the nuclear genome. Here,
novel enzymes or structural proteins would be synthesised
in situ in the plastid rather than requiring import from the
cytosol, and the physical separation of the plastome from the
nuclear genome may allow for more radical modifications,
such as genetic recoding for biocontainment of the transgenes
(Clark and Maselko, 2020). Genetic engineering of the plastome
(transplastomics) is well-established in Nicotiana tabacum and is
feasible for approximately 20 other plant species (Bock, 2015; Yu

etal., 2020), and we are now seeing the development of synthetic
biology (SynBio) assembly methods and libraries of validated
DNAs that will allow for the rapid design and construction of
different transgene assemblies (Occhialini et al., 2019). Ideally,
these should be tested via multiple cycles of Design-Build-
Test-Learn (DBTL; Figure 1) to explore the engineering space.
However, implementation is challenging, not least because the
obligate phototrophy of these plants makes manipulations of
photosynthetic function problematic, and their macroscopic size
and the many months needed to generate mature transgenic
plants limit the scale and speed of DBTL cycles (Schindel et al.,
2018). In contrast, the unicellular microalga, Chlamydomonas
reinhardtii (hereafter Chlamydomonas) is able to dispense
completely with photosynthesis and possesses a single chloroplast
that is readily transformable (Boynton et al., 1988; Chen, 1996;
Wannathong et al., 2016). Transplastomic lines can be generated
in only a few weeks, and the microbial nature of Chlamydomonas
means it is amenable to high-throughput analysis, either as
colonies on agar plates (Shao and Bock, 2008; Ferenczi et al., 2017;
Nouemssi et al., 2020), liquid cultures arrayed in microtiter plates
(Haire et al., 2018), or as single cells sorted using flow cytometry
or microdroplet technology (Pan et al., 2011; Velmurugan et al.,
2013; Kim et al., 2017; Yu et al., 2021).

Since the first demonstration of chloroplast transformation of
Chlamydomonas in 1988 (Boynton et al., 1988), the molecular
tools and the know-how for manipulating the plastome have
steadily improved, and we are now seeing the emergence of
SynBio technologies that allow for the reduction and refactoring
of the plastome, the standardised assembly and targeted insertion
of multiple transgenes, and the analysis and regulation of these
genes (Gimpel et al.,, 2016; Larrea-Alvarez and Purton, 2020).
Importantly, algal transplastomics is now spreading beyond
this model species with a flurry of reports of chloroplast
transformation in other microalgae, including commercially-
important species that are gaining traction as future sources of
food and feed (Georgianna et al., 2013; Cui et al., 2014; Gan
etal., 2018). If these results can be reproduced and implemented,
improving the productivity and nutrition of these species will
provide at least a partial solution to feeding the world.

In this review, we discuss the evolution and tractability
of the chloroplast genetic system, recent advances in genetic
engineering technologies for the algal chloroplast, the emergence
of SynBio approaches, and the potential for the application of
DBTL in the context of the algal chloroplast. We summarise
examples of projects for which there is great potential for
the algal chloroplast as a SynBio testbed for the kind of
advanced, step-change modifications needed to power the Green
Revolution 2.0.

EVOLUTION AND TRACTABILITY OF THE
CHLOROPLAST GENETIC SYSTEM

The chloroplasts of plants and algae evolved from a
single endosymbiotic event ~1.5 billion years ago when a
cyanobacterial ancestor was engulfed by a heterotrophic
eukaryote (Green, 2011). The evolution of the chloroplast
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can be as short as 10-13 weeks.

FIGURE 1 | The Chlamydomonas plastid testbed. The design stage of the Design-Build-Test-Learn (DBTL) cycle is supported by the availability of accurately detailed
genomic and transcriptomic information and a vast library of parental mutant strains, readily available from the Chlamydomonas Resource Center. Golden Gate
cloning strategies can be used to design parallel builds of multiple construct variants with ease. In the build phase, these constructs can then be assembled in
one-pot cloning reactions to generate validated plasmids in less than a week. The chloroplast transformation procedure takes ~1 week, including culturing time, with
colonies taking ~1 week to appear and a further ~3 weeks to generate homoplasmic transgenic cell lines. In the test phase, rapid absorbance, fluorescence, and
luminescence assays can be carried out in <1 week to screen cell lines before more robust growth analysis (1-2 weeks), and sophisticated physiological analysis is
performed (2-3 weeks). Depending on the output of the test phase, designs can either be optimised further or adapted for use in higher plants. The entire DBTL cycle

involved multiple gene losses and extensive transfer of genes to
the host-cell nucleus. Consequently, the plastome has undergone
a dramatic reduction in size and complexity compared to the
original cyanobacterial genome, with ~90% of chloroplast
proteins now being encoded by the nucleus and imported
into the organelle. Most of the hundred-or-so genes that have
been retained on the plastome encode core components of
the photosynthetic apparatus or the transcription-translation
machinery of the organelle. The plastid can therefore be viewed
as a naturally evolved minimal cell, containing a streamlined
genome and genetic system that retains many prokaryotic
features (Scharff and Bock, 2014). The nucleus controls much
of the genetic function of the chloroplast, encoding many of the
ribosomal proteins and other housekeeping components, as well
as specificity factors for RNA transcription, processing, stability,
and translation. At the same time, retrograde signalling from
the organelle regulates nucleus-encoded photosynthetic genes
in response to the physiological status of the chloroplast (Chan
et al., 2016).

Whilst targeting of foreign genes into the plastome has
been reported for various higher plants and algae, it is most
established for tobacco and Chlamydomonas (Purton et al.,
2013; Yu et al., 2020). Transformation of the Chlamydomonas
chloroplast genome was first demonstrated over 30 years ago,
with DNA delivered into the organelle by the bombardment of
lawn of cells with DNA-coated microparticles (Boynton et al.,
1988). This “biolistics” method is highly effective with initial
transformant colonies recovered after ~7 days (Purton, 2007)
and has been routinely adopted in many labs around the world.
Alternatively, a simpler, although less efficient, method for
the transformation of the Chlamydomonas chloroplast involves
vortexing a cell suspension with glass beads and DNA (Larrea-
Alvarez et al., 2021). DNA insertion into the plastome occurs
exclusively via homologous recombination, allowing for precise
and predictable integration of transgenes (Bock, 2015). However,
there are between ~40 and ~100 copies of the plastome in each
chloroplast, depending on the physiological state of the cell (Lau
et al., 2000), and only a few copies initially acquire the foreign
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DNA (so-called heteroplasmy). It is, therefore, necessary to drive
the transformant lines to homoplasmy by single colony isolation
on selective media; this process takes a further 2-3 weeks
for Chlamydomonas, whereas for plants that possess multiple
chloroplasts per cell (so as many as 10,000 plastome copies per
cell) this can require multiple rounds of plant regeneration from
leaf tissue and can take several months (Bock, 2015).

The DNA sequence of the 205kb circular plastome of
Chlamydomonas was first assembled in 2002, revealing a typical
chloroplast DNA structure of two single-copy regions separated
by two large inverted repeats (Maul et al., 2002). The presence
of many short-dispersed repeats (SDRs) was observed as a
major contributor to the high repetitive sequence content
of the plastome (~20%). An improved plastome sequence,
derived from a single strain (CC-503) was produced in 2009
(Smith and Lee, 2009), before a de novo sequence of the
complete plastome was generated by shotgun sequencing in 2018
and complemented with RNA-Seq-guided gene annotations,
amending several discrepancies in previous versions (Gallaher
et al., 2018). The Chlamydomonas plastome encodes 108 genes
(including duplicates) (Gallaher et al., 2018): 8 rRNA genes, 29
tRNAs, and 71 protein-coding genes (Figure 2), a typical gene
content for chloroplast genomes (Green, 2011).

Gene expression in the Chlamydomonas chloroplast is simpler
than that in higher plant plastids. Transcription involves a single
eubacterial type of RNA polymerase and promoter recognition
mediated by a single sigma’®-like factor (Smith and Purton,
2002). This contrasts with plant plastids that possess two or
more RNA polymerases and multiple sigma factors with distinct
promoter preferences (Puthiyaveetil et al., 2021). All of the
transcription start sites on the Chlamydomonas plastome have
recently been mapped, together with most of the RNA processing
sites (Cavaiuolo et al., 2017). Only three gene transcripts
(those for psaA, psbA, and rrnL) undergo RNA splicing, and
unlike in higher plants (Rodrigues et al., 2017), there is no
RNA editing. Post-transcriptional steps of transcript processing,
stabilisation, and translation initiation are mediated by nuclear-
encoded factors, most of which are pentatricopeptide repeat
(PPR), tetratricopeptide repeat (TPR), or octatricopeptide repeat
(OPR) proteins (Gorchs-Rovira and Smith, 2019). Many of the
cis elements on chloroplast transcripts that are the binding
targets for these factors have been mapped (Cavaiuolo et al,
2017), and an increasing number of the factors themselves have
been characterised in Chlamydomonas, including identification
of their target genes (Johnson et al., 2010; Jalal et al., 2015; Marx
etal., 2015; Cline etal., 2017; Viola et al., 2019; Ozawa et al., 2020).

The study of photosynthesis-related genes in Chlamydomonas
has been greatly aided by its facultative heterotrophy.
When provided with acetate as a source of fixed carbon,
Chlamydomonas is able to dispense completely with
photosynthesis and grow as a heterotroph. This key feature
has enabled researchers not only to knock out most of the
37 photosynthetic genes, thus experimentally validating their
dispensability (Rochaix, 2002) but also to generate mutations
in hundreds of photosynthesis genes carried by the haploid
nuclear genome. The functions of several ycf genes (hypothetical
chloroplast open reading frame), conserved in the plastomes

of algae and in higher and lower plants, have also been
elucidated through the analysis of Chlamydomonas knockout
mutants (Boudreau et al, 1997). As a consequence, a vast
array of mutants have been isolated that are defective in key
photosynthetic processes, such as light capture, electron transfer,
carbon fixation, and pigment biosynthesis (Harris, 2009; Dent
et al, 2015). The availability of such mutants, together with
a simple sexual cycle, and the ability to genetically engineer
both the nuclear and chloroplast genomes has resulted in
Chlamydomonas becoming an important reference organism for
molecular-genetic research into photosynthesis and chloroplast
biology (Salomé and Merchant, 2019).

EMERGING SYNBIO TOOLS FOR
ENGINEERING THE CHLAMYDOMONAS
PLASTOME

Early interest in Chlamydomonas was centred on basic research,
but in the last two decades, interest has grown in the use of this
algal species as a production platform. This has mainly focused
on the light-driven synthesis of high-value therapeutic proteins
and metabolites (Gimpel et al, 2015; Dyo and Purton, 2018;
Taunt et al., 2018; Lauersen, 2019); however, with the increasing
availability of SynBio tools, such as interchangeable parts and
high throughput assembly tools, the goals of such applied projects
have become more ambitious. This section describes the progress
made in the development of SynBio in the algal chloroplast.

Gene Regulation Tools

Successful therapeutic protein production platforms are heavily
reliant upon the ability to achieve high levels of transgene
expression, and even for metabolic engineering sufficient levels
of heterologous enzyme expression are required to ensure
adequate substrate capture from endogenous metabolism and
sufficient production rates for downstream steps. Moreover,
the ability to precisely regulate gene expression to fine-tune
metabolic pathways is important for optimal yields. For high
constitutive expression of transgenes, endogenous chloroplast 5-
untranslated regions (5-UTRs) of photosynthetic genes, such
as that of the psbA and psaA genes, have typically been used
in combination with the strong 16S ribosomal RNA promoter
(Rasala et al., 2011; Bertalan et al, 2015). The expression
strength of these endogenous 5'-UTR sequences is often limited
by negative feedback regulation that would prevent the over-
accumulation of photosynthetic subunits in the native context
of the corresponding genes (Choquet and Wollman, 2002).
Consequently, the 5-UTR is often the limiting factor for
transgene expression (Coragliotti et al., 2011). A promising
strategy to mitigate this is the use of synthetic 5-UTR variants
that are not subject to these feedback mechanisms. Such variants
have already been generated and used to improve the transgene
expression (Specht and Mayfield, 2013).

Enabling advancements have recently been made in the
development of tools for regulating gene expression in the
Chlamydomonas chloroplast. One such system uses a modified
version of a synthetic tRNA gene (trnWyca), which encodes a
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FIGURE 2 | Examples of transgene modules that could be added to the Chlamydomonas plastome to introduce novel metabolisms into the chloroplast. The
wild-type plastome is composed of two single copy regions separated by two inverted repeats (IRa and IRb), with most genes encoding key subunits of the
photosynthetic complexes and the transcription and translation machinery. The simplicity and tractability of the plastome make it a well-suited genetic system for
complex metabolic engineering efforts. The plastome map was produced using the Cpv4 genomic data (Gallaher et al., 2018) with transcriptional read-through
annotations (yellow arrows) from Cavaiuolo et al. (2017).

temperature-sensitive tRNA that allows for the translation of an Many nuclear-encoded factors have been shown to
unused stop codon (TGA) in the Chlamydomonas chloroplast  regulate the expression of specific chloroplast genes
as a tryptophan codon. The translation of transgenes that have  at the posttranscriptional level, often by binding to
been modified to contain one or more internal TGA codons  target sites located in the 5 UTR of the mRNA
can then be tuned by shifting the culture temperature from  (Barkan and Goldschmidt-Clermont, 2000).  Knowledge  of
35°C (translation stalls at the internal stop codons) to 18°C  such factors has been exploited to establish chloroplast
(translational read-through occurs). The induction behaviour  repressible systems (Rochaix et al., 2014). For example, the
can be further tailored by changing the number of TGA codons  nuclear-encoded NAC2 protein stabilises the psbD mRNA
incorporated within the transgene (Young and Purton, 2016,  encoding the D2 protein of photosystem II by binding to the
2018). 5 -UTR of the transcript (Nickelsen et al., 1994). Fusion of
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the NAC2 gene to the inducible promoter of the CYC6 gene,
which is tightly repressed when copper is present in the growth
medium and strongly expressed under copper deprivation or in
the presence of nickel (Quinn et al., 2002), and introduction of
this chimeric gene into the nuclear genome of a nac2 mutant,
has been shown to permit the regulation of the chloroplast,
psbD 5 -UTR by changing the copper/nickel content of the
growth medium (Surzycki et al, 2007; Rochaix et al.,, 2014).
This repressible system can be applied to any chloroplast gene
of interest by switching its 5-UTR to that of psbD, with the
option of preserving photosystem II expression and assembly
under repression conditions by introducing a version of the
psbD gene under the control of a 5 -UTR that is not responsive
to NAC2 (Surzycki et al, 2007). Similarly, thiamine-based
nuclear regulation of chloroplast transgenes has been established
by the use of a TPP-responsive riboswitch in the THI4 gene
(Croft et al., 2007). Inclusion of the thiamine riboswitch in the
NAC?2 construct allows for its expression to be repressed in the
presence of thiamine (Ramundo and Rochaix, 2015). Another
recently established nuclear inducible chloroplast regulation
system uses the C-terminus of the nuclear-encoded factor, TDA1
(cTDAL1) that regulates the stability and translation of atpA
transcripts through interactions with its 5 -UTR. The cTDAI,
under the control of the chimeric promoter, HSP70A-RBCS2,
was introduced into the nucleus of a chloroplast transformant
expressing green fluorescent protein (GFP) under the control
of the atpA 5-UTR, enabling the control of GFP levels by
light and heat-shock treatments (Carrera-Pacheco et al,
2020).

Multigenic Expression

To date, there have been reports of over 100 different
foreign proteins produced in the Chlamydomonas chloroplast
(Larrea-Alvarez and Purton, 2020) Whilst these studies have
typically involved the introduction of a single transgene and
selection marker into the plastome, reports of multigenic
genetic engineering approaches involving up to six transgenes
are now appearing (Gimpel et al, 2016; Macedo-Osorio
et al, 2018; Larrea-Alvarez and Purton, 2020). Multiple
genes can be integrated as discrete transcriptional units, each
under the control of a dedicated promoter, and 5- and 3-
UTRs. However, the use of the same cis element in more
than one transcription unit needs to be avoided to prevent
unwanted recombination events between direct repeats leading
to transgene instability (Gimpel et al., 2016; Larrea-Alvarez
and Purton, 2020). An alternative strategy to creating separate
transcriptional units is to express multiple transgenes as a
single synthetic operon (Bock, 2013; Macedo-Osorio et al., 2018;
Hsu et al,, 2019). Many endogenous genes in the chloroplast
are co-expressed from a single promoter as polycistronic
transcripts separated by “intercistronic expression elements”
(IEEs). The IEEs facilitate the processing of the primary
transcript to yield translatable monocistronic mRNAs (Bock,
2013). These IEEs are useful tools for stacking genes in
synthetic operons for chloroplast metabolic engineering in both
Chlamydomonas and tobacco. For example, three key genes

involved in the tocochromanol (Vitamin E) pathway were
assembled into a synthetic operon in tobacco, resulting in
a 10-fold increase in tocochromanol accumulation compared
to the expression without the use of the IEEs (Lu et al,
2013).

The Arrival of Standardised Modular

Cloning Platforms, Such as Golden Gate
The rate at which complex DNA constructs can be designed
and assembled has historically been a bottleneck for basic
molecular research. However, the implementation of rapid and
standardised assembly methods, such as Golden Gate, Gibson
Assembly, and ligase cycling reaction (Casini et al., 2015)
have led to a paradigm shift in the capabilities for genetic
engineering, facilitating the application of the SynBio DBTL
approach. Golden Gate methods are particularly well-suited
for the hierarchical, high-throughput assembly of the multiple
constructs needed to explore the design space. Briefly, these
technologies use a single Type IIS restriction enzyme for the
cutting and joining of all DNA parts, thereby eliminating
the context-specific nature that is true of traditional cloning
methods. Golden Gate relies on a specific and universal “syntax”
(i.e., the sequence of a single-stranded overhang generated by
digestion with the type IIS enzyme) for each fundamental
DNA “part” or “level 0” (these include coding sequences,
promoters, UTRs, IEEs, terminators, etc.) (Weber et al., 2011).
Individual transcriptional units (“level 17) are then assembled
from the chosen level 0 parts in a single digestion/ligation
reaction with the syntax ensuring the joining of parts in the
correct order and orientation within the designed construct.
The constructs of Level 1 are then similarly assembled into
higher level constructs containing one or more transcription
units, a selectable marker, and other elements required in the
final transformation plasmid. These approaches have given rise
to modular cloning (MoClo) kits for nuclear transformation
of a range of organisms including yeast (Lee et al., 2015),
plants (Noor-Mohammadi et al., 2012; Engler et al., 2014),
and animal cells (Vasudevan et al., 2019), and are now being
employed for the Chlamydomonas nucleus (Crozet et al., 2018)
and chloroplast (Noor-Mohammadi et al., 2012; Oey et al., 2014;
Bertalan et al., 2015). A recent adaptation of the Golden Gate
method, known as “Start-Stop Assembly,” has been developed for
bacteria (Taylor et al., 2019), and is also particularly applicable
to chloroplast engineering. Central to the method is a 3-base
syntax, with the DNA joinings at either end of the coding
sequence part corresponding to the start and stop codons
(ATG and TAA, respectively), which allows for completely scar-
free assembly of coding sequences into the expression units.
The further development and adoption of this technology will
significantly advance chloroplast SynBio research by reducing
the time and effort needed to complete each DBTL cycle,
increasing the number of different plasmid designs that can be
assembled in parallel and fed into each cycle, and by reducing
the duplication of efforts and inconsistencies between research
groups with a library of standardised and validated parts that can
be readily shared.
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Whole Plastome Engineering

The design of a highly reduced synthetic genome, or “minimal
genome” in which all non-essential genes are removed, and its
successful transplantation into a recipient cell or organelle is
widely regarded as one of the next great challenges for SynBio
(Lachance et al., 2019). Such systems not only provide a bottom-
up approach to exploring fundamental molecular processes
within a simplified cell or organelle but also provide a naive
chassis onto which can be bolted new desirable traits or a
drastically restructured metabolism. In the case of a minimal
synthetic plastome (Scharff and Bock, 2014), this could allow
for the remodelling of large elements of the photosynthetic
apparatus without interference from the native system, for
example, introducing entire photosystems from other organisms
and evaluating their performance. The Chlamydomonas plastome
is particularly well-suited for such an undertaking given the
non-essential nature of all the photosynthetic genes, the detailed
knowledge of its transcriptome, and the SynBio resources
available for subsequent genetic engineering of the minimal
plastome. In a first exploration of this, O'Neill et al. (2012)
assembled a variant of the entire Chlamydomonas plastome
in yeast and introduced it into the chloroplast. However, this
resulted in the formation of chimeric forms of the plastome
due to unwanted DNA recombination between the native
and introduced versions. This illustrates a major challenge
that must be overcome for a clean plastome transplantation:
namely, the need to develop a method for selective elimination
of the native DNA either prior to or immediately following
transformation. Nevertheless, a simple in silico analysis of all
the non-essential regions of the Chlamydomonas plastome (i.e.,
all the photosynthetic genes, one copy of the large inverted
repeat, the short-dispersed repeats, and the rrnL intron) leads
to a design that is ~96kb in size and possesses just 57 RNA
and protein genes. This minimal synthetic plastome could be
easily assembled and propagated in yeast prior to transplantation
into the algal chloroplast. In addition to minimisation, another
improvement that could be made to generate a powerful SynBio
chassis strain is the re-factoring of genes into functionally defined
clusters on the synthetic plastome, as has been done for six
genes encoding Photosystem II subunits (Gimpel et al., 2016).
Extension of this more broadly would allow for a modular
approach to plastome engineering in which whole sets of genes
can be easily replaced or additional gene modules bolted on
during the design/build stage without requiring de novo synthesis
of the whole plastome.

DESIGN-BUILD-TEST-LEARN STRATEGIES

The Design-Build-Test-Learn cycle (Figure1) is a systematic
and iterative approach in SynBio and strain development that
is being widely adopted in metabolic engineering to obtain a
design that satisfies a given specification (Pouvreau et al., 2018;
Opgenorth et al., 2019). The critical feature is that rather than one
design, researchers explore parameter space to find an optimal
engineered solution to the problem. With the currently available
genomic/transcriptomic resources for Chlamydomonas and the

efficient DNA assembly methods, the Design and Build stages
of the DBTL cycle can be performed in a matter of days.
Indeed, high-throughput parallel assemblies of multiple DNA
constructs for chloroplast engineering are possible in less than
a week once all parts are available, either as pre-existing parts
within a library or by the generation of new parts through
PCR amplification of genomic DNA/cDNA or gene synthesis
(Noor-Mohammadi et al., 2012; Oey et al., 2014; Bertalan et al,,
2015; Crozet et al., 2018; Gallaher et al., 2018; Occhialini et al.,
2019).

In order to test the efficacy of engineering -efforts,
precise techniques for monitoring basic physiology, protein
expression levels, and genomic stability are of vital importance.
Growth analysis of Chlamydomonas can be performed
easily and robustly at a range of scales, either in microplate
format (Haire et al., 2018), at flask-scale using lab-scale
photobioreactors that offer precision control of environmental
conditions, or in mid-scale commercial bioreactors (Changko
et al, 2020). Amongst the DNA parts available are an
array of fluorescent and luminescent reporter genes for
studying nuclear and chloroplast gene expression in vivo
in Chlamydomonas (Rasala et al, 2013; Lauersen et al,
2015; Esland et al, 2018). These reporters provide a rapid
and high-throughput method to assess gene expression and
can be made quantitative through the use of recombinant
standards.  Alternatively, quantitative measurements of
recombinant proteins can be achieved via Western blot
by incorporating an epitope tag into the design of the
protein (Stoffels et al., 2017; Larrea-Alvarez and Purton,
2020).

Imaging techniques for Chlamydomonas have also undergone
significant improvement in recent years and will serve as
powerful diagnostics tools for chloroplast engineering. Confocal
microscopy is routinely used to visualise whole cell architecture
via bright-field, or for fluorescence analysis and visualisation
of endogenous or recombinant fluorescent proteins (Rasala
et al, 2013). Live imaging of nucleoids (the DNA-protein
conglomerates within chloroplasts that contain multiple copies of
the plastome) within single cells has been performed using strains
expressing a YFP-tagged histone-like DNA binding protein,
as was deployed in conjunction with microfluidic technology
to reveal the dynamic nature of nucleoid networks over the
course of cellular division (Kamimura et al., 2018). In situ
cryo-electron tomography has now made it possible to visualise
individual Photosystem I and Photosystem II (PSI & PSII)
complexes within the thylakoid membrane with stunning detail,
laying the foundation for the use of this technology to observe
photosynthetic regulation at the level of single-protein complexes
(Wietrzynski et al., 2020).

Together, these technologies for engineering and analysing
the Chlamydomonas plastid enable DBTL to be carried
out in very short order, in turn accelerating the rate of
progress of basic and applied SynBio studies. This knowledge
could then be adapted for more complex multicellular
systems, such as higher plants, to realise the ambitious
metabolic redesign goals for these species on a more relevant
time scale.
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PRIORITY PROJECTS FOR THE TESTBED

There are many potential trait adjustments to plant crops that
could help them cope with the increasing production demands
and potentially extreme environmental challenges of the future.
Of the many SynBio projects that could be envisaged, some
priority projects that lend themselves well to the algal chloroplast
testbed are briefly discussed in this section and illustrated in
Figure 2.

Improving Photosynthesis

The microalgal chloroplast has been used extensively for the
study of photosynthesis and more recently as a target for
improving the efficiency of photosynthesis and the overall
productivity of light-driven production systems. Among the
proposed strategies that are applicable to higher plants is
the expansion of the spectral band used for photosynthesis
by the introduction of additional light-harvesting pigments
(Blankenship and Chen, 2013; Trinugroho et al., 2020),
enhancing photoprotective mechanisms (Leister, 2019), and even
the introduction of recombinant photosystems (Gimpel et al.,
2016).

The high degree of evolutionary constraint on the essential
photosynthetic complexes, PSI & PSII and the cytochrome
bef complex, has resulted in the so-called “frozen metabolic
state” (Gimpel et al., 2016). Modification to these complexes is
made challenging by the strong conservation of the structural
components and the need for simultaneous modification of
multiple protein subunits, often encoded in both the nucleus
and the chloroplast genomes (Leister, 2019). Re-factoring of
the six-gene PSII core in the chloroplast of Chlamydomonas
illustrated that there were additional limiting interactions beyond
the core subunits that reduced the overall quantum yield of
recombinant variants (Gimpel et al., 2016). The use of ‘synthetic
photosynthetic modules’ that contain a sufficient number of the
necessary proteins, genetic elements, and auxiliary factors for the
proper functioning of a given complex has thus been highlighted
as an important consideration for these SynBio approaches
(Leister, 2019).

An alternative to engineering the highly intricate
photosynthetic machinery is to introduce a heterologous
electron sink that can harvest the reducing power from
photosynthesis and use it to power unrelated metabolic processes
(Mellor et al., 2017). This concept holds promise as it is not
reliant on modifying the photosynthetic machinery but rather
harvesting the excess reducing power that would otherwise
be dissipated to prevent photodamage. Pioneering studies in
cyanobacteria and plant plastids have shown that reducing
equivalents from PSI can be redirected to cytochrome P450
enzymes and, due to the extreme versatility of this enzyme
family, coupled to a wide variety of metabolic processes
(Lassen et al., 2014a,b; Berepiki et al., 2016; Nielsen et al.,
2016). The chloroplast of Chlamydomonas would be an ideal
platform to develop these strategies due to the ease and speed
of genetic engineering as well as the ability to grow the cell
mixotrophically in the presence of acetate, thus enabling more
reducing power to be harvested from photosynthesis without

perturbing cell fitness and growth. A gene (CYP79AI) encoding
a cytochrome P450 from Sorghum bicolor has already been
introduced into the Chlamydomonas chloroplast, resulting
in the stable expression of the P450 and its targeting to the
chloroplast membrane. The heterologous P450 was shown
to catalyse the first reaction (conversion of tyrosine to p-
hydroxyphenylacetaldoxime) of the biosynthesis pathway of
dhurrin, a plant defence compound (Gangl et al., 2015). This
work provides a proof of concept for the light-driven production
of complex plant metabolites in the algal chloroplast using
cytochrome P450s.

Carbon Fixation

Improving the efficiency with which plant crops convert CO,
into biomass will be key to meeting the agricultural yield
requirements of an ever-growing global population. Accordingly,
improving the rate of carbon fixation in plants has been
a target for metabolic engineering (Kubis and Bar-Even,
2019). Proposed strategies for boosting carbon fixation include
engineering a more efficient Rubisco (Loganathan et al., 2016;
Sharwood, 2017), optimisation of the expression levels of Calvin
cycle enzymes (Simkin et al., 2015), design and integration
of alternative computationally derived synthetic pathways for
carbon fixation (Siegel et al.,, 2015), and introduction of algal
carbon-concentrating mechanisms (Long et al., 2016; Rae et al.,
2017; Mackinder, 2018). Critical to the success of such efforts
is the ability to regulate and tune the expression of genes of
a synthetic pathway within the complex biological context of
the host organism (Kubis and Bar-Even, 2019). As such, the
algal plastid could provide a suitable platform to carry out basic
research given the on-going development of engineering tools for
the regulation of gene expression and the relative simplicity of the
plastid genetic system, as discussed in the previous sections.

For example, a long-standing goal in carbon assimilation
research has been to address the limitations of the carbon-
fixation enzyme, Rubisco (Sharwood, 2017). In theory, it should
be possible to use a rational design approach to improve the
rate of catalysis of the enzyme, and its relative affinity for
CO; over the competing substrate O,. This could then pave
the way for plant varieties in which the abundance of Rubisco
in green tissue is significantly reduced whilst rates of carbon-
fixation are increased. Early efforts to produce a functional
recombinant Rubisco in Escherichia coli for such design studies
were unsuccessful because of the lack of native chaperones
required for the folding and assembling of the large (L) and
small (S) subunits into the LgSg structure. More recently, this
issue has been addressed through the co-expression in E. coli of
multiple chloroplast chaperones from Arabidopsis together with
the large and small subunits (Aigner et al., 2017). Using this
E. coli system to explore the design space now allows for the
discovery of superior L- and S-subunit variants that can then be
tested by introduction into plant models. However, replacement
of the endogenous plant genes is complicated by their separate
genomic locations, with the L-subunit gene (rbcL) located in
the plastome and the S-subunit gene family (RBCS) in the
nuclear genome. Researchers have sought to address this using
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RNA interference-mediated gene silencing to generate master-
lines of Nicotiana tabacum in which the nuclear RBCS gene
is suppressed, enabling the production of Rubisco variants by
the transformation of the chloroplast with an rbcL-rbcS operon
(Martin-Avila et al., 2020). Placing the S-subunit gene in the
plastome simplifies comparative studies since both genes can
be targeted to a specific locus in a single transformation step.
However, the use of N. tabacum to test the initial designs is
not ideal, given its obligate phototrophy and the limitations for
rapid DBTL cycling. Chlamydomonas represents an attractive
intermediate model since a nuclear mutant is already available
in which both members of the RBCS gene family are deleted
(Khrebtukova and Spreitzer, 1996), and deletion of rbcL in the
plastome is straightforward (Newman et al., 1991). A double
mutant could therefore serve as the recipient for chloroplast
transformation using an rbcS-rbcL operon. This would allow a
rapid assessment of the findings from the E. coli studies whereby
different combinations of protein engineering within the L- and
S-subunits are screened: initially for function by direct selection
for restored phototropic growth, and then through biochemical
analysis of Rubisco accumulation and catalytic activity. The best
designs could then be carried forward for testing in a higher plant
such as N. tabacum.

Nitrogen Fixation

Whilst plants are capable of assimilating carbon directly from
the atmosphere through photosynthesis, they are not able to
directly fix atmospheric nitrogen. Plants are therefore reliant on
diazotrophic bacteria and archaea that possess the nitrogen-fixing
enzyme, nitrogenase, and are thus able to supply bioavailable
forms of this essential element. The Green Revolution was
driven in large part by the development of an alternative,
chemical method for fixing nitrogen (the Haber-Bosch process)
allowing for the production of huge quantities of cheap
agricultural fertilisers (Rogers and Oldroyd, 2014). However,
there is increasing recognition of the deleterious environmental
consequences of our heavy reliance on these chemical fertilisers.
These consequences include the consumption of vast amounts
of fossil fuels and associated release of CO, during fertiliser
production, the release into the atmosphere of large amounts
of nitrous oxides following application on the field, and the
eutrophication of aquatic ecosystems owing to run-off of excess
dissolved nitrates (Sutton et al., 2011). This has incentivised
several avenues of research seeking to introduce the capacity
for biological nitrogen fixation into crop species (Rosenblueth
et al, 2018). One approach is the genetic engineering of
cereal crops to improve their association with nitrogen-fixing
bacteria that colonise plant roots, with the ultimate goal of
reproducing the bacteria-containing root nodules of legumes
in the engineered plants (Rogers and Oldroyd, 2014). An
alternative approach would be the introduction of the bacterial
nitrogenase enzyme into the cells of crop plants such that they
are able to directly fix atmospheric nitrogen (Hardy and Havelka,
1975; Rosenblueth et al., 2018). Attempts to engineer plant
genomes with the bacterial nif genes required for nitrogenase
biosynthesis are made challenging by the complexity of the
biosynthesis pathway, with as many as 16 gene products required

for the functional assembly of the molybdenum-containing
metalloenzyme (Curatti and Rubio, 2014). Furthermore, the
enzyme is highly oxygen-sensitive, and has a high energy demand
with 16 ATP molecules required to convert one N, molecule
to NHj3. However, chloroplasts and mitochondria have sufficient
energy reserves to carry out nitrogen fixation and have long
been discussed as possible subcellular locations for nitrogenase
fixation (Merrick and Dixon, 1984; Beatty and Good, 2011).
Recent SynBio efforts involve nuclear engineering of yeast and
tobacco such that the nif gene products are targeted to the
mitochondrion or the chloroplast, respectively, show promising
results but also highlight the significant technical challenges
of producing a functional nitrogenase enzyme in a eukaryotic
organelle (Lopez-Torrejon et al, 2016; Eseverri et al.,, 2020;
Xiang et al, 2020). Furthermore, synthesis of a functional
nitrogenase in the chloroplast would require separation from
the oxygen evolved by photosynthesis, either temporally, by
inducing nif gene expression only at night, or spatially, by
selectively expressing the nif genes in non-photosynthetic tissue
(Rosenblueth et al., 2018). Chlamydomonas lends itself well to
such complex design studies since multiple nif genes could
be expressed directly in the chloroplast, and the oxygen issue
can be circumvented either by using a photosynthetic mutant
incapable of oxygen evolution or by culturing the cells in the dark.
The capabilities and reduced timescale of the DBTL cycle for
chloroplast engineering in this alga could contribute significantly
to an iterative effort aimed at solving the many design challenges
prior to transferring the technology into crop plants.

Engineering Crop Plants for the Production

of Novel Metabolites

Chloroplast metabolic engineering offers many opportunities
for exploiting plants as low-cost and scalable factories for
the production of pharmaceutical compounds (so-called plant
molecular farming: Obembe et al., 2011), or for developing
biofortified crop varieties with high levels of beneficial nutrients
such as vitamins, antioxidants, essential amino acids, and
minerals (Diaz-Gémez et al., 2017). Whilst some pioneering
progress has been made in chloroplast metabolic engineering
using plant models, such as tobacco and tomato (Fuentes
et al., 2018), it is by its very nature a challenging endeavour
since the engineering inevitably perturbs the metabolism of the
chloroplast. Multiple cycles of DBTL are therefore necessary to
tune the metabolic flux to the novel product and minimise the
accumulation of undesirable intermediates. Here, we consider
two examples where engineering the Chlamydomonas chloroplast
can serve as a simple testbed for such studies, namely the
synthesis of commercially-important terpenoid compounds and
biofortification of crops with vitamin By;.

Terpenes are complex linear or cyclic hydrocarbons produced
by plants and microorganisms, and are synthesised from multiple
units of a 5-carbon branched precursor. Terpenoids are then
derived from terpenes through the functionalisation of the
hydrocarbon skeleton with oxygen-containing groups, such as
hydroxyl, ketone, aldehyde, carbonyl, and peroxide groups,
giving rise to a huge diversity of natural compounds (Breitmaier,
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2006). Many of these have commercial applications including
as pharmaceutical and nutraceutical bioactives, fragrances in
cosmetics and cleaning agents, flavourings in food and drinks,
and natural insecticides. However, the chiral complexity of
terpenoids often precludes their chemical synthesis, and whilst
they can be derived from natural plant or microbial sources,
the levels are typically very low or present only in specialised
organs making the extraction expensive (Vavitsas et al., 2018).
Transfer of the biosynthetic pathways into platform species
is therefore desirable, and much work has focussed on the
biosynthesis of medicinal terpenoids in E. coli and yeast,
including precursors of the anti-malarial drug, artemisinin and
the anti-cancer therapeutic, paclitaxel (Ajikumar et al., 2010;
Paddon et al, 2013). Although these two microorganisms
are highly advanced platforms for metabolic engineering, the
use of plants and algae as alternative platforms offers a
number of potential advantages when considering terpenoid
biosynthesis (Vavitsas et al., 2018). Specifically, photosynthetic
organisms naturally produce a wide variety of terpenoids and
devote significant metabolic resources to their biosynthesis.
The necessary metabolic infrastructure and high flux potential
are therefore already established in these hosts, unlike the
situation in E. coli and yeast. Furthermore, terpenoid biosynthesis
in the chloroplast can be directly linked to photosynthesis
via electron transfer proteins, thereby providing the reductant
necessary for the biosynthesis of terpene skeletons and their
functionalisation by heterologous cytochrome P450s (Mellor
et al.,, 2017). Once again, Chlamydomonas offers an attractive
intermediary production platform to optimise production, with
the modular characteristics of terpenoid biosynthesis making
it well-suited for systems biology and SynBio approaches to
plastid and nuclear genome engineering (Wichmann et al., 2020).
Indeed, synthesis of heterologous diterpenoid products, such as
casbene, taxadiene, and 13R(+) manoyl oxide has already been
demonstrated in the chloroplast of Chlamydomonas (Lauersen
et al,, 2018; Mehrshahi et al., 2020). Diterpenoids produced in
the organelle are released from the cell and can be easily captured
in dodecane culture overlays for analysis by gas chromatography
mass spectrometry, providing a powerful platform for the study
of phototrophic heterologous terpenoid production (Lauersen,
2019).

Vitamin By, (Bia, hereafter) is widely known to be the only
vitamin that cannot be acquired directly from plant-derived
foods since it is synthesised solely by a subset of prokaryotes
(Warren et al., 2002). By, is also by far the most chemically
complex of the vitamins with an elaborate 63-carbon tetrapyrrole
structure. Fortification of foods with B, or production of By,
supplements is therefore dependent on industrial fermentation of
bacterial species that natively produce the vitamin (Balabanova
et al, 2021). Heterologous biosynthesis of Bj, has also been
achieved by engineering the non-producing bacterium, E. coli.
This was successful despite the genetic complexity of the
biosynthetic pathway, with 28 transgenes from five different
bacterial species required for de novo synthesis in E. coli (Fang
etal., 2018). The study serves as a primer for the more challenging
but more economic strategy of introducing a B, biosynthetic
pathway directly into plant plastids to produce biofortified food

crops. To this end, the algal plastid could serve as a useful
platform to define the minimum number of enzymes required
(given that all the enzymes for the early part of the pathway
leading to the synthesis of the related tetrapyrroles, haem and
chlorophyll are already located in the chloroplast; Obornik and
Green, 2005), and to optimise Bj, yield through iterative testing
of different gene sets and expression levels.

CONCLUDING REMARKS

SynBio research will play a vital role in securing a productive
and sustainable future for plant-based agriculture. Among the
ambitious improvements proposed for plant crops are the
introduction of novel nitrogen/carbon fixation pathways to boost
overall biomass production, fortification against environmental
threats and extreme weather conditions, and the integration of
complex multigene pathways for the production of novel bio-
products.

Similar to traditional engineering disciplines, the SynBio
approach uses abstraction, decoupling, and standardisation to
make the design of complex biological systems more manageable
and efficient (Boehm and Bock, 2019). This is illustrated in the
systematic characterisation of DNA parts as modular units with a
predictable function, which can be organised into genetic systems
(or levels) with hierarchical complexity that can be optimised
through successive rounds of DBTL (Figure 1).

Synbio research in plant species is still in its infancy and is in
need of advancements to the available genetic tools and a deeper
understanding of the metabolic systems that are being targeted.
As is the case for all host organisms, the time requirement
associated with generating transgenic crop plants limits the
rate at which the SynBio method of DBTL can be carried out.
Furthermore, the space requirement for plant growth also limits
the number of different design permutations that can be tested
in parallel within a single cycle of DBTL. Clearly, the reduced
DBTL timescale and greater numerical capacity of microbial
platforms offer significant advantages when exploring the genetic
engineering landscape using an iterative approach.

Major breakthroughs using microbial model organisms, such
as the re-programming of E. coli with a novel synthetic genome
(Fredens et al., 2019) and the functional integration of complex
metabolic pathways into E. coli and yeast (e.g., Paddon et al,,
2013; Fang et al, 2018) demonstrate the promise of SynBio.
We are now seeing the early stages of the application of
SynBio in chloroplast biotechnology (Scharff and Bock, 2014;
Schindel et al., 2018; Occhialini et al., 2019), thus opening the
possibility of similar breakthroughs in higher plants. Chloroplast
SynBio research using single-cell models such as Chlamydomonas
provides a good starting point and attractive testbed for such
ambitious metabolic engineering efforts prior to their exportation
to higher plants.

However, the limitations and differences inherent in any
model must also be appreciated. Chlamydomonas is an aquatic
single cell adapted to a mixotrophic lifestyle in freshwater
and soil where light, oxygen, and nutrient availability are
often limited (Sasso et al., 2018). Its environment is therefore
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significantly different from that of crop plants, and to consider
it a “unicellular plant” is naive, especially given that chlorophyte
algae and land plants diverged from a common ancestor over 800
million years ago (Donoghue and Paps, 2020). Chlamydomonas
possesses only a single chloroplast per cell compared to the
50-100 chloroplasts typically found in a plant mesophyll cell.
Furthermore, plants contain different plastid types depending on
the tissue, and the plastids are able to undergo differentiation
into different types (Choi et al,, 2021). In contrast, the algal
chloroplast does not undergo differentiation, and indeed is able
to form a fully functional chloroplast when grown in complete
darkness, unlike angiosperms (Reinbothe et al., 2010). There
are also distinct differences in the finer details of chloroplast
gene expression. In Chlamydomonas, all chloroplast genes are
transcribed by a single eubacterial-type RNA polymerase using
a single sigma factor, whereas, in plants, the transcription is
shared between eubacterial and bacteriophage-type polymerases
with the former employing multiple sigma factors (Puthiyaveetil
et al., 2021). Optimisation of parameters for the transcription
of transgene clusters using the algal model will not, therefore,
be directly transferable to the plant chloroplast. Similarly, RNA
editing is a feature of plant chloroplasts that is not seen
in Chlamydomonas (Small et al., 2020), and might need to
be taken into account when sharing DNA parts between the
two systems. Finally, differences in the control mechanisms
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Erigeron breviscapus is a famous medicinal plant. However, the limited chloroplast genome
information of E. breviscapus, especially for the chloroplast DNA sequence resources, has
hindered the study of E. breviscapus chloroplast genome transformation. Here, the complete
chloroplast (cp) genome of E. breviscapus was reported. This genome was 152,164 bp in
length, included 37.2% GC content and was structurally arranged into two 24,699bp
inverted repeats (IRs) and two single-copy areas. The sizes of the large single-copy region
and the small single-copy region were 84,657 and 18,109bp, respectively. The E. breviscapus
cp genome consisted of 127 coding genes, including 83 protein coding genes, 36 transfer
RNA (tRNA) genes, and eight ribosomal RNA (fRNA) genes. For those genes, 95 genes
were single copy genes and 16 genes were duplicated in two inverted regions with seven
tRNAs, four rBNAs, and five protein coding genes. Then, genomic DNA of E. breviscapus
was used as a template, and the endogenous 5' and 3' flanking sequences of the trn/ gene
and trnA gene were selected as homologous recombinant fragments in vector construction
and cloned through PCR. The endogenous 5' flanking sequences of the psbA gene and
mm16S gene, the endogenous 3' flanking sequences of the psbA gene, rbclL gene, and
rps16 gene and one sequence element from the psbN-psbH chloroplast operon were
cloned, and certain chloroplast regulatory elements were identified. Two homologous
recombination fragments and all of these elements were constructed into the cloning vector
pBluescript SK (+) to yield a series of chloroplast expression vectors, which harbored the
reporter gene EGFP and the selectable marker aadA gene. After identification, the chloroplast
expression vectors were transformed into Escherichia coli and the function of predicted
regulatory elements was confirmed by a spectinomycin resistance test and fluorescence
intensity measurement. The results indicated that aadA gene and EGFP gene were efficiently
expressed under the regulation of predicted regulatory elements and the chloroplast
expression vector had been successfully constructed, thereby providing a solid foundation
for establishing subsequent E. breviscapus chloroplast transformation system and genetic
improvement of E. breviscapus.

Keywords: Erigeron breviscapus, chloroplast genome sequencing, chloroplast regulatory elements, gene
assembly, prokaryotic expression
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INTRODUCTION

Erigeron breviscapus (Vant.) Hand-Mazz. is a well-known
medicinal plant that belongs to the family Asteraceae, and it
is distributed in the southwestern region of China, mainly in
Yunnan, Sichuan, Guizhou, and Guangxi Provinces (Li et al.,
2013). This herb is commonly used for treating occlusive
cerebrovascular disease and sequelae of cerebral hemorrhage
and for improving microcirculation, reducing blood viscosity,
and preventing platelet aggregation (Li et al., 1998; Sheng et al.,
1999; Liu et al, 2010). In addition, E. breviscapus has the
characteristics of a short growth period, strong vitality, an
efficient tissue culture system (Chen et al., 2018), and available
genomic information (Jiang et al, 2014; Yang et al, 2017).

However, with the in-depth study of E. breviscapus
chloroplasts, the current research on the genetic background
of this species mainly focuses on the use of the chloroplast
genome of E. breviscapus for phylogenetic research and
germplasm resource protection (Li et al., 2019; Meng et al.,
2019), Meng et al. (2019) used the Illumina sequencing
platform to obtain a chloroplast genome with a size of
152,183 bp, but the article only briefly mentioned the basic
structural information of the species’s chloroplast genome and
the type and number of genes, and the phylogenetic position
of E. breviscapus was determined. Li et al. (2019) used the
Ilumina sequencing platform to obtain a chloroplast genome
with a size of 152,367bp, and only briefly introduced the
basic structural information of the species’s chloroplast genome
and the type and number of genes in the article, and the
phylogenetic analysis was conducted to infer phylogenetic
position of E. breviscapus and Erigeron multiradiatus within
the family of Asteraceae, the above two reports did not
mention the test data and its quality control. Both of the
above mentioned studies lacked systematic prediction of the
gene structure of the chloroplast genome of E. breviscapus
and bioinformatics analysis such as codon usage bias analysis
and simple sequence repeat (SSR) analysis. In addition, the
relevant regulatory elements of the chloroplasts of this species
have not been identified. Therefore, for follow-up research
on the establishment of the chloroplast genetic transformation
system of E. breviscapus, it is necessary to obtain a complete
E. breviscapus cp genome and screen out highly efficient
genetic regulatory elements.

Previous studies have reported some chloroplast regulatory
elements and proved that these elements play an important
role in the level of gene expression. Native genes trnA/trnl
are located at transcriptionally active spacer regions. After an
herbicide resistance gene was integrated into the transcriptionally
active spacer region for the first time (Daniell et al, 1998),
most subsequent studies preferentially used this site of
integration. Compared with the transcriptional silencing spacer
(rbcl/accD), the integration of the transgene into the
transcriptionally active spacer (trnl/trnA) resulted in 25-fold
higher expression of transgenes (Krichevsky et al., 2010) and
the trnA gene intron included the chloroplast origin of
replication and generated more copies of the template
(chloroplast vector) to integrate the transgene cassette (Daniell

et al, 1990). In addition to the integration site, regulatory
sequences located upstream (promoter, 5’UTR) and downstream
(3’UTR) of the transgene play a major role in determining
its expression level. The most commonly used promoters are
photosystem II reaction center promoter PpsbA and rrnl6S
gene promoter Prrn; moreover, the psbA regulatory region,
which was first used almost 30 years ago (Daniell et al., 1990),
still appears to be the best option for use in an expression
cassette because the psbA gene mediates light-induced activation
of translation (Ruhlman et al., 2010) and it also encodes the
most highly translated protein in the chloroplast (Klein and
Mullet, 1987). In a pioneering work, Fei et al. (2007) studied
the psbB operon from tobacco chloroplasts and identified a
small cistronic element called IEE, which was included in
the synthetic structure to drive the expression of nptIl and
yfp and proved to be sufficient for mediating polycistronic
expression. The polycistronic transcript has been processed
into stable and translatable monocistronic mRNA, and this
function has been used to express transgenic polycistronic
mRNA from a single promoter in a single transformation
event (Lu et al., 2013; Bock, 2014; Fuentes et al., 2016).
Therefore, for the in-depth study of chloroplast transformation
in medicinal plants, it is necessary to further develop and
explore the endogenous regulatory elements and establish a
more efficient chloroplast transformation system. In this work,
we combined second-generation and third-generation
sequencing technologies to obtain more completely and accurate
E. breviscapus cp genome sequence information and performed
detailed bioinformatics analysis, including gene annotation,
structural statistics, SSR analysis, and codon usage bias analysis.
Then, a series of chloroplast regulatory elements were cloned
from E. breviscapus, and the corresponding chloroplast
expression vectors of E. breviscapus were constructed and
the biological functions of these chloroplast regulatory elements
were verified through in vitro experiments, thus providing a
foundation for the establishment of the subsequent chloroplast
genetic transformation system and research on the biology
and evolution of E. breviscapus.

MATERIALS AND METHODS

Materials and Reagents

Soaked the seeds in deionized water for 3-4h, then placed
the seeds at room temperature to fully dry them for 3-4h,
soaked the seeds in 1% NaClO solution for 10 min in the
Vertical Flow Clean Bench, and then washed them with
sterile water three times. About 20-30 sterilized seeds were
inoculated per petri dish in MS solid medium (Murashige
and Skoog, 1962) for germination and then maintained in
a culture room under white fluorescent lamps (1,900 lux),
with a 16 h light/8 h dark cycle at 25°C for 4-7 days. Individual
germinated seedlings were transferred to a sterile tissue
culture bottle containing MS medium supplemented with
30g/L sucrose and kept in a culture room under white
fluorescent lamps (1,900 lux), with a 16h light/8h dark
cycle at 26°C for 4-7 weeks.
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Total DNA Extraction and Sequencing

Total genomic DNA was used to build sequence libraries
(MNlumina Inc., San Diego, CA, United States), and it was
extracted from leaves using the cetyltrimethylammonium bromide
(CTAB) method. The experimental procedures were performed
in accordance with the standard protocol provided by Illumina,
and sequence libraries were prepared with the NEB Next Ultra
DNA Library Prep Kit. An Illumina NovaSeq sequencer was
used to sequence paired-end (PE) sequencing libraries with
an average 350bp insert length at the Wuhan Benagen Tech
Solutions Company Limited. From these data, over 20 million
clean reads with a 150bp read length were passed through
quality control. Then, we performed nanopore sequencing to
facilitate the connection of high-quality contigs into longer
complete sequences in subsequent genome assembly.

Chloroplast Genome Assembly

Since the original sequencing data may contain low-quality
sequences, adaptor sequences, etc. (Ewing and Green, 1998),
to ensure the reliability of the information analysis results,
the original sequencing data need to be filtered to obtain
clean reads, which are stored in FASTQ format (Cock et al,,
2009). This project used the filtering software SOAPnuke
(version: 1.3.0) to remove reads with an N base content of
more than 5%, low-quality (quality value less than or equal
to 5) reads with a base number of 50%, and reads with
adapter contamination.

UniCycler (0.4.8) software was used to assemble the filtered
reads (Wick et al, 2017). First, high-accuracy Illumina data
(Q30>85%) were assembled to obtain a high-quality cp genome
skeleton (contig), and then nanopore data were used to connect
the high-quality contig into a longer complete sequence. The
accuracy of the cp genome assembled by this strategy is
determined by the accuracy of the Illumina data, and it can
effectively avoid the sequence contamination introduced by
the error of nanopore data splitting. Finally, Pilon software
was used to further correct the Illumina data for errors in
the assembled genome, resulting in a genome with higher
final accuracy.

Unicycler software was aligned with the close reference
genome (NC_043882.1) by blastn (version: BLAST 2.2.30+;
parameter: -evalue le-5), and the best candidate sequence was
selected based on the alignment. The chloroplast genome
connection relationship was determined based on the sequence
sequencing depth and read alignment and by comparison with
closely related species. The connection relationship and whether
it forms a loop need to be further experimentally verified.

Gene Structure Prediction

Chloroplast genome function annotation includes coding gene
prediction and noncoding RNA annotation [ribosomal RNA
(rRNA) and transfer RNA (tRNA) annotation]. CPGAVAS2!
was used for gene annotation and drawn based on the results
of the cp genome annotation (Shi et al, 2019).

'http://47.96.249.172:16019/analyzer/annotate

Codon Usage Bias Analysis

CodonW (Version: 1.4.4) was used to analyze codon usage
bias and statistically estimate the frequency of relative
synonymous codon usage (RSCU). Codons with RSCU values
>1 were defined as high-frequency codons. We conducted
a codon usage bias analysis using the following gene sequences:
“ATG”, “TTG”, “CTG”, “ATT”, “ATC”, “GTG”, and “ATA”, which
were used as start codons; and “TGA”, “TAG”, and “TAA’
which were used as stop codons; in addition, protein-coding
genes shorter than 300bp in length were excluded from
the base composition analysis to avoid sampling bias
(Wright, 1990).

Simple Sequence Repeat and Long
Repetitive Sequences Analysis

MISA (Sebastian et al., 2017) was used to perform a SSR
analysis of the E. breviscapus chloroplast [version: 1.0; default
parameters: the corresponding minimum number of repetitions
of each repeating unit (unit size) are: 1-8, 2-4, 3-4, 4-3, 5-3,
and 6-3, with 1-8 meaning that when a single nucleotide is
used as the repeat unit, the number of repeats must be at
least 8 to be detected; see http://pgrc.ipk-gatersleben.de/misa/
misa.html for details].

The software vmatch? was used to find scattered long repetitive
sequences in the E. breviscapus cp genome (Jean-Simon et al,,
2010). The long repeat sequences included three types: forward
(F), palindrome (P), and tandem (T) repeats.

Chloroplast Genome Extraction and PCR
Cloning

There is no report on the extraction method of chloroplast
of E. breviscapus before, therefore, we have developed a method
suitable for extracting chloroplast DNA of E. breviscapus,
which is based on the modified high - salt low - pH method
(Shi et al., 2012). Borax was not used in this method, which
greatly guaranteed the safety of the operators. In addition,
we removed the step of “add 1.5ml of 5mol/L KAc (PH
5.2) and continue freezing for 30min. Then centrifuge at
10,000¢ for 15min, and discard the precipitate”, this saved
extraction time and effectively simplified the extraction step.
After extracting high-quality chloroplast genomic DNA of E.
breviscapus, regular PCR was performed as follows: a 30s
initial denaturation step at 98°C, followed by 35cycles of
denaturation for 10s at 98°C, annealing for 30s at 55-63°C,
extension for 30s per kbp sequence length at 72°C, and a
final 7min extension step at 72°C. Phusion High-Fidelity
DNA Polymerase (New England Biolabs, China) and 2 x EasyTaq
PCR SuperMix (+dye; TransGen Biotech, China) were utilized
for DNA cloning and PCR analysis, respectively. The sequence
information of the primers for amplification was provided
in Supplementary Table S1. The pEASY-Blunt Zero Cloning
Kit (TransGen Biotech, China) was utilized for seamless cloning
of the selected amplified fragments.

*http://www.vmatch.de/
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Construction of Transforming Vectors

The synthetic operon constructs for chloroplast transformation
(pBtEalt, pBtEa2t, pBtEat3, and pBtElat) were based on the
empty vector pBluescript SK (+). They were all constructed
using the pEASY-Uni Seamless Cloning and Assembly Kit
(TransGene Biotech, China), which can be used to recombine
the vector linearized by any method and the PCR fragment
with 15-25bp overlapping region with both ends of the linearized
vector. All the fragments needed for chloroplast expression
vector construction were then assembled into synthetic operons
as follows:

For the first round (Round I) of gene assembly, The
empty vector pBluescript SK (+) was digested with Not
I and Hind III, and then Eb-PpsbA, aadA gene and Eb-TpsbA
were cloned into linearized vector and generating construct
pBal, Eb-Prrn, aadA gene, and Eb-TrbcL were cloned into
linearized vector and generating construct pBa2, Eb-Prrn,
aadA gene, and Eb-Trps16 were cloned into linearized vector
and generating construct pBa3, all the recombinant vectors
were verified by Sanger sequencing for the next round of
gene assembly.

For the second round (Round II) of gene assembly, the
vectors pBal, pBa2, pBa3, and pBluescript SK (+) were digested
with Sal I, and then Eb-PpsbA, EGFP gene, and Eb-TpsbA
were cloned into linearized vector pBal and generating
construct pBEal, Eb-Prrn, EGFP gene, and Eb-TrbcL were
cloned into linearized vector pBa2 and generating construct
pBEa2, Eb-Prrn, EGFP gene, and Eb-Trpsl6 were cloned
into linearized vector pBa3 and generating construct pBEa3,
Eb-Prrn, EGFP gene, Eb-IEE, aadA gene, and Eb-Trpsl6
were cloned into linearized vector pBluescript SK (+) and
generating construct pBEIa, all the recombinant vectors were
verified by Sanger sequencing for the next round of
gene assembly.

For the third round (Round III) of gene assembly, the
vectors pBEal, pBEa2, pBEa3, and pBEIa were digested with
Kpn I, and then the homologous recombination fragment
Eb-trnl was cloned into linearized vectors and generating
construct pBtEal, pBtEa2, pBtEa3, and pBtEla, respectively
and verified by Sanger sequencing. Finally, the vectors pBtEal,
pBtEa2, pBtEa3, and pBtEla were digested with Sac I, and
then the homologous recombination fragment Eb-trnA was
cloned into linearized vectors and generating construct pBtEatl,
pBtEat2, pBtEat3, and pBtElat (Supplementary Figure S1) and
verified by Sanger sequencing.

Analysis of aadA Gene Expression in E.
coli

After PCR identification and Sanger sequencing, four verified
vectors (pBtEatl, pBtEat2, pBtEat3, and pBtElat) and the
empty vector pBluescript SK (+) were transformed into the
E. coli expression strain Transetta (DE3). Then, the transformed
E. coli strains were grown in Luria-Bertani (LB) medium
at 37°C unless otherwise indicated. Spectinomycin and
ampicillin  were wused for selection at appropriate
concentration.

Gene Expression Analysis of EGFP

After culturing in 20ml of LB medium for 14-16h at 16°C
(150-180rpm), EGFP gene expression in transformed E. coli
strains was examined using a Thermo Scientific Varioskan LUX
Multimode Microplate Reader (Thermo Fisher Scientific, MA,
United States). The loading volume was 200pl, and the
“Fluorescence” protocol was executed in Skanlt Software 6.1
RE, which included an excitation wavelength at 485nm and
an emission wavelength at 520 nm. Subsequently, the fluorescence
intensity of E. coli strains containing different vectors was
counted. Each sample was repeated for three times to ensure
the credibility of the data, in order to compare the effects of
different combinations of chloroplast regulatory elements on
the expression level of green fluorescent protein in E. coli, the
expression level of fluorescent protein in each sample was
compared by unpaired t-test (p <0.05), the results are represented
as a bar graph.

Statistical Analysis

The statistical evaluation was performed using SPSS 19.0 software
(IBM Corp., United States). All data were presented as the
means+SE of at least three replicates. ANOVA was followed
by a t-test. Mean values were considered significantly different
at p<0.05.

RESULTS

Chloroplast Assembly and Genome
Features

This project adopted the whole genome shotgun strategy to
construct a 350 bp library from the DNA samples of E. breviscapus
and then used the Illumina NovaSeq sequencer to perform
PE sequencing on this library, and the reads were 150bp in
length. In this sequencing, the raw data sequencing volume
of the E. breviscapus sample was 4.2Gbp. After data filtering,
the clean data volume of the sample was 4.1 Gbp (Table 1).
The original sequencing statistics of the third-generation nanopore
sequencing were shown in Supplementary Table S2.

The E. breviscapus cp genome was completely assembled
into a single molecule of 152,164bp, the assembly result of
the cp genome of E. breviscapus contained 0 Gap, the GC
content was 37.20, the assembly coverage was 332.55X, and
the sequencing quality value (Phred) was above 30 (Figure 1),
indicating that the sequencing quality was high.

The conserved size and quadripartite structure of the complete
E. breviscapus cp genome was similar to the cp genomes of
previously published data. These genomes were usually 152kb
in size and included two inverted repeat regions (IRs) and
two single-copy regions, namely, a large single copy and small
single copy (LSC and SSC, respectively) region.

The cp genome of E. breviscapus consisted of two single-
copy regions isolated by two identical IR regions of 24,699 bp
each, one LSC region of 84,657bp and one SSC region of
18,109bp. The proportions of LSC, SSC, and IR sizes in the
entire cp genome were 55.6, 11.9, and 32.5%, respectively
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TABLE 1 | Sequencing data volume information statistics.

Sample name Length (bp) Raw reads Raw bases Clean reads Clean bases GC (%) Q20 (%) Q30 (%)
(bp) (bp)
Erigeron breviscapus 150 27,679,808 4,151,971,200 27,467,550 4,120,132,500 37.73 98.55 95.37
Median Phred Quality Score
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FIGURE 1 | Base quality value distribution graph of E. breviscapus sample. The graph reflects the average sequencing quality (Y-axis) of read 1 and read 2 along
the Read Cycle (X-axis).

(Figure 2; Table 2). The GC contents of the LSC, SSC, and
IR and whole cp genome were 35.06, 31.00, 43.13, and 37.20%,
respectively, which were consistent with the published E.
breviscapus cp genomes (Supplementary Table S3). The cp
genome of E. breviscapus was compared to previously published
data, no structural differences were found among all compared
data, it demonstrated that gene order, gene content, and entire
genome structure were conserved in E. breviscapus cp genome.

Gene Content and Structure

The cp genome of E. breviscapus consisted of 127 coding
regions made up of 83 protein-coding genes, 36 tRNAs,
and eight rRNAs, of which 95 genes were unique and 16
genes were repeated in two inverted regions consisting of
five protein coding genes, seven tRNAs, and four rRNAs
(Figure 2; Table 3). Among these 95 unique genes, one
gene crossed different cp genome boundaries: rpsI2 crossed
two IR regions, the LSC region and the SSC region (two
3" end exons repeated in IRs and 5 end exon situated in
LSC; Figure 2). Of the remaining 94 genes, 82 were situated
in the LSC, including 61 protein-coding genes and 21 tRNAs,

and 12 were situated in the SSC, including 11 protein-coding
genes and one tRNA.

The E. breviscapus cp genome was composed of protein
coding genes, tRNAs, rRNAs, and intronic and intergenic
regions. Noncoding DNA accounted for 68,539bp (45.0%) of
the whole E. breviscapus cp genome, protein-coding genes
accounted for 71,850bp (47.2%), tRNA accounted for 2,725bp
(1.8%), and rRNA accounted for 9,050bp (6.0%).

Most of the protein-coding genes contained only one exon,
while 13 genes contained at least one intron, of which eight
genes were distributed in the LSC, one was distributed in
the SSC and four were distributed in both IRs
(Supplementary Table S4). Among them, three genes (rpsi2,
clpP, and ycf3) contained two introns, while 10 genes (trnA-
UGC, trnE-UUC, trnL-UAA, rpl2, ndhA, ndhB, petB, atpF,
rpoCl, and trnK-UUU) contained one intron. The longest
intron of trnK-UUU was 2,543 bp, and it included the 1,515 bp
encoding the matK gene (Gu et al., 2016). The rps12 gene
was predicted to be trans-spliced with a repeated 3’ end
duplicated in the two IRs and a single 5" end exon in the
LSC (Redwan et al., 2015).
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FIGURE 2 | Circular map of the E. breviscapus cp genome. There are four rings on the cp genome map. From the center to the outside, the first circle shows the
forward and reverse repetitions connected by the red arc and the green arc respectively; The second circle shows the tandem repeat marked with a short bar; The
third circle is the microsatellite sequence identified by MISA; the fourth circle was drawn with genemap to show the gene structure on the plastids, Genes shown

functional classification.

outside and inside of the fourth circle are transcribed counterclockwise and clockwise, respectively; the colors of genes are distinguished according to their

Statistics of Codon Usage Bias

Relative synonymous codon usage is an assessment of
synonymous codon usage bias. This value is equal to the
ratio of the actual observed value of synonymous codons to
the expected value of the average use of synonymous codons.
If there is no bias for codon usage, then the RSCU value
will be 1; if the codon is used more frequently than other
synonymous codons, then its RSCU value will be greater

than 1; otherwise, the RSCU value will be less than 1 (Nie
et al.,, 2012; Liu et al., 2020).

The  results of the RSCU  value  analysis
(Supplementary Table S5) of various amino acids showed that
there were 31 codons with RSCU>1, of which 12 codons,
such as UUA, AGA, CAA, and GGA, end in A; 16 codons,
such as UCU, GCU, ACU, and UAU, end in U; and the only
ones ending with G are UUG, UGG, and AUG. These findings
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TABLE 2 | Chloroplast structure statistics of Erigeron breviscapus samples.

Region Start End Length A (%) T (%) C (%) G (%) AT (%) GC (%)
Total genome 1 152,164 162,164 31.36 31.45 18.54 18.65 62.80 37.20
LSC 1 84,657 84,657 32.29 32.65 17.25 17.80 64.94 35.06
IRA 84,658 109,356 24,699 28.37 28.50 20.73 22.40 56.87 43.13
SSC 109,357 127,465 18,109 34.97 34.08 16.33 14.67 69.00 31.00
IRB 127,466 162,164 24,699 28.50 28.37 22.40 20.73 56.87 43.13

TABLE 3 | List of genes in the E. breviscapus cp genome.

Gene group

Gene name

NADH dehydrogenase

Other genes
RNA polymerase

Transfer RNAs

Ribosomal proteins
(SSU)

Maturase
Cytochrome b/f
complex

Photosystem Il

ATP synthase
Photosystem |
RubisCO large subunit
Ribosomal proteins
(LSU)

Translational initiation

nadh, ndhl, ndhd, ndhK, ndhA, ndhH, ndhD, ndhC,
ndhB, ndhG, and ndhE

ccsA, cemA, and accD

oC2, oA, rpoB, and rpoC1

trS-GCU, trnD-GUC, trnH-GUG, trM-CAU, trnR-
ACG, trnF-GAA, trY-GUA, trP-UGG, trmT-GGU, tnS-
GGA, trL-UAA, trnC-GCA, trmV-GAC, trnG-GCC, trnL-
CAA, trS-UGA, trmQ-UUG, trR-UCU, trS-CGA,
trnA-UGC, trL-UAG, trnT-UGU, trE-UUC, trnN-GUU,
trnK-UUU, and trnW-CCA

ps18, rps19, rps2, rps7, s 16, rps15, rps8, s,
ps12, rps4, rps3, and rps14

matK

petA, petL, petG, petB, petD, and petN

psbK, psbT, psbB, psbH, psbD, psbF, psbZ, psbC,
psSbM, psbA, psbN, psbd, psbl, and pshE

atpl, atpA, atpE, atpF, atpB, and atpH

psad, psaC, psaB, psaA, and psal

rbelL

pl20, pl32, rpl23, rpl33, rpl16, rpl2, rpl14, rpl36, and
pl22

infA
factor
Ribosomal RNAs rm23S, 168, rm5S, and rm4.5S
Protease clpP
Hypothetical
chloroplast reading ycf2, ycf3, and ycf4
frames (ycf)

indicated that the codons ending with A and U in the chloroplast
genome of E. breviscapus appeared more frequently and are
preferred codons, while the codons ending with C and G
were non-preferred codons.

Chloroplast Genome Simple Sequence
Repeats

Simple sequence repeats are sequences with motifs from 1 to
6bp in length repeated multiple times (see section “Materials
and Methods” for cutoff criteria), and they are distributed
throughout the cp genome and often used as markers for
breeding studies, population genetics, and genetic linkage
mapping (Grassi et al., 2002; Timme et al., 2007).

A total of 223 SSRs were found in the E. breviscapus cp
genome (Figure 3; Supplementary Table S6). These SSRs
included 142 complex repeat-type SSRs (63%), 50 dinucleotide
SSRs (22%), 12 trinucleotide SSRs (5%), 14 tetranucleotide
(6%), four pentanucleotide SSRs (1%), and one hexanucleotide
SSR (0.003%; Figure 3A; Supplementary Table S6). Among
the 223 SSRs, 87% of SSRs (195) were the AT type, with copy

numbers from 8 to 23 (Supplementary Table S6). Forty-eight
SSRs were detected in protein-coding genes, 19 SSRs were
detected in introns, and 156 were detected in intergenic regions
(Figure 3C). In relation to the quadripartite, 151 SSRs were
situated in the LSC, while 32 and 40 were identified in the
IR and SSC, respectively (Figure 3B).

Identification of Long Repetitive
Sequences

Long repetitive sequences may promote the rearrangement of
the cp genome and increase population genetic diversity
(Cavalier-Smith, 2002). A total of three unique repeats were
found in the E. breviscapus cp genome, the size of two palindromic
repeats were 48bp and 24,699bp, and the forward repeat was
39bp in size. The palindromic repeat which was 48bp in size
had two same starting sites in the chloroplast genome sequence,
these two starting sites were located at 74,576bp, another
palindromic repeat’s two starting site were located at 84,657
and 127,465 bp respectively, the first starting site of the forward
repeat located at 43,603bp and the second starting site located
at 119,435bp. In addition, forward repeats are usually caused
by transposon activity (Gemayel et al., 2012), which will increase
under cell stress (Voronova et al., 2014). However, the origin
and production mechanism of long repetitive sequences are
not yet fully understood. Previous studies have shown that
slipped-strand mispairing and inapposite recombination of
repetitive sequences may lead to genome rearrangement (Timme
et al.,, 2007). Moreover, forward repeats can cause changes in
genome structure; therefore, they can be used as markers in
phylogenetic studies.

Cloning of Chloroplast Regulatory
Elements of E. breviscapus
Before cloning the target sequence, we first obtained the specific
sequence information of the target sequence through previous
research, and this information included the sequence length,
putative transcriptional elements, and secondary structure. Then,
through a sequence alignment, secondary structure analysis,
etc., the specific information of these target sequences was
initially obtained from the cp genome of E. breviscapus (Table 4).
Using E. breviscapus genomic DNA as a template, the target
gene fragment was amplified with the primers shown in
Supplementary Table S1. As shown in Figure 4, all amplified
bands were the same size as the target gene fragment. Eb-Prrn
was a fragment containing the rRNA operon promoter from
E. breviscapus which was PCR amplified with a Shine-Dalgarno
(SD) sequence derived from the chloroplast rbcL gene, Eb-psbA
was a fragment containing the E. breviscapus psbA promoter
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TABLE 4 | Regulatory elements of E. breviscapus cp genome.

Feature Type Size (bp) Transcriptional elements

Eb-trnl Site of integration 1,322 -

Eb-trnA Site of integration 936 -
—10 consensus sequence TATATT

, —35 consensus sequence TTGACG

Eb-Prm Promoter +rbcL5'UTR 135 GAA-box GAA
SD-like sequence GGAGG
—10 consensus sequence TATACT
—35 consensus sequence TTGACA

Eb-PpsbA Promoter +psbA5'UTR 244 Ribosome binding site 1 AAG
Ribosome binding site 2 TGATAAT
AU-box TAAATAAA

Eb-TpsbA 3'UTR 138 Stem-loop

Eb-TrbcL 3'UTR 309 Stem-loop

Eb-Trps16 3'UTR 303 Stem-loop
Stem-loop -

Eb-IEE IEE+rbcL5'UTR 67 S-box AAGTCAA
SD-like sequence GGAGG

and the E. breviscapus psbA leader. Eb-TpsbA, Eb-TrbcL, and medium  containing  ampicillin ~ and  spectinomycin

Eb-Trpsl6 were the terminator of psbA, rbcL and rpsl6 gene,
respectively. Eb-IEE was an intercistronic expression element
conferring intercistronic RNA processing and, in this way,
enhancing expression of downstream cistrons of the operon.
Eb-trnl was a fragment containing the ¢rnl gene and part of
the flanking sequence of this gene and Eb-trnA was a fragment
containing the frnA gene and part of the flanking sequence
of this gene. The cloned chloroplast regulatory element sequence
can be used for subsequent vector construction.

Analysis of aadA Gene Expression in E. coli
The verified vectors pBtEatl, pBtEat2, pBtEat3, and pBtElat
were transformed into the E. coli expression strain Transetta
(DE3). As shown in Figure 5, after incubation, E. coli containing
the empty vector could not grow on LB medium containing
ampicillin and spectinomycin (Figure 5A). However, E. coli
containing the recombinant vector could be grown on LB

(Figures 5B-E), indicating that the selected regulatory elements
had prokaryotic characteristics and could mediate the correct
expression of foreign genes.

Detection of EGFP Expression

As shown in Figure 6, the fluorescence intensity of the E.
coli expression strain containing the recombinant vector was
higher than that of the control test group. Among them, the
expression strain containing the recombinant vector pBtEat3
(containing the Prrn-EGFP-Trps16 expression cassette) had the
highest fluorescence intensity, which showed that the promoters
Prrn and 3" UTR Trpsl6 could mediate the high-efficiency
expression of foreign genes in E. coli. In this study, the EGFP
gene was efficiently expressed in E. coli transformed with the
E. breviscapus chloroplast expression vector, suggesting that
the EGFP gene may also be highly expressed in E.
breviscapus chloroplasts.
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FIGURE 4 | PCR amplification of chloroplast regulatory elements of E. breviscapus.

Eb-trnA  Eb-PpsbA Eb-Prrn

Eb-TpsbA Eb-TrbcL Eb-Trpsl6 Eb-IEE

A
lac operator
Empty vector
= lacZa |—< ]—
pBluescript SK (+)
B
PpsbA TpsbA | PpsbA | TpsbA
pBtEat1 repeat region EGFP aadA repeat region = UNOTIN u GIATBN
C
Prrn+SD TrbcL Prr+SD TrbcL
pBtEat2 repeat region EGFP aadA repeat region | = UNOTIN o WBAMBE
D
Prrn+SD Trps16 Prrn+SD Trps16
pBtEat3 repeat region EGFP aadA repeat region o OTINN S QIAMBII
E
Prrn+SD IEE+SD Trps16
pBtElat repeat region EGFP 4| aadA repeat region = CTIN —@IAMBI

FIGURE 5 | The expression of aadA gene in Escherichia coli. (A): Escherichia coli containing empty vector, (B-E): Escherichia coli containing recombinant vector.

DISCUSSION

The present work was to use high-throughput sequencing
technology to systematically and comprehensively analyze the
chloroplast genome of E. breviscapus. On this basis, we used
the prokaryotic expression system to screen out high-efficiency
chloroplast regulatory elements, which laid the foundation for
the subsequent establishment of the chloroplast genetic
transformation system of E. breviscapus.

Although, there have been reported on the chloroplast
genome of E. breviscapus, since the E. breviscapus used in
this study is cultivated species, It is difficult to rule out
differences in genetic background between cultivated species
and other varieties. In order to have a clearer understanding
of the genetic background of the chloroplast of E. breviscapus

used in this article, as well as to provide an accurate reference
for the selection of chloroplast regulatory elements and the
efficient expression of foreign genes for chloroplast
transformation, we combined second-generation and third-
generation sequencing technologies, the advantage of this
method is the long read lengths (Eid et al., 2009), which
facilitate de novo genome assembly, particularly in the four
chloroplast junctions between the single-copy regions and IR
regions. At the same time, using the Illumina short read
length can also improve the low accuracy of the long reads
generated by the nanopore platform (~85% of the raw data;
Redwan et al., 2015). The chloroplast genome assembly statistics
and bioinformatics analysis data in this article were compared
with the previously published data. It was obviously that the
chloroplast genome of E. breviscapus reported in the three
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FIGURE 6 | The expression level of EGFP gene in E. coli. Data are presented
as mean +SE (n=3). The asterisk represents a significant difference
(*p<0.05).

articles were conserved in gene order, gene content, and entire
genome structure, but previous reports only provided a little
bit of genome information and have not provided a more
systematic and comprehensive bioinformatics analysis of the
chloroplast genome of E. breviscapus. Therefore, we conducted
an in-depth analysis of chloroplast genome data of E. breviscapus,
including a systematic classification of chloroplast genes, SSR
analysis, codon usage bias analysis, long repetitive sequences
analysis, and this process allowed us to further understand
the genomic structure and genetic background of the chloroplast
of E. breviscapus. On this basis, we successfully screened the
target chloroplast regulatory elements from the cp genome
of E. breviscapus through an extensive literature research and
accurate bioinformatics analysis. Active promoters with
suitable 5 UTR and 3" UTR are important constitutions of
efficient transformation and expression vectors. It is generally
thought that the use of these endogenous genes can greatly
promote the integration and expression of foreign genes in
the host genome (Radakovits et al., 2010). In this work, two
homologous recombinant fragments, two high-efficiency
promoters, three 3° UTR sequences, one SD sequence and
one intercistronic expression element were identified from
the chloroplasts of E. breviscapus.

Sequence analysis was performed on the chloroplast regulatory
elements for prediction of its potential cis-acting elements
involved with transcription initiation, regulation, or termination.
In the Eb-PpsbA and Eb-Prrn sequence, —10 consensus sequence,
and -35 consensus sequence were detected. The —10 consensus
sequence is located at the core promoter region and involved
with accurate transcription initiation. The —35 consensus
sequence commonly exists in many prokaryotic promoters,
which acts as an enhancer region. Translation initiation occurs
on a specific sequence called the ribosome binding site, this
is a short base sequence located in front of the coding region.
This site can be complementary to the 3" end of the ribosomal
16S rRNA, which promotes the binding of the ribosome to

the mRNA and facilitates the initiation of translation. Two
ribosome binding sites were identified from Eb-PpsbA, since
Eb-Prrn lacks a ribosome binding site, we added a ribosome
site from the rbcL gene of E. breviscapus chloroplast at the
3’ end of Eb-Prrn by PCR amplification to ensure that the
sequence can have transcription and translation initiation
function. The 3" UTR sequence of the prokaryotic expression
system can ensure the stability of mRNA and facilitate the
accumulation of protein level, these 3" UTR sequences usually
contain a stable stem-loop structure (Monde et al, 2000).
Through, the RNA secondary structure prediction analysis of
Eb-TpsbA, Eb-TrbcL, and Eb-Trpsl6, we found that they all
have a stable stem-loop structure. Before this report, IEE for
the stacking and expression of foreign genes in the chloroplast
of E. breviscapus had not been identified. Therefore,
we preliminarily screened out the endogenous IEE sequence
of E. breviscapus through sequence comparison and applied it
to the construction of the polycistronic expression cassette of
the vector.

To ensure that the selected regulatory elements have the
correct biological functions, we have further identified these
chloroplast regulatory elements through the prokaryotic
expression system. The most effective selectable marker used
in chloroplast transformation is the aadA gene, which confers
resistance to streptomycin and spectinomycin. In this study,
the transformed E. coli can grow on LB medium containing
spectinomycin. The result indicated that these regulatory
elements could regulate gene expression in E. coli and had
the correct prokaryotic expression characteristics. Finally,
we used a microplate reader to determine the accumulation
level of green fluorescent protein in vitro, and compared the
expression efficiency of different combinations of regulatory
elements by fluorescence intensity. Compared with the empty
vector, all the transformed E. coli exhibited extremely high
fluorescence intensity, suggesting that Eb-Prrn and Eb-PpsbA
had priming activity, which ensured the efficient transcription
of the EGFP gene. In addition, the 5 UTR regions and
ribosome binding sites contained in these two sequences also
promote the translation of green fluorescent protein in E.
coli; Eb-TpsbA, Eb-TrbcL, and Eb-Trpsl6 can also promote
the accumulation of green fluorescent protein. Comparing
the fluorescence intensity of pBtEat2 and pBtEat3 strains,
we found that different 3° UTR sequences (Eb-TrbcL and
Eb-Trps16) could cause different accumulation level of green
fluorescent protein when EGFP gene was driven by Eb-Prrn.
The pBtElat strain could be grown on LB medium with
spectinomycin and could be detected with green fluorescence.
These results indicated that Eb-IEE could active the expression
of EGFP gene and aadA gene as well as polycistronic expression.
Notably, the pBtEat3 strain had the highest fluorescence
intensity, which indicated that the combination of Eb-Prrn
and Eb-Trpsl6 had higher transcription and translation
efficiency. This combination could be used for subsequent
chloroplast transformation system, which is the preferred
choice for vector construction.

In conclusion, this study provided complete information on
the cp genome of E. breviscapus and identified a series of
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chloroplast expression elements with prokaryotic expression
characteristics, and these findings can provide a foundation
for the establishment of a chloroplast genetic transformation
system of E. breviscapus.
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