
Today’s Date Sponsoring Organization (drop-down) Category  (drop down) 

Proposal Title

ABSTRACT (Executive Summary-public report-do not disclose proprietary information or intellectual property)

C I T RU S  A DVA N C E D  T E C H N O L O G Y  P RO G R A M
QUARTERLY & FINAL PROGRESS REPORT FORM: Control of Citrus Greening, Canker & Emerging Diseases of Citrus

PROJECT QUARTER END                                                                                Quarterly Report Final

PI First Name 

PI Last Name 

Email  Year of Project

Phone  

Form PR-20 Quarterly Report
rev. 6/2020

Organization
Sponsor Project Number 
Project Duration (years)

% Completion of Objectives (FDACS requirement)

http://www.citrusrdf.org/blog/archives/802


Volume 19 • Issue 2 • February 2021

www.plantbiotechjournal.com | ISSN 1467–7644

pbi_13403_Issue Info.indd   1696pbi_13403_Issue Info.indd   1696 06-02-2021   18:15:0906-02-2021   18:15:09



Editorial Board Information
Editor-in-Chief Henry Daniell
Chauncey Egel Endowed Professor
School of Dental Medicine | University of Pennsylvania | 240 South 40th Street 
547 Levy Building | Philadelphia | PA 19104-6030 | USA
email hdaniell@upenn.edu

Editorial Offi ce
Plant Biotechnology Journal Editorial Offi ce
Wiley | 9600 | Garsington Road
Oxford | OX4 2DQ | UK
tel +44 (0) 1865 476 206 | fax +44 (0) 1865 714591
email plant-biotechj@wiley.com

Associate Editors
Dominique Michaud, Department of Plant Sciences Plant Research & Innovation Centre Université 
Laval Québec QC, Canada
email dominique.michaud@fsaa.ulaval.ca
François Belzile, Department of Plant Sciences, Institute for Integrative and Systems Biology, 
Laval University, Québec, Canada 
email Francois.Belzile@fsaa.ulaval.ca
Xiao-Ya Chen, Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences, 
Chinese Academy of Sciences, China
email xychen@sibs.ac.cn
Dave Edwards, School of Plant Biology, University of Western Australia, Perth, WA, Australia
email Dave.Edwards@uq.edu.au
Anthony Hall, Earlham Institute, Norwich, UK
email Anthony.Hall@earlham.ac.uk
Zuhua He, National Laboratory of Plant Molecular Genetics, Institute of Plant Physiology and 
Ecology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China
email zhhe@sibs.ac.cn
Xuehui Huang, College of Life Sciences, Shanghai Normal University, Shanghai, China
email xhhuang@shnu.edu.cn
Thomas Jacobs, VIB-UGent Center for Plant Systems Biology, VIB-Ghent University, Belgium
email thomas.jacobs@psb.vib-ugent.be
Shuangxia Jin, National Key Laboratory of Crop Genetic Improvement, Huazhong Agricultural 
University, China
email jsx@mail.hzau.edu.cn
Marco Maccaferri, Department of Agricultural Science, University of Bologna, Bologna, Italy
email marco.maccaferri@unibo.it
Yanfei Mau, Shanghai Center for Plant Stress Biology, Chinese Academy of Sciences, 
Shanghai, China
email yfmao@sibs.ac.cn
Johnathan Napier, Rothamsted Research, Harpenden, Hertfordshire, UK
email johnathan.napier@rothamsted.ac.uk
Martin A.J. Parry, Lancaster Environment Centre, Lancaster University, UK
email m.parry@lancaster.ac.uk
Nicola J. Patron, The Earlham Institute, Norwich Research Park, NR4 7UK
email nicola.patron@tgac.ac.uk
Yiping Qi, Department of Plant Science and Landscape Architecture University of Maryland, 
MD, USA
email yiping@umd.edu
Stephen J Streatfi eld, Fraunhofer USA Center for Molecular Biotechnology, Newark, DE 19348, USA

email sstreatfi eld@fraunhofer-cmb.org
Neal Stewart, Department of Plant Sciences, The University of Tennessee, Knoxville, TN USA
email nealstewart@utk.edu
Rajeev Varshney, Center of Excellence in Genomics (CEG), International Crops Research Institute 
for the Semi-Arid Tropics (ICRISAT)
email R.K.Varshney@CGIAR.org
Kan Wang, Plant Transformation Facility, Iowa State University, Ames, Iowa, USA
email kanwang@iastate.edu
Bing Yang, Division of Plant Sciences, University of Missouri – Columbia, MO, USA
email yangbi@missouri.edu

Editorial Board
Kailash Bansal, National Research Centre on Plant Biotechnology, Indian Agricultural Research 

Institute, India
Jacqueline Batley, School of Agriculture & Food Sciences, The University of Queensland, Australia
Ralph Bock, Max Planck Institute of Molecular Plant Physiology, Germany
Udo Conrad, Leibniz Institute of Plant Genetics and Crop Plant Research, Germany
Luis Herrera Estrella, Langebio, Cinvestav Campus, Mexico
Hui-Shan Guo, Institute of Microbiology, Chinese Academy of Sciences, Chaoyang District, Beijing 

100101, China
Tuan-Hua Ho, Academia Sinica Institute of Plant and Microbial Biology, Taipei 115, Taiwan
Elizabeth Hood, College of Agriculture and Technology, Arkansas State University, Arkansas, USA
Dirk Inzé, Department of Plant Genetics, VIB/Universiteit Gent, Belgium
Jizeng Jia, Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, China
Theodore Klein, DuPont Pioneer Agricultural Biotechnology, USA
Sandeep Kumar, Dow AgroSciences LLC, 9330 Zionsville Road, Indianapolis, USA
Prakash Lakshmanan, Sugar Research Australia, Brisbane, Australia
Phil Larkin, Metabolic Engineering of New Plant Products, CSIRO Plant Industry, Canberra, Australia
Xin Liu, BGI Research, Yantian District, Shenzhen 518083, China
Hugh Mason, The Biodesign Institute, Arizona State University, USA
Magdy Mahfouz, King Abdullah University of Science and Technology, Makkah, Saudi Arabia
Sagadevan Mundree, Queensland University of Technology, Australia
Xiaoquan Qi, Insitute of Botany, Chinese Academy of Sciences, Beijing, China
Elibio Rech, EMBRAPA Genetic Resources and Biotechnology, University of Brasilia, Brazil
Ed Rybicki, University of Cape Town, South Africa
Maria Fátima Grossi de Sá, Embrapa Recursos Genéticos e Biotecnologia, PqEB-Final W5 Norte - 

CP 02372, Brasilia-DF-Brasil
Ming-Che Shih, Agricultural Biotechnology Research Center Academia Sinica Nankang, Taiwan
Vibha Srivastava, University of Arkansas, Crop, Soil & Environmental Sciences, Fayetteville, USA
Herta Steinkellner, Department of Applied Genetics and Cell Biology, University of Agricultural 

Sciences, 1190 Vienna, Austria
Eva Stoger, Institute of Applied Genetics and Cell Biology (IAGZ), University of Natural Resources 

and Life Sciences, Austria
Fumio Takaiwa, National Institute of Agrobiological Sciences, Japan
Weihua Tang, Shanghai Institutes for Biological Sciences, Chinese Academy of Science, Institute of 

Plant Physiology and Ecology, China
Roberto Tuberosa, Department of Agroenvironmental Science and Technology, Bologna, Italy
Zeng-Yu Wang, The Noble Foundation, Ardmore, USA
Spencer Witney, Australian National Laboratory, Canberra, ACT 2600, Australia 
Xianlong Zhang, National Key Laboratory of Crop Genetic Improvement, Huazhong Agricultural 

University, China

Aims and Scope
Plant Biotechnology Journal is published by Wiley Blackwell in association with the Society for Experimental Biology (SEB) and the Association of Applied Biologists (AAB).
Plant Biotechnology Journal aims to publish high-impact original research and incisive reviews by leading researchers in applied plant science, with an emphasis on molecular plant sciences and their 
applications through plant biotechnology. We aim to provide a forum for the most important advances in this fi eld, including curiosity-driven studies with the potential for application, strategic research in 
plant biotechnology, scientifi c analysis of key issues for the benefi cial application of plant sciences and scientifi c analysis of the performance of the products of plant biotechnology in practice.
Plant Biotechnology Journal often receives manuscripts describing research carried out solely in model species. While the Plant Biotechnology Journal will continue to accept exceptional manuscripts describing 
novel and useful procedures carried out in model species, one of the strengths of the Plant Biotechnology Journal is its ability to focus on application. Therefore, from January 2011 the Plant Biotechnology 
Journal will immediately reject manuscripts containing high quality, but not exceptional, research relating solely to model species.
To be accepted for publication in Plant Biotechnology Journal, original research papers will need to present major new fi ndings with conclusions thoroughly supported by 
critical experimental  evidence and make a substantial contribution to plant biotechnology and/or scientifi c  understanding. Reviews must accordingly provide a high level of insight and synthesis beyond 
a summary of published work. Sciences underpinning plant biotechnology include functional genomics and proteomics, molecular genetics, physiology, biochemistry and cell biology, with  applications 
through molecular marker, mutant and transgenic approaches. Applications may involve agriculture, horticulture, forestry, biodiversity and conservation, enhanced yield, reduced environmental impact, 
phytoremediation, environmental sensors, improved foods and food-processing, biofuels and biomaterials including pharmaceuticals from terrestrial, aquatic or marine plant systems including industrial 
crops and natural systems. Examples of areas covered in Plant Biotechnology Journal include:
•  Gene, genome, proteome and metabolome analysis: molecular screening technologies; analysis of gene function from nucleotide sequence to phenotype; understanding of gene networks;  applications 

ranging from metabolic engineering to marker assisted breeding.
•  Functional genomics, comparative genomics, bioinformatics and their applications in  understanding and benefi cial use of biodiversity, conservation, introgression, and rational design of improved genes 

for industrial plant improvement.
•  Transgenic technologies: production and analysis of transgenic crops; molecular farming; gene insertion, expression and silencing; fi eld-testing and commercialisation of modifi ed plants for agricultural, 

health, industrial and environmental benefi ts, improved foods, biofuels and  biomaterials; safety and regulatory affairs.
•  Developmental, physiological and biochemical studies relevant to enhanced understanding of plant function, with potential for improvement of plant characteristics important to humans including the 

adaptation of plants to new environments.
Plant Biotechnology Journal seeks to achieve a balance between a speedy review process and  providing authors with rigorous, objective and critical reviews. Submissions are 
initially reviewed by editors to select only those considered most promising for critical review by at least two independent experts. We promise speedy responses to authors, 
rigorous scientifi c review and rapid publication.
Plant Biotechnology Journal provides the opportunity to publish supplementary material, such as large data sets, extra colour illustrations, bibliographies, videos, or any other material for which  insuffi cient 
space in the journal is available. Please contact the Editor-in-Chief for details.

Open Access and Copyright
All articles published by Plant Biotechnology Journal are fully open access: immediately freely available to read, download and share. All Plant Biotechnology Journal articles are published under the terms 
of the Creative Commons Attribution License which permits use, distribution and reproduction in any medium, provided the original work is properly cited, and allows the commercial use of published 
articles. Copyright on any research article in a journal published by Plant Biotechnology Journal is retained by the author(s). Authors grant Wiley a license to publish the article and identify itself as the 
original publisher. Authors also grant any third party the right to use the article freely as long as its integrity is maintained and its original authors, citation details and publisher are identifi ed. Further 
information about open access license and copyright can be found on http://www.wileyopenaccess.com/details/content/12f25db4c87/Copyright--License.html.

Use by commercial ‘for-profi t’ organisations. Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley (corporatesales@wiley.com) and will be subject to a fee. Commercial purposes include:
• Copying or downloading of articles, or linking to such articles for further redistribution, sale or licensing;
• Copying, downloading or posting by a site or service that incorporates advertising with such content;
•  The inclusion or incorporation of article content in other works or services (other than normal quotations with an appropriate citation) that is then available for sale or licensing, for a fee (for example, a 

compilation produced for marketing purposes, inclusion in a salespack);
• Use of article content (other than normal quotations with appropriate citation) by forprofi  t organisations for promotional purposes;
• Linking to article content in e-mails redistributed for promotional, marketing or educational purposes;
• Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer or other form of commercial exploitation such as marketing products;
• Print reprints of Wiley Open Access articles can be purchased from corporatesales@wiley.com.
This journal is available online at Wiley Online Library. Visit wileyonlinelibrary.com/journal/pbi to search the articles and register for table of contents e-mail alerts. 
Access to this journal is available free online within institutions in the developing world through the AGORA initiative with the FAO and the OARE initiative with UNEP. For information, visit www.aginternetwork.org 
and www.oaresciences.org

Disclaimer
The Publisher, the SEB, AAB and Editors cannot be held responsible for errors or any consequences arising from the use of information contained in this journal; the views and opinions expressed do not 
necessarily refl ect those of the Publisher, SEB, AAB and Editors, neither does the publication of advertisements constitute any endorsement by the Publisher, SEB, AAB and Editors of the products advertised. 
Wiley Open Access articles posted to repositories or websites are without warranty from Wiley of any kind, either express or implied, including, but not limited to, warranties of merchantability, fi tness for a 
particular purpose, or non-infringement. To the fullest extent permitted by law Wiley disclaims all liability for any loss or damage arising out of, or in connection with, the use of or inability to use the content.

Front cover image:
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accelerated breeding.

Citrus (family Rutaceae) is oneof themost important fruit crops,with

world production exceeding 150 million metric tons in 2018 and an

international gross production valueof37.5billionUSdollars in 2016

(http://www.fao.org/faostat/en/#data). Citrus breeding pro-

grammes seek improvements in areas ranging from fruit quality

(e.g. seedlessness, acid content) to resistance against emergent

diseases (e.g. huanglongbing). Unfortunately, breeding efforts are

hampered by a long juvenility period of 6 or more years, character-

ized by thorniness, lack of flowering and vertical as opposed to

spreading growth form (Spiegel-Roy and Goldschmidt, 1996).

Genetic transformation of citrus rootstock varieties has pro-

duced early flowering. ‘Carrizo’ citrange (Citrus sinensis 9 Pon-

cirus trifoliata) constitutively expressing Arabidopsis thaliana floral

identity genes LEAFY (LFY) or APETALA1 (AP1) flowered and set

fruit 12–20 months after transfer to the greenhouse (Pe~na et al.,

2001). In trifoliate orange (P. trifoliata), ectopic expression of

Satsuma mandarin (C. unshiu) FLOWERING LOCUS T (CiFT) led to

flowering as early as 12 weeks after transfer to the greenhouse

(Endo et al., 2005). However, ectopic expression of flowering

genes in citrus has been associated with aberrant phenotypes

such as dwarfing, curled leaves and a weeping growth form

(Endo et al., 2005; Pe~na et al., 2001). In contrast, expression of FT

using a Citrus leaf blotch virus (CLBV) vector inoculated into the

non-commercial C. excelsa and hybrids produced as part of a

citrus breeding programme resulted in early flowering with

minimal effects on growth form (Vel�azquez et al., 2016).

Efforts to develop transgenic edible citrus constitutively

expressing floral-inducing genes have encountered difficulty.

Transgenic ‘Duncan’ grapefruit (Citrus 9 paradisi) and ‘Hamlin’

sweet orange (C. sinensis) constitutively expressing FT genes

produced flower buds in tissue culture and failed to produce

shoots or whole plants (Moore et al., 2016). The authors

hypothesized that reducing FT activity in transgenic citrus using

non-constitutive or inducible promoters might allow regeneration

of edible citrus plants with a precocious blooming phenotype.

Translational fusions of FT to GFP produced a milder early

flowering phenotype in A. thaliana compared to unfused FT

(Corbesier et al., 2007). This raises the possibility that chimeric FT

proteins could be expressed constitutively in transgenic edible citrus

to produce plants with a precocious blooming phenotype. Here, we

expressed P. trifoliata FT1 (PtFT1) as a translational fusion with a

single-chain variable fragment antibody (scFv; Pack and Pl€uckthun,

1992) that is part of a separate study. A constitutive expression

cassettewas used that included theCauliflowermosaic virus (CaMV)

35S promoter with a double enhancer region (CaMV 35Sp), the

Tobacco etch virus 50 untranslated region and the CaMV 35S

polyadenylation signal (35St; Restrepo et al., 1990). The PtFT1-scFv-

coding region included the PtFT1 cDNA sequence, a flexible linker

sequence ([gly4ser]4), the scFv sequence and a C-terminal cMyc

epitope tag (Figure 1a).

Agrobacterium tumefaciens was used to transform ‘Duncan’

grapefruit with the PtFT1-scFv expression construct. Fifteen

successful transformants were grafted onto ‘Carrizo’ citrange

rootstocks and maintained in a growth chamber at The Pennsyl-

vania State University (PSU; lines A–D, F–H) and a greenhouse at

the United States Horticultural Research Laboratory (USHRL; lines

I–P). Transgenic control line E, also maintained at PSU, was

transformed with a construct lacking PtFT1-scFv.

Full-length PtFT1-scFv protein was detected in growth cham-

ber- and greenhouse-grown plants (Figure 1b). PtFT1-scFv levels

varied among the lines, an observation consistent with previous

FT overexpression studies in trees (Endo et al., 2005; Srinivasan

et al., 2012). PtFT1-scFv protein was detected in both shoot tips

and mature leaves, and was detectable over the course of the

four-year experiment period (data not shown).

Grapefruit trees transformed with PtFT1-scFv displayed varying

reductions in juvenile characters that generally correlated with

PtFT1-scFv protein level. For example, line L, which did not have

detectable PtFT1-scFv protein (Figure 1b), largely resembled a

juvenile tree, with an upright growth habit and long thorns in the

leaf axils (Figure 1c,d). Moderate expressor lines, such as J

(Figure 1b), retained an upright growth habit, but had reduced

thorn size and occasional moderate leaf curling (Figure 1c).

Severe growth phenotypes were observed in the highest express-

ing lines, H and O, and to a lesser extent in line G. These trees

displayed a highly branched, prostrate, dwarfed growth form

(Figure 1c) with greatly reduced thorniness or a complete

absence of thorns (Figure 1d). Control transgenic line E displayed

ª 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.
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Figure 1 Chimeric PtFT1 fusion protein expression in transgenic grapefruit produces blooming precocity. (a) PtFT1-scFv constitutive expression cassette.

(b) Detection of 47.9 kilodalton (kD) PtFT1-scFv protein in shoot tip extracts using anti-cMyc immunoblotting; ‘Duncan’, untransformed grapefruit; and

protein loading normalized to tissue weight. (c) Growth form of low- (line L), moderate- (line J) and high-expressor (lines H and O) plants. (d) Thorniness in

transgenic control (line E), low (line L) and high expressors (lines O and H). (e) Phenotype summary. (f) Precocious flowering in a strongly precocious line. (g)

Flower morphology in a strongly precocious line. (h) Germinated pollen grains. (i) Seed set in an immature fruit from a hand-pollinated flower at 5 months

after pollination. (j) Ripe fruit from an unpollinated flower. (k) Flower (arrow) on rooted clone of a mildly precocious line. (l,m) Precious phenotypes of

‘Carrizo’ rootstock and ‘Jackson’ hybrid grapefruit PtFT1-scFv transformants. Arrows in (m) indicate flower buds. [Colour figure can be viewed at wile

yonlinelibrary.com]
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no reduction in thorniness or other juvenile characters (Fig-

ure 1d). Endo et al. (2005) similarly reported that higher

expression of CiFT in transgenic P. trifoliata correlated with

reduced prevalence of thorns and shorter tree stature.

Precocious flowering was observed in PtFT1-scFv transgenic lines,

with the earliest and most frequent flowering being observed in

high-expressing lines H and O. Moderate- and high-expressing lines

generally floweredwithin sixmonths of transfer to soil, withH andO

bloomingwithin ~ 3 months. Transgenic lines at PSU were carefully

monitored and fell into three blooming phenotype categories:

strongly precocious, with large blooming flushes nearly continu-

ously; mildly precocious, blooming 1–4 times a year with isolated

flowers; and non-precocious, which did not bloom during the four-

year monitoring period (Figure 1e). These phenotypic categories

generally correlated with FT-scFv protein levels (Figure 1b) and

agreedwith previous studies showing that constitutive FT expression

in trees can break down seasonality of flowering (Endo et al., 2005;

Srinivasan et al., 2012). Transgenic line G had strongly reduced

juvenility but did not flower continuously, possibly due to having

somewhat lower FT-scFv levels compared to line H (Figure 1b).

In lines H and O, flushes arose on multiple branches (Figure 1f),

usually in leaf axils on leafy inflorescences. Leafless inflorescences

were also observed on some shoots. Inflorescences displayed normal

developmentpatterns,with the terminal flowerusually being thefirst

to reach anthesis (Figure 1f; Spiegel-Roy and Goldschmidt, 1996).

Flowers produced by PtFT1-scFv trees were fragrant and

morphologically normal, with large petals flanking pollen–laden
stamens and a central pistil (Figure 1g). Pollen grains were

germinated in Brewbaker’s medium (Figure 1h; Brewbaker and

Kwack, 1963). Hand pollination of flowers with pollen from the

same tree resulted in fruit production and seed set (Figure 1i).

Fruit development was also observed on several lines without

manual pollination, including lines H (Figure 1c) and O, within the

first year of transfer to the growth chamber or greenhouse. These

fruits ripened normally but were seedless (Figure 1j).

Clonal propagation of low- and moderate-expressing lines via

rooted cuttings was highly successful. While line H cuttings never

produced roots, rootingwas achieved for lineO,albeit at a lower rate

than moderate and low expressors. Relative PtFT1-scFv levels in

clonal propagates were consistent with those in the original

transformants (Figure 1b). Rooted cuttings of PtFT1-scFv transgenic

lines maintained the blooming precocity phenotype (Figure 1k).

Our results document the successful useof a chimeric FTprotein to

reduce flowering time in an edible citrus cultivar. In addition, we

developed eight ‘Carrizo’ FT-scFv transformants, of which three had

a precocious blooming phenotype (Figure 1l), and one transformant

of a hybrid of ‘Jackson’ grapefruit,which had a precocious blooming

phenotype (Figure 1m). While very high expression of PtFT1-scFv

was associated with phenotypes that may alter agronomic fitness,

moderate expression of the protein resulted in precocious blooming

largely without negative effects. FT fusion proteins may have

attenuated flowering promotion activity relative to native FT

(Corbesier et al., 2007), possibly accounting for the success of our

approach. The reduced juvenility offered by transgenic expression of

chimeric FT proteins may provide an additional valuable tool for

rapid-cycle citrus breeding (Moore et al., 2016). Continued studies

areunderway toevaluatehowC. 9paradisi PtFT1-scFv linesperform

in a grove setting.
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	ABSTRACT: 1. Please state project objectives and what work was done this quarter to address them:
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2. Please state what work is anticipated for next quarter:
qPCR data from the field, graft, and psyllid-transmission HLB challenge tests will be received from Southern Gardens in March, 2021.  These data will be analyzed during the next reporting period.  Additional sampling of plants from the psyllid-inoculated and field grown trees will be performed with help from collaborators at University of Florida and the USDA USHRL.  These will be sent to Southern Gardens for qPCR CLas quantification for an additional infection time point.  In March, 2021, we plan to submit a request for a second, six-month, no-cost extension in order to complete the time courses for CLas quanitification and characterization of any potential HLB tolerance of the FT-scFv transgenic lines.  This no cost extension request will be especially critical to completing the field test of the transgenics, since so far we do not detect CLas infections in those trees.   In addition, it will be important to re-test the graft-transmission response of the FT-scFv scions to CLas infection, since it appears that they may have some tolerance to CLas infection.  A no-cost extension would also enable a summer visit by a student or the PI to Fort Pierce to perform additional sampling and tree assessments.
 
3. Please state budget status (underspend or overspend, and why):
Budget spending is on track, considering delays due to COVID-19.  An amended budget by was developed and submitted in February, 2021.
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