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About Plants 

Plants (ISSN 2223-7747), is an international and multidisciplinary scientific open access journal that covers all key 
areas of plant science. It publishes review articles, regular research articles, communications, and short notes in the 
fields of structural, functional and experimental botany. In addition to fundamental disciplines such as morphology, 
systematics, physiology and ecology of plants, the journal welcomes all types of articles in the field of applied plant 
science. 

Aims 

The main aim of our journal is to encourage scientists and research groups to publish theoretical and experimental 
results of research in all fundamental and applied fields of plant science. The full experimental procedure must be 
provided so that the results can be reproduced. There is no limitation on the length of articles for this journal. 

Scope 

Journal covers the following interest areas and sub-areas in plant science: 

• plant cytology and histology 

• plant anatomy and morphology 

• systematics, taxonomy and classification 

• plant physiology and ecophysiology 

• plant genetics, molecular biology and biochemistry 

• ecology and biogeography of plants 

• phytocenology 

• evolutionary biology, plant phylogeny and paleobotany 

• plant diversity and conservation biology 

• experimental and applied plant science: new methods in experimental botany; biology of medicinal plants; 
ethnobotany; biological effects of active substances from plants; phytomedicine; new plant products, active 
substances and secondary metabolites; plant drug development; agricultural plants; plants derived food; 
horticultural plants; phytopathology; plant biotechnology; interactions  between plants and other organisms; the 
importance of plants in the environment; the use of plants in biological control; crop protection and pesticides 

MDPI Publication Ethics Statement 

Plants is a member of the Committee on Publication Ethics (COPE). MDPI takes the responsibility to 
enforce a rigorous peer-review together with strict ethical policies and standards to ensure to add high quality 
scientific works to the field of scholarly publication. Unfortunately, cases of plagiarism, data falsification, inappropriate 
authorship credit, and the like, do arise. MDPI takes such publishing ethics issues very seriously and our editors are 
trained to proceed in such cases with a zero tolerance policy. To verify the originality of content submitted to our 
journals, we use iThenticate to check submissions against previous publications. MDPI works with Publons to 
provide reviewers with credit for their work. 

Editorial Office 

Mr. Harry Fu 
Managing Editor 
E-Mail 
For further MDPI contacts, see here. 
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Editorial Board 

Editors 

Prof. Dr. Dilantha Fernando E-Mail Website 
Editor-in-Chief 
Department of Plant Science, University of Manitoba, Winnipeg, MB R3T 2N2, Canada 
Tel. 1-204-474-6072; Fax: +1 204 474 7528 
Interests: canola and wheat pathology; epidemiology of plant pathogens; evolution/genetic variation of fungal 
pathogens; biological control of plant diseases; breeding for disease resistance microbial; ecology and microbial 
interactions 
 
Prof. Dr. Milan S. Stankovic E-Mail Website 
Associate Editor 
Department of Biology and Ecology, Faculty of Science, University of Kragujevac, Str. Radoja Domanovića No. 12, 
34000 Kragujevac, Serbia 
Tel. +381-34-336223 (ext. 270); Fax: + 381 34 335 040 
Interests: plant biology and ecology 
 
Prof. Dr. Masayuki Fujita E-Mail Website 
Associate Editor 
Faculty of Agriculture, Kagawa University, Miki-cho, Kagawa, Japan 
Tel. +81878913033 
Interests: plant physiology; plant biochemistry 

Editorial Board Members 

Prof. Dr. Emidio Albertini E-Mail Website 
Department of Agricultural, Food and Environmental Sciences, University of Perugia, 06121 Perugia, Italy 
Interests: plant reproduction; epigenetics; apomixis; stresses; tomato; grape 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: DNA Methylation in Plants 
 
Dr. Frederic Aparicio E-Mail Website 
Department of Molecular and Evolutionary Plant Virology, Instituto de Biología Molecular y Celular de Plantas 
(IBMCP) (UPV-CSIC), Ingeniero Fausto Elio s/n, 46022 Valencia, Spain 
Interests: plant virus-host factors interactions; RNA viruses; Post-transcriptional modifications during virus infection 
 
Dr. Ismael Aranda E-Mail 
INIA, Ctr Invest Forestales CIFOR, Carretera Coruna Km 7,5, Madrid 28040, Spain 
Special Issues and Collections in MDPI journals: 
Topical Collection in Plants: Feature Papers in Plant Ecology 
 
Dr. Iker Aranjuelo E-Mail Website 
Agrobiotechnology Institute (IdAB-CSIC), Sustainable Agriculture and Climate Change lab, Av. Pamplona 123, 31192 
Mutilva, Spain 
Interests: climate change; cereals; N2 fixers; resource use efficiency; photosynthesis; stable isotopes; sustainable 
agriculture; yield and quality traits 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Photosynthetic Metabolism under Stressful Growth Conditions 
 
Prof. Dr. Fernando Ponz Ascaso E-Mail Website 
Centro de Biotecnología y Genómica de Plantas (UPM-INIA), Campus Montegancedo. Autopista M40, km 38. 
Pozuelo de Alarcón. 28223 Madrid, Spain 
Interests: plant-virus interactions; virus nanobiotechnology; plant molecular farming 
 
Prof. Dr. Hagop Atamian E-Mail Website 
Schmid College of Science and Technology, Chapman University, Orange, CA 92866, USA 
Interests: understanding the molecular mechanisms of plant interactions with the environment; biotic interactions 
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(insects, bacteria, fungi, nematodes); various biotic stresses (drought, cold, heat); high throughput sequencing; plant 
genotype and environment interactions 
 
Prof. Dr. Jean-Christophe Avice E-Mail Website 
UMR INRA-UCBN 950 Ecophysiologie Végétale, Agronomie & Nutritions N.C.S., UFR des Sciences, FED 4277 
Normandie Végétal, Université de Caen Normandie, F-14032 Caen, France 
Interests: nutrient use efficiency; plant nutrition; nitrogen and sulfur fertilization; plant responses to abiotic stress; 
plant senescence; seed quality; remobilization of nutrients; proteolytic mechanisms 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Advances in Plant Sulfur Research 
 
Assoc. Prof. Suresh Awale E-Mail Website1 Website2 
Division of Natural Drug Discovery, Institute of Natural Medicine, University of Toyama, Toyama 930-0194, Japan 
Interests: Natural products chemistry, Drug discovery, Antiausterity strategy, Pancreatic cancer, Biomarker 
discovery, NMR, Structure Elucidation, Cancer Research, Chemical Biology, Metabolomics 
 
Dr. Aziz Aziz E-Mail Website 
University of Reims Champagne-Ardenne, Lab RIBP 4707, SFR Condorcet FR-CNRS 3417, Reims, 51100, France 
Interests: Plant-microbe interactions; beneficial microorganisms; Plant Immunity; signaling, metabolism; Induced 
resistance; plant defense; interactions between biotic and abiotic stresses 
 
Prof. Dr. Tony Bacic E-Mail Website 
1. Department of Animal, Plant and Soil Sciences, School of Life Sciences, La Trobe University, Bundoora VIC 3068, 
Australia 
2. Department of Forestry, School of Forestry and Biotechnology, Zhejiang A & F University, Lin'an District, 
Hangzhou 311300, China 
Interests: structure, function & biosynthesis of complex carbohydrates; cell walls; cell surfaces; mechano-sensing; 
plant cell and molecular biology; plant physiology; plant biochemistry; proteomics; metabolomics; glycomics 
 
Prof. Dr. Christophe Bailly E-Mail Website 
Sorbonne University, Laboratory of Developmental Biology, Paris 75005, France 
Interests: seed biology, germination, dormancy; reactive oxygen species; abitotic stress; post-transcriptionnal 
mechanisms 
 
Prof. Dr. Henrik Balslev E-Mail Website 
Ecoinformatics & Biodiversity, Dept of Bioscience, Aarhus University, Build. 1540, 8000 Aarhus C., Denmark 
Interests: taxonomy and systematics; tropical botany; plant community studies; ethnobotany; economic botany 
Special Issues and Collections in MDPI journals: 
Special Issue in Diversity: Phylogenetic Exploration of Medicinal Plants Diversity 
 
Prof. Dr. Paula Baptista E-Mail Website 
Polytech Inst Braganca, CIMO, Sch Agr, Campus Santa Apolonia, P-5300253 Braganca, Portugal 
Interests: biological control; microbe-plant-insect interaction; plant microbiome; microbial bioprotectants; integrated 
pest management 
Special Issues and Collections in MDPI journals: 
Topical Collection in Plants: Feature Papers in Plant Protection 
 
Dr. Rita Baraldi E-Mail Website 
Italian National Research Council, Institute of Biometeorology, 40129 Bologna, Italy 
Interests: plant physiology and ecophysiology in relation to global change; Auxin and abscisic acid biosynthesis and 
metabolism; metabolism and physiology of biogenic volatile organic compound; phytoremediation; urban forest 
 
Prof. Dr. Gianni Barcaccia E-Mail Website1 Website2 
Department of Agronomy, Food, Natural resources, Animals, and Environment (DAFNAE), University of Padova, 
35020 Legnaro, Italy 
Interests: plant breeding; food traceability; male sterility; genomics; apomixis 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Genomics for Plant Breeding 
 
Prof. Davide Barreca E-Mail Website 
Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, 
Italy 
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Interests: plant biochemistry; isolation and identification of polyphenols; evaluation of biological potentials of 
polyphenols on isolate cells in culture; identification of molecular mechanisms of antioxidants action 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Mechanisms of Plant Antioxidants Action 
 
Prof. Dr. Adriana Basile E-Mail Website 
Department of Biology, University Federico II, Napoli, Italy 
Interests: plant cell; bryophyte; environmental pollution; response to stress; ultrastructure; molecular biology; 
biomarkers; bioactivities 
Special Issues and Collections in MDPI journals: 
Special Issue in Molecules: Essential Oils as Antimicrobial and Anti-infectious Agents 
Special Issue in International Journal of Molecular Sciences: Molecular Research on Bryophytes 
 
Prof. Dr. Roberto Bassi E-Mail Website 
Department of Biotechnology, University of Verona, 37134 Verona, Italy 
Tel. +393487343449 
Interests: photosynthesis; primary productivity; light harvesting; photoprotection; algae; mosses; higher plants 
 
Prof. Dr. Hugh J. Beckie E-Mail Website 
Australian Herbicide Resistance Initiative (AHRI), School of Agriculture and Environment, University of Western 
Australia, Crawley, WA 6009, Australia 
Tel. (61) 08 6488 4615 
Interests: herbicide resistance; herbicide-resistant crops; herbicide-resistant weeds; integrated weed management; 
transgenic crops 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Herbicide Resistance in Plants 
 
Dr. Fred Beisson E-Mail Website 
Institute of Biosciences and Biotechnologies, CEA-CNRS-Aix Marseille Université, F-13108 Cadarache, France 
Interests: plant and algal lipid metabolism with a focus on: metabolism of hydrocarbons and storage lipids in algae; 
biosynthesis and function of plant lipid polyesters 
 
Dr. Eduardo R. Bejarano E-Mail Website 
Departamento de Biología Celular, Genética y Fisiología, Instituto de Hortofruticultura Subtropical y Mediterranea 
(UMA), Universidad de Málaga, Campus de Teatinos, 29010 Málaga, Spain 
Interests: Plant-virus interaction; DNA viruses; post-translational modifications; gene silencing; interactions between 
biotic and abiotic stresses; jasmonate response 
 
Dr. Vagner A. Benedito E-Mail Website 
Associate Professor, Division of Plant & Soil Sciences, 3425 New Agricultural Sciences Building, West Virginia 
University, P.O. Box 6108, Morgantown, WV 26506-6108, USA 
Fax: +1 304 293 2960 
Interests: functional genetics and genomics; plant development and molecular physiology; biological nitrogen fixation 
in legumes; hormonal Interactions in tomato development; biochemistry of membrane transporters and transcription 
factors 
 
Dr. Yoselin Benitez-Alfonso E-Mail Website 
Centre for Plant Science, School of Biology, University of Leeds, Leeds LS2 9JT, UK 
Interests: plant development; cell wall biophysics; cell-cell transport and callose: B-1,3 glucans; plasmodesmata 
 
Dr. Ángel Mérida Berlanga E-Mail Website 
Institute of Plant Biochemistry and Photosynthesis (IBVF) Consejo Superior de Investigaciones Científicas (CSIC)-
Universidad de Sevilla (US), 41092 Sevilla, Spain 
Interests: starch metabolism; starch granule initiation; carbon metabolism in plants; photosynthesis 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Starch Metabolism in Plants 
 
Dr. Benoît Bertrand E-Mail Website 
CIRAD, IRD, Interactions plants - micro-organisms - environment (IPME), Montpellier University, 911 Avenue 
Agropolis, BP 64501, 34394, Montpellier, France 
Interests: plant response to abiotic stress and climate change 
Special Issues and Collections in MDPI journals: 
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Special Issue in Beverages: Coffee Beverage 
 
Dr. Valeria Bianciotto E-Mail Website 
Institute for Sustainable Plant Protection (IPSP) Italian National Research Council (CNR) , Viale Mattioli 25, 10125 
Torino, Italy 
Interests: biology and biotechnology of plant-microorganisms interactions; biodiversity and impact of soil fungal 
communities in natural and agricultural ecosystems; biotechnological applications of mycorrhizal inoculants as 
biofertilizers and biostimulants in agriculture and in floriculture 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Contribution of Mycorrhizal Symbiosis to Plant Growth 
 
Assist. Prof. Dr. Michał Bogdziewicz E-Mail Website 
Department of Systematic Zoology, Faculty of Biology Adam Mickiewicz University Umultowska 89, 61-614 Poznań, 
Poland 
Interests: tree ecology; plant-animal interactions 
 
Prof. Dr. Atle M. Bones E-Mail Website 
Cell, Molecular Biology and Genomics Group, Department of Biology, Norwegian University of Science and 
Technology, NO-7491 Trondheim, Norway 
Fax: +47 7359 6100 
Interests: plant and algae cell biology; defense systems; organization and mechanisms; functional genomics; biotic 
and abiotic stress responses; molecular biology; systems biology approaches 
 
Assoc. Prof. Dr. Dario Bonetta E-Mail Website 
Faculty of Science, University of Ontario Institute of Technology, 2000 Simcoe St N, Oshawa, ON L1G 0C5, Canada 
Interests: mechanisms of polysaccharide biosynthesis and cell wall integrity in Arabidopsis and microorganisms; bio-
based materials for creation of fuels and fibers 
 
Dr. Paul K. Boss E-Mail Website 
CSIRO, Agriculture and Food, Waite Campus, PMB2, Glen Osmond SA 5064, Australia 
Tel. +61-(0)-8-8303-8614 
Interests: grapevine; secondary metabolism; flavour; aroma; wine; development; ripening; gene mapping 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Fruit Biology 
 
Prof. Dr. Dimitris L. Bouranis E-Mail Website 
Plant Physiology Laboratory, Crop Science Department, Agricultural University of Athens, Iera Odos 75, 11855 
Athens, Greece 
Interests: plant physiology; plant nutrition physiology; sulfur physiology; sulfur nutrition; sulfur use efficiency; 
fertilization with sulfur-containing fertilizers; sulfur interactions with iron, nitrogen, and phosphorus, focusing on 
graminaceous species 
Special Issues and Collections in MDPI journals: 
Special Issue in Plants: Advances in Plant Sulfur Research 
Special Issue in Plants: Selected Papers from the 28th International Symposium of the Scientific Centre for 
Fertilizers (CIEC) “Fertilization and Nutrient Use Efficiency in Mediterranean Environments” 
 
Dr. Cécile Bousquet-Antonelli E-Mail Website 
Laboratoire Génome et Développement des Plantes, Université de Perpignan-CNRS, 58 av Paul Alduy, F-66860 
Perpignan, France 
Interests: post-transcriptional regulations; translation; mRNA stability; RNP granules; epitranscriptomics; m6A 
readers; mRNA Binding Proteins; LA and Related Proteins (LARPs); Heat Stress; Arabidopsis thaliana 
 
Assoc. Prof. Gale G. Bozzo E-Mail Website 
Department of Plant Agriculture, University of Guelph, Guelph, ON N1G 2W1, Canada 
Interests: plant metabolism; biochemistry; abiotic stress; postharvest biology; secondary metabolism; flavonoids, 
oxidative stress; antioxidants 
 
Prof. Dr. Alessandra Braca E-Mail Website 
Department of Pharmacy, University of Pisa, 56126 Pisa, Italy 
Interests: natural products chemistry; NMR; structural elucidation; botanicals; analysis of plant secondary 
metabolites through LC-MS; food chemistry 
 

Digital Repository Universitas Jember

https://www.mdpi.com/journal/beverages/special_issues/coffee
https://www.mdpi.com/journal/plants/editors
http://www.ipsp.cnr.it/researchers/bianciotto-valeria/?lang=en
https://www.mdpi.com/journal/plants/special_issues/contribution_mycorrhizal_plant
https://www.mdpi.com/journal/plants/editors
https://michalbogdziewicz.wordpress.com/
https://www.mdpi.com/journal/plants/editors
http://boneslab.bio.ntnu.no/
https://www.mdpi.com/journal/plants/editors
https://science.ontariotechu.ca/people/biology-faculty-and-staff.php
https://www.mdpi.com/journal/plants/editors
http://people.csiro.au/B/P/Paul-Boss
https://www.mdpi.com/journal/plants/special_issues/fruit_biology
https://www.mdpi.com/journal/plants/editors
http://www.aua.gr/bouranis
https://www.mdpi.com/journal/plants/special_issues/Sulfur_Metabolism
https://www.mdpi.com/journal/plants/special_issues/CIEC_fertilization
https://www.mdpi.com/journal/plants/special_issues/CIEC_fertilization
https://www.mdpi.com/journal/plants/editors
http://lgdp.univ-perp.fr/index.php?page=equipe-1_2
https://www.mdpi.com/journal/plants/editors
https://www.plant.uoguelph.ca/gbozzo
https://www.mdpi.com/journal/plants/editors
https://unimap.unipi.it/cercapersone/dettaglio.php?ri=5585&template=dettaglio.tpl
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Instructions for Authors 

Submission Checklist 

Please. 

1. read the Aims & Scope to gain an overview and assess if your manuscript is suitable for this journal; 
2. use the Microsoft Word template or LaTeX template to prepare your manuscript; 
3. make sure that issues about publication ethics, research ethics, copyright, authorship, figure 

formats, data and references format have been appropriately considered; 
4. ensure that all authors have approved the content of the submitted manuscript. 

Manuscript Submission Overview 

Types of Publications 

Plants has no restrictions on the length of manuscripts, provided that the text is concise and comprehensive. Full 
experimental details must be provided so that the results can be reproduced. Plants requires that authors publish all 
experimental controls and make full datasets available where possible (see the guidelines on Supplementary 
Materials and references to unpublished data). 

Manuscripts submitted to Plants should neither been published before nor be under consideration for publication in 
another journal. The main article types are as follows: 

• Articles: Original research manuscripts. The journal considers all original research manuscripts provided that 
the work reports scientifically sound experiments and provides a substantial amount of new information. 
Authors should not unnecessarily divide their work into several related manuscripts, although 
Short Communications of preliminary, but significant, results will be considered. Quality and impact of the 
study will be considered during peer review. 

• Reviews: These provide concise and precise updates on the latest progress made in a given area of 
research. Systematic reviews should follow the PRISMA guidelines. 

Submission Process 

Manuscripts for Plants should be submitted online at susy.mdpi.com. The submitting author, who is generally the 
corresponding author, is responsible for the manuscript during the submission and peer-review process. The 
submitting author must ensure that all eligible co-authors have been included in the author list (read the criteria to 
qualify for authorship) and that they have all read and approved the submitted version of the manuscript. To submit 
your manuscript, register and log in to the submission website. Once you have registered, click here to go to the 
submission form for Plants. All co-authors can see the manuscript details in the submission system, if they register 
and log in using the e-mail address provided during manuscript submission. 

Accepted File Formats 

Authors must use the Microsoft Word template or LaTeX template to prepare their manuscript. Using the template 
file will substantially shorten the time to complete copy-editing and publication of accepted manuscripts. The total 
amount of data for all files must not exceed 120 MB. If this is a problem, please contact the editorial 
office plants@mdpi.com. Accepted file formats are: 

• Microsoft Word: Manuscripts prepared in Microsoft Word must be converted into a single file before 
submission. When preparing manuscripts in Microsoft Word, the Plants Microsoft Word template file must 
be used. Please insert your graphics (schemes, figures, etc.) in the main text after the paragraph of its first 
citation. 

• LaTeX: Manuscripts prepared in LaTeX must be collated into one ZIP folder (include all source files and 
images, so that the Editorial Office can recompile the submitted PDF). When preparing manuscripts in 
LaTeX, please use the Plants LaTeX template files. You can now also use the online 
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application writeLaTeX to submit articles directly to Plants. The MDPI LaTeX template file should be 
selected from the writeLaTeX template gallery. 

• Supplementary files: May be any format, but it is recommended that you use common, non-proprietary 
formats where possible (see below for further details). 

Cover Letter 

A cover letter must be included with each manuscript submission. It should be concise and explain why the content of 
the paper is significant, placing the findings in the context of existing work and why it fits the scope of the journal. 
Confirm that neither the manuscript nor any parts of its content are currently under consideration or published in 
another journal. Any prior submissions of the manuscript to MDPI journals must be acknowledged. The names of 
proposed and excluded reviewers should be provided in the submission system, not in the cover letter. 

Note for Authors Funded by the National Institutes of Health (NIH) 

This journal automatically deposits papers to PubMed Central after publication of an issue. Authors do not need to 
separately submit their papers through the NIH Manuscript Submission System (NIHMS, http://nihms.nih.gov/). 

 

  

Digital Repository Universitas Jember

https://www.writelatex.com/
https://www.writelatex.com/templates/mdpi-article-template/fvjngfxymnbr
https://www.mdpi.com/journal/plants/instructions#suppmaterials
https://www.nihms.nih.gov/
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Table of Contents 

Plants, Volume 9, Issue 2 (February 2020) – 88 articles 

The Role of Plasmodesmata-Associated Receptor in Plant Development and 
Environmental Response 

Plants 2020, 9(2), 216; https://doi.org/10.3390/plants9020216 (registering DOI) - 07 Feb 2020 

Flavones Produced by Mulberry Flavone Synthase Type I Constitute a Defense Line 
against the Ultraviolet-B Stress 

Plants 2020, 9(2), 215; https://doi.org/10.3390/plants9020215 - 07 Feb 2020 

Co-Translational Protein Folding and Sorting in Chloroplasts 

Plants 2020, 9(2), 214; https://doi.org/10.3390/plants9020214 - 07 Feb 2020 

Variability in the Capacity to Produce Damage-Induced Aldehyde Green Leaf Volatiles 
among Different Plant Species Provides Novel Insights into Biosynthetic Diversity 

Plants 2020, 9(2), 213; https://doi.org/10.3390/plants9020213 - 06 Feb 2020 

Plant Cell Walls Tackling Climate Change: Insights into Plant Cell Wall Remodeling, Its 
Regulation, and Biotechnological Strategies to Improve Crop Adaptations and 
Photosynthesis in Response to Global Warming 

Plants 2020, 9(2), 212; https://doi.org/10.3390/plants9020212 - 06 Feb 2020 

Chemical Composition and Preliminary Antimicrobial Activity of the Hydroxylated 
Sesquiterpenes in the Essential Oil from Piper barbatum Kunth Leaves 

Plants 2020, 9(2), 211; https://doi.org/10.3390/plants9020211 - 06 Feb 2020 

Post-Silking Shading Stress Affects Leaf Nitrogen Metabolism of Spring Maize in 
Southern China 

Plants 2020, 9(2), 210; https://doi.org/10.3390/plants9020210 - 06 Feb 2020 

Functional Analysis of PSRP1, the Chloroplast Homolog of a Cyanobacterial Ribosome 
Hibernation Factor 

Plants 2020, 9(2), 209; https://doi.org/10.3390/plants9020209 - 06 Feb 2020 

Cytokinins Are Abundant and Widespread Among Insect Species 

Plants 2020, 9(2), 208; https://doi.org/10.3390/plants9020208 - 06 Feb 2020 

Opportunities and Scope for Botanical Extracts and Products for the Management of 
Fall Armyworm (Spodoptera frugiperda) for Smallholders in Africa 

Plants 2020, 9(2), 207; https://doi.org/10.3390/plants9020207 - 06 Feb 2020 

Effect of Shading on Red Colour and Fruit Quality in Blush Pears “ANP-0118” and 
“ANP-0131” 

Plants 2020, 9(2), 206; https://doi.org/10.3390/plants9020206 - 06 Feb 2020 

The Short-Term Effects of Mineral- and Plant-Derived Fulvic Acids on Some Selected 
Soil Properties: Improvement in the Growth, Yield, and Mineral Nutritional Status of 
Wheat (Triticum aestivum L.) under Soils of Contrasting Textures 

Plants 2020, 9(2), 205; https://doi.org/10.3390/plants9020205 - 06 Feb 2020 

Transcriptome and Phytochemical Analysis Reveals the Alteration of Plant Hormones, 
Characteristic Metabolites, and Related Gene Expression in Tea (Camellia sinensis L.) 
Leaves During Withering 

Plants 2020, 9(2), 204; https://doi.org/10.3390/plants9020204 - 06 Feb 2020 

The Phytotoxic Potential of the Flowering Foliage of Gorse (Ulex europaeus) and 
Scotch Broom (Cytisus scoparius), as Pre-Emergent Weed Control in Maize in a 
Glasshouse Pot Experiment 
Plants 2020, 9(2), 203; https://doi.org/10.3390/plants9020203 - 06 Feb 2020 

Thymus Citriodorus (Schreb) Botanical Products as Ecofriendly Nematicides with Bio-
Fertilizing Properties 

Digital Repository Universitas Jember

https://www.mdpi.com/2223-7747/9
https://www.mdpi.com/2223-7747/9/2/216
https://www.mdpi.com/2223-7747/9/2/216
https://www.mdpi.com/2223-7747/9/2/215
https://www.mdpi.com/2223-7747/9/2/215
https://doi.org/10.3390/plants9020215
https://www.mdpi.com/2223-7747/9/2/214
https://doi.org/10.3390/plants9020214
https://www.mdpi.com/2223-7747/9/2/213
https://www.mdpi.com/2223-7747/9/2/213
https://doi.org/10.3390/plants9020213
https://www.mdpi.com/2223-7747/9/2/212
https://www.mdpi.com/2223-7747/9/2/212
https://www.mdpi.com/2223-7747/9/2/212
https://doi.org/10.3390/plants9020212
https://www.mdpi.com/2223-7747/9/2/211
https://www.mdpi.com/2223-7747/9/2/211
https://doi.org/10.3390/plants9020211
https://www.mdpi.com/2223-7747/9/2/210
https://www.mdpi.com/2223-7747/9/2/210
https://doi.org/10.3390/plants9020210
https://www.mdpi.com/2223-7747/9/2/209
https://www.mdpi.com/2223-7747/9/2/209
https://doi.org/10.3390/plants9020209
https://www.mdpi.com/2223-7747/9/2/208
https://doi.org/10.3390/plants9020208
https://www.mdpi.com/2223-7747/9/2/207
https://www.mdpi.com/2223-7747/9/2/207
https://doi.org/10.3390/plants9020207
https://www.mdpi.com/2223-7747/9/2/206
https://www.mdpi.com/2223-7747/9/2/206
https://doi.org/10.3390/plants9020206
https://www.mdpi.com/2223-7747/9/2/205
https://www.mdpi.com/2223-7747/9/2/205
https://www.mdpi.com/2223-7747/9/2/205
https://doi.org/10.3390/plants9020205
https://www.mdpi.com/2223-7747/9/2/204
https://www.mdpi.com/2223-7747/9/2/204
https://www.mdpi.com/2223-7747/9/2/204
https://doi.org/10.3390/plants9020204
https://www.mdpi.com/2223-7747/9/2/203
https://www.mdpi.com/2223-7747/9/2/203
https://www.mdpi.com/2223-7747/9/2/203
https://doi.org/10.3390/plants9020203
https://www.mdpi.com/2223-7747/9/2/202
https://www.mdpi.com/2223-7747/9/2/202
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2020, 9(2), 202; https://doi.org/10.3390/plants9020202 - 06 Feb 2020 

Exodermis and Endodermis Respond to Nutrient Deficiency in Nutrient-Specific and 
Localized Manner 

Plants 2020, 9(2), 201; https://doi.org/10.3390/plants9020201 - 06 Feb 2020 

Overexpression of Sucrose Phosphate Synthase Enhanced Sucrose Content and 
Biomass Production in Transgenic Sugarcane 

Plants 2020, 9(2), 200; https://doi.org/10.3390/plants9020200 - 06 Feb 2020 

Comparative Chloroplast Genomics of Endangered Euphorbia Species: Insights into 
Hotspot Divergence, Repetitive Sequence Variation, and Phylogeny 

Plants 2020, 9(2), 199; https://doi.org/10.3390/plants9020199 - 05 Feb 2020 

The Function of miRNAs in Plants 

Plants 2020, 9(2), 198; https://doi.org/10.3390/plants9020198 - 05 Feb 2020 

Tomato Phenotypic Diversity Determined by Combined Approaches of Conventional 
and High-Throughput Tomato Analyzer Phenotyping 

Plants 2020, 9(2), 197; https://doi.org/10.3390/plants9020197 - 05 Feb 2020 

Profiling of Flavonoid and Antioxidant Activity of Fruit Tissues from 27 Chinese Local 
Citrus Cultivars 

Plants 2020, 9(2), 196; https://doi.org/10.3390/plants9020196 - 05 Feb 2020 

Allelic Variants of CRISPR/Cas9 Induced Mutation in an Inositol Trisphosphate 5/6 
Kinase Gene Manifest Different Phenotypes in Barley 

Plants 2020, 9(2), 195; https://doi.org/10.3390/plants9020195 - 05 Feb 2020 

Physiological Response of Miscanthus x giganteus to Plant Growth Regulators in 
Nutritionally Poor Soil 
Plants 2020, 9(2), 194; https://doi.org/10.3390/plants9020194 - 05 Feb 2020 

Heterologous Expression of Three Ammopiptanthus mongolicus Dehydrin Genes 
Confers Abiotic Stress Tolerance in Arabidopsis thaliana 

Plants 2020, 9(2), 193; https://doi.org/10.3390/plants9020193 - 05 Feb 2020 

Carbon Transfer from the Host Diatom Enables Fast Growth and High Rate of 
N2 Fixation by Symbiotic Heterocystous Cyanobacteria 

Plants 2020, 9(2), 192; https://doi.org/10.3390/plants9020192 - 04 Feb 2020 

Agrobacterium-Mediated Genetic Transformation of the Medicinal Plant Veratrum 
dahuricum 

Plants 2020, 9(2), 191; https://doi.org/10.3390/plants9020191 - 04 Feb 2020 

Transcriptome-Wide Identification, Evolutionary Analysis, and GA Stress Response of 
the GRAS Gene Family in Panax ginseng C. A. Meyer 

Plants 2020, 9(2), 190; https://doi.org/10.3390/plants9020190 - 04 Feb 2020 

Transgenerational Effects of Water-Deficit and Heat Stress on Germination and 
Seedling Vigour—New Insights from Durum Wheat microRNAs 

Plants 2020, 9(2), 189; https://doi.org/10.3390/plants9020189 - 04 Feb 2020 

Modulation of Cadmium Tolerance in Rice: Insight into Vanillic Acid-Induced 
Upregulation of Antioxidant Defense and Glyoxalase Systems 

Plants 2020, 9(2), 188; https://doi.org/10.3390/plants9020188 - 04 Feb 2020 

Chemical Analysis of the Essential Oil from Siparuna echinata (Kunth) A. DC. 
(Siparunaceae) of Ecuador and Isolation of the Rare Terpenoid Sipaucin A 

Plants 2020, 9(2), 187; https://doi.org/10.3390/plants9020187 - 04 Feb 2020 

Molecular Characterization of the Dwarf53 Gene Homolog in Dasypyrum villosum 

Plants 2020, 9(2), 186; https://doi.org/10.3390/plants9020186 - 03 Feb 2020 

Expression Profile of PIN-Formed Auxin Efflux Carrier Genes during IBA-Induced In 
Vitro Adventitious Rooting in Olea europaea L. 
Plants 2020, 9(2), 185; https://doi.org/10.3390/plants9020185 - 03 Feb 2020 

Natural Variation in Adventitious Rooting in the Alpine Perennial Arabis alpina 

Digital Repository Universitas Jember

https://doi.org/10.3390/plants9020202
https://www.mdpi.com/2223-7747/9/2/201
https://www.mdpi.com/2223-7747/9/2/201
https://doi.org/10.3390/plants9020201
https://www.mdpi.com/2223-7747/9/2/200
https://www.mdpi.com/2223-7747/9/2/200
https://doi.org/10.3390/plants9020200
https://www.mdpi.com/2223-7747/9/2/199
https://www.mdpi.com/2223-7747/9/2/199
https://doi.org/10.3390/plants9020199
https://www.mdpi.com/2223-7747/9/2/198
https://doi.org/10.3390/plants9020198
https://www.mdpi.com/2223-7747/9/2/197
https://www.mdpi.com/2223-7747/9/2/197
https://doi.org/10.3390/plants9020197
https://www.mdpi.com/2223-7747/9/2/196
https://www.mdpi.com/2223-7747/9/2/196
https://doi.org/10.3390/plants9020196
https://www.mdpi.com/2223-7747/9/2/195
https://www.mdpi.com/2223-7747/9/2/195
https://doi.org/10.3390/plants9020195
https://www.mdpi.com/2223-7747/9/2/194
https://www.mdpi.com/2223-7747/9/2/194
https://doi.org/10.3390/plants9020194
https://www.mdpi.com/2223-7747/9/2/193
https://www.mdpi.com/2223-7747/9/2/193
https://doi.org/10.3390/plants9020193
https://www.mdpi.com/2223-7747/9/2/192
https://www.mdpi.com/2223-7747/9/2/192
https://doi.org/10.3390/plants9020192
https://www.mdpi.com/2223-7747/9/2/191
https://www.mdpi.com/2223-7747/9/2/191
https://doi.org/10.3390/plants9020191
https://www.mdpi.com/2223-7747/9/2/190
https://www.mdpi.com/2223-7747/9/2/190
https://doi.org/10.3390/plants9020190
https://www.mdpi.com/2223-7747/9/2/189
https://www.mdpi.com/2223-7747/9/2/189
https://doi.org/10.3390/plants9020189
https://www.mdpi.com/2223-7747/9/2/188
https://www.mdpi.com/2223-7747/9/2/188
https://doi.org/10.3390/plants9020188
https://www.mdpi.com/2223-7747/9/2/187
https://www.mdpi.com/2223-7747/9/2/187
https://doi.org/10.3390/plants9020187
https://www.mdpi.com/2223-7747/9/2/186
https://doi.org/10.3390/plants9020186
https://www.mdpi.com/2223-7747/9/2/185
https://www.mdpi.com/2223-7747/9/2/185
https://doi.org/10.3390/plants9020185
https://www.mdpi.com/2223-7747/9/2/184
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2020, 9(2), 184; https://doi.org/10.3390/plants9020184 - 03 Feb 2020 

Functional Improvement of Human Cardiotrophin 1 Produced in Tobacco Chloroplasts 
by Co-expression with Plastid Thioredoxin m 

Plants 2020, 9(2), 183; https://doi.org/10.3390/plants9020183 - 02 Feb 2020 

Cultivar Resistance against Colletotrichum asianum in the World Collection of Mango 
Germplasm in Southeastern Brazil 
Plants 2020, 9(2), 182; https://doi.org/10.3390/plants9020182 - 02 Feb 2020 

Formation of Annual Ring Eccentricity in Coarse Roots within the Root Cage of Pinus 
ponderosa Growing on Slopes 

Plants 2020, 9(2), 181; https://doi.org/10.3390/plants9020181 - 02 Feb 2020 

Nitrous Oxide Emissions from Paddies: Understanding the Role of Rice Plants 

Plants 2020, 9(2), 180; https://doi.org/10.3390/plants9020180 - 02 Feb 2020 

Foliar Application of Polyamines Modulates Winter Oilseed Rape Responses to 
Increasing Cold 

Plants 2020, 9(2), 179; https://doi.org/10.3390/plants9020179 - 01 Feb 2020 

High Nitrogen Enhance Drought Tolerance in Cotton through Antioxidant Enzymatic 
Activities, Nitrogen Metabolism and Osmotic Adjustment 
Plants 2020, 9(2), 178; https://doi.org/10.3390/plants9020178 - 01 Feb 2020 

Living Mulch and Organic Fertilization to Improve Weed Management, Yield and Quality 
of Broccoli Raab in Organic Farming 

Plants 2020, 9(2), 177; https://doi.org/10.3390/plants9020177 - 01 Feb 2020 

Physiological Responses to the Foliar Application of Synthetic Resistance Elicitors in 
Cape Gooseberry Seedlings Infected with Fusarium oxysporum f. sp. physali 
Plants 2020, 9(2), 176; https://doi.org/10.3390/plants9020176 - 01 Feb 2020 

Evaluation of Cross-Species Transferability of SSR Markers in Foeniculum vulgare 

Plants 2020, 9(2), 175; https://doi.org/10.3390/plants9020175 - 01 Feb 2020 

Using Rapid Chlorophyll Fluorescence Transients to Classify Vitis Genotypes 

Plants 2020, 9(2), 174; https://doi.org/10.3390/plants9020174 - 01 Feb 2020 

Additive Effect of Botanical Insecticide and Entomopathogenic Fungi on Pest Mortality 
and the Behavioral Response of Its Natural Enemy 

Plants 2020, 9(2), 173; https://doi.org/10.3390/plants9020173 - 01 Feb 2020 

Stimulation of Insect Herbivory by Elevated Temperature Outweighs Protection by the 
Jasmonate Pathway 

Plants 2020, 9(2), 172; https://doi.org/10.3390/plants9020172 - 01 Feb 2020 

Biochemical and Molecular Characterization of PvNTD2, a Nucleotidase Highly 
Expressed in Nodules from Phaseolus vulgaris 

Plants 2020, 9(2), 171; https://doi.org/10.3390/plants9020171 - 01 Feb 2020 

Effects of Hot Air Treatments on Postharvest Storage of Newhall Navel Orange 

Plants 2020, 9(2), 170; https://doi.org/10.3390/plants9020170 - 01 Feb 2020 

Physiological and Anatomical Differences and Differentially Expressed Genes Reveal 
Yellow Leaf Coloration in Shumard Oak 

Plants 2020, 9(2), 169; https://doi.org/10.3390/plants9020169 - 01 Feb 2020 

The Search for Quorum Sensing in Botrytis cinerea: Regulatory Activity of Its Extracts 
on Its Development 
Plants 2020, 9(2), 168; https://doi.org/10.3390/plants9020168 - 31 Jan 2020 

Crocus sativus L. Extract Containing Polyphenols Modulates Oxidative Stress and 
Inflammatory Response against Anti-Tuberculosis Drugs-Induced Liver Injury 

Plants 2020, 9(2), 167; https://doi.org/10.3390/plants9020167 - 30 Jan 2020 

Role of the Cytokinin-Activated Type-B Response Regulators in Hormone Crosstalk 

Plants 2020, 9(2), 166; https://doi.org/10.3390/plants9020166 - 30 Jan 2020 

Sensitivity Analysis of Italian Lolium spp. to Glyphosate in Agricultural Environments 

Digital Repository Universitas Jember

https://doi.org/10.3390/plants9020184
https://www.mdpi.com/2223-7747/9/2/183
https://www.mdpi.com/2223-7747/9/2/183
https://doi.org/10.3390/plants9020183
https://www.mdpi.com/2223-7747/9/2/182
https://www.mdpi.com/2223-7747/9/2/182
https://doi.org/10.3390/plants9020182
https://www.mdpi.com/2223-7747/9/2/181
https://www.mdpi.com/2223-7747/9/2/181
https://doi.org/10.3390/plants9020181
https://www.mdpi.com/2223-7747/9/2/180
https://doi.org/10.3390/plants9020180
https://www.mdpi.com/2223-7747/9/2/179
https://www.mdpi.com/2223-7747/9/2/179
https://doi.org/10.3390/plants9020179
https://www.mdpi.com/2223-7747/9/2/178
https://www.mdpi.com/2223-7747/9/2/178
https://doi.org/10.3390/plants9020178
https://www.mdpi.com/2223-7747/9/2/177
https://www.mdpi.com/2223-7747/9/2/177
https://doi.org/10.3390/plants9020177
https://www.mdpi.com/2223-7747/9/2/176
https://www.mdpi.com/2223-7747/9/2/176
https://doi.org/10.3390/plants9020176
https://www.mdpi.com/2223-7747/9/2/175
https://doi.org/10.3390/plants9020175
https://www.mdpi.com/2223-7747/9/2/174
https://doi.org/10.3390/plants9020174
https://www.mdpi.com/2223-7747/9/2/173
https://www.mdpi.com/2223-7747/9/2/173
https://doi.org/10.3390/plants9020173
https://www.mdpi.com/2223-7747/9/2/172
https://www.mdpi.com/2223-7747/9/2/172
https://doi.org/10.3390/plants9020172
https://www.mdpi.com/2223-7747/9/2/171
https://www.mdpi.com/2223-7747/9/2/171
https://doi.org/10.3390/plants9020171
https://www.mdpi.com/2223-7747/9/2/170
https://doi.org/10.3390/plants9020170
https://www.mdpi.com/2223-7747/9/2/169
https://www.mdpi.com/2223-7747/9/2/169
https://doi.org/10.3390/plants9020169
https://www.mdpi.com/2223-7747/9/2/168
https://www.mdpi.com/2223-7747/9/2/168
https://doi.org/10.3390/plants9020168
https://www.mdpi.com/2223-7747/9/2/167
https://www.mdpi.com/2223-7747/9/2/167
https://doi.org/10.3390/plants9020167
https://www.mdpi.com/2223-7747/9/2/166
https://doi.org/10.3390/plants9020166
https://www.mdpi.com/2223-7747/9/2/165
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2020, 9(2), 165; https://doi.org/10.3390/plants9020165 - 30 Jan 2020 

Effect of Rhododendron arboreum Leaf Extract on the Antioxidant Defense System 
against Chromium (VI) Stress in Vigna radiata Plants 

Plants 2020, 9(2), 164; https://doi.org/10.3390/plants9020164 - 29 Jan 2020 

SLIM1 Transcription Factor Promotes Sulfate Uptake and Distribution to Shoot, Along 
with Phytochelatin Accumulation, Under Cadmium Stress in Arabidopsis thaliana 

Plants 2020, 9(2), 163; https://doi.org/10.3390/plants9020163 - 29 Jan 2020 

Plant-Produced Recombinant Influenza A Virus Candidate Vaccine Based on Flagellin 
Linked to Conservative Fragments of M2 Protein and Hemagglutintin 

Plants 2020, 9(2), 162; https://doi.org/10.3390/plants9020162 - 29 Jan 2020 

Comparative Seed Morphology of Tropical and Temperate Orchid Species with Different 
Growth Habits 

Plants 2020, 9(2), 161; https://doi.org/10.3390/plants9020161 - 29 Jan 2020 

Assessment of Genetic Relationships between Streptocarpus x hybridus V. Parents and 
F1 Progenies Using SRAP Markers and FT-IR Spectroscopy 

Plants 2020, 9(2), 160; https://doi.org/10.3390/plants9020160 - 28 Jan 2020 

Exogenous Isoprene Confers Physiological Benefits in a Negligible Isoprene Emitter 
(Acer monspessulanum L.) Under Water Deficit 
Plants 2020, 9(2), 159; https://doi.org/10.3390/plants9020159 - 28 Jan 2020 

Subcellular Targeting of Plant Sucrose Transporters Is Affected by Their Oligomeric 
State 

Plants 2020, 9(2), 158; https://doi.org/10.3390/plants9020158 - 27 Jan 2020 

Comparative Analysis of Actaea Chloroplast Genomes and Molecular Marker 
Development for the Identification of Authentic Cimicifugae Rhizoma 

Plants 2020, 9(2), 157; https://doi.org/10.3390/plants9020157 - 27 Jan 2020 

Community Structure, Diversity and Potential of Endophytic Bacteria in the Primitive 
New Zealand Medicinal Plant Pseudowintera colorata 

Plants 2020, 9(2), 156; https://doi.org/10.3390/plants9020156 - 27 Jan 2020 

Variation in Morphological and Quality Parameters in Garlic (Allium sativum L.) Bulb 
Influenced by Different Photoperiod, Temperature, Sowing and Harvesting Time 

Plants 2020, 9(2), 155; https://doi.org/10.3390/plants9020155 - 26 Jan 2020 

YES-10, A Combination of Extracts from Clematis mandshurica RUPR. and Erigeron 
annuus (L.) PERS., Prevents Ischemic Brain Injury in A Gerbil Model of Transient 
Forebrain Ischemia 

Plants 2020, 9(2), 154; https://doi.org/10.3390/plants9020154 - 26 Jan 2020 

Application of Deep Eutectic Solvents for the Extraction of Rutin and Rosmarinic Acid 
from Satureja montana L. and Evaluation of the Extracts Antiradical Activity 

Plants 2020, 9(2), 153; https://doi.org/10.3390/plants9020153 - 26 Jan 2020 

Exploring the Link between Photosystem II Assembly and Translation of the 
Chloroplast psbA mRNA 

Plants 2020, 9(2), 152; https://doi.org/10.3390/plants9020152 - 25 Jan 2020 

Molecular Events Involved in Fruitlet Abscission in Litchi 
Plants 2020, 9(2), 151; https://doi.org/10.3390/plants9020151 - 24 Jan 2020 

Sphingolipid Effects on the Plasma Membrane Produced by Addition of Fumonisin B1 to 
Maize Embryos 

Plants 2020, 9(2), 150; https://doi.org/10.3390/plants9020150 - 23 Jan 2020 

Extracts of Common Pesticidal Plants Increase Plant Growth and Yield in Common 
Bean Plants 

Plants 2020, 9(2), 149; https://doi.org/10.3390/plants9020149 - 23 Jan 2020 

Elucidating the Possible Involvement of Maize Aquaporins and Arbuscular Mycorrhizal 
Symbiosis in the Plant Ammonium and Urea Transport under Drought Stress Conditions 

Digital Repository Universitas Jember

https://doi.org/10.3390/plants9020165
https://www.mdpi.com/2223-7747/9/2/164
https://www.mdpi.com/2223-7747/9/2/164
https://doi.org/10.3390/plants9020164
https://www.mdpi.com/2223-7747/9/2/163
https://www.mdpi.com/2223-7747/9/2/163
https://doi.org/10.3390/plants9020163
https://www.mdpi.com/2223-7747/9/2/162
https://www.mdpi.com/2223-7747/9/2/162
https://doi.org/10.3390/plants9020162
https://www.mdpi.com/2223-7747/9/2/161
https://www.mdpi.com/2223-7747/9/2/161
https://doi.org/10.3390/plants9020161
https://www.mdpi.com/2223-7747/9/2/160
https://www.mdpi.com/2223-7747/9/2/160
https://doi.org/10.3390/plants9020160
https://www.mdpi.com/2223-7747/9/2/159
https://www.mdpi.com/2223-7747/9/2/159
https://doi.org/10.3390/plants9020159
https://www.mdpi.com/2223-7747/9/2/158
https://www.mdpi.com/2223-7747/9/2/158
https://doi.org/10.3390/plants9020158
https://www.mdpi.com/2223-7747/9/2/157
https://www.mdpi.com/2223-7747/9/2/157
https://doi.org/10.3390/plants9020157
https://www.mdpi.com/2223-7747/9/2/156
https://www.mdpi.com/2223-7747/9/2/156
https://doi.org/10.3390/plants9020156
https://www.mdpi.com/2223-7747/9/2/155
https://www.mdpi.com/2223-7747/9/2/155
https://doi.org/10.3390/plants9020155
https://www.mdpi.com/2223-7747/9/2/154
https://www.mdpi.com/2223-7747/9/2/154
https://www.mdpi.com/2223-7747/9/2/154
https://doi.org/10.3390/plants9020154
https://www.mdpi.com/2223-7747/9/2/153
https://www.mdpi.com/2223-7747/9/2/153
https://doi.org/10.3390/plants9020153
https://www.mdpi.com/2223-7747/9/2/152
https://www.mdpi.com/2223-7747/9/2/152
https://doi.org/10.3390/plants9020152
https://www.mdpi.com/2223-7747/9/2/151
https://doi.org/10.3390/plants9020151
https://www.mdpi.com/2223-7747/9/2/150
https://www.mdpi.com/2223-7747/9/2/150
https://doi.org/10.3390/plants9020150
https://www.mdpi.com/2223-7747/9/2/149
https://www.mdpi.com/2223-7747/9/2/149
https://doi.org/10.3390/plants9020149
https://www.mdpi.com/2223-7747/9/2/148
https://www.mdpi.com/2223-7747/9/2/148
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2020, 9(2), 148; https://doi.org/10.3390/plants9020148 - 23 Jan 2020 

Plant Aspartic Proteases for Industrial Applications: Thistle Get Better 

Plants 2020, 9(2), 147; https://doi.org/10.3390/plants9020147 - 23 Jan 2020 

Genotypic Differences in the Effect of P Fertilization on Phytic Acid Content in Rice 
Grain 

Plants 2020, 9(2), 146; https://doi.org/10.3390/plants9020146 - 23 Jan 2020 

Factors Affecting Organelle Genome Stability in Physcomitrella patens 

Plants 2020, 9(2), 145; https://doi.org/10.3390/plants9020145 - 23 Jan 2020 

Variation in Root and Shoot Growth in Response to Reduced Nitrogen 

Plants 2020, 9(2), 144; https://doi.org/10.3390/plants9020144 - 23 Jan 2020 

The Phytochemical Composition of Melia volkensii and Its Potential for Insect Pest 
Management 
Plants 2020, 9(2), 143; https://doi.org/10.3390/plants9020143 - 22 Jan 2020 

Phenolic Profile, Toxicity, Enzyme Inhibition, In Silico Studies, and Antioxidant 
Properties of Cakile maritima Scop. (Brassicaceae) from Southern Portugal 
Plants 2020, 9(2), 142; https://doi.org/10.3390/plants9020142 - 22 Jan 2020 

Invasive Mesquite (Prosopis juliflora), an Allergy and Health Challenge 

Plants 2020, 9(2), 141; https://doi.org/10.3390/plants9020141 - 22 Jan 2020 

Low phytic acid Crops: Observations Based On Four Decades of Research 

Plants 2020, 9(2), 140; https://doi.org/10.3390/plants9020140 - 22 Jan 2020 

Gibberellins and Heterosis in Crops and Trees: An Integrative Review and Preliminary 
Study with Brassica 

Plants 2020, 9(2), 139; https://doi.org/10.3390/plants9020139 - 22 Jan 2020 

Genetic Variance Estimates for Maize Yield, Grain Moisture, and Stalk Lodging for 
Doubled-Haploid and Conventional Selfed-Line Hybrids 

Plants 2020, 9(2), 138; https://doi.org/10.3390/plants9020138 - 22 Jan 2020 

Amaryllidaceae Alkaloids of Different Structural Types from Narcissus L. cv. Professor 
Einstein and Their Cytotoxic Activity 

Plants 2020, 9(2), 137; https://doi.org/10.3390/plants9020137 - 22 Jan 2020 

Role of Jasmonic Acid Pathway in Tomato Plant-Pseudomonas syringae Interaction 

Plants 2020, 9(2), 136; https://doi.org/10.3390/plants9020136 - 22 Jan 2020 

Is Pasture Cropping a Valid Weed Management Tool? 

Plants 2020, 9(2), 135; https://doi.org/10.3390/plants9020135 - 21 Jan 2020 

Macrophomina Crown and Root Rot of Pistachio in California 

Plants 2020, 9(2), 134; https://doi.org/10.3390/plants9020134 - 21 Jan 2020 

Comparative Chloroplast Genomics of Fritillaria (Liliaceae), Inferences for Phylogenetic 
Relationships between Fritillaria and Lilium and Plastome Evolution 

Plants 2020, 9(2), 133; https://doi.org/10.3390/plants9020133 - 21 Jan 2020 

Transgenesis as a Tool for the Efficient Production of Selected Secondary Metabolites 
from Plant in Vitro Cultures 

Plants 2020, 9(2), 132; https://doi.org/10.3390/plants9020132 - 21 Jan 2020 

Physiological, Biochemical and Reproductive Studies on Valeriana wallichii, a Critically 
Endangered Medicinal Plant of the Himalayan Region Grown under In-Situ and Ex-Situ 
Conditions 

Plants 2020, 9(2), 131; https://doi.org/10.3390/plants9020131 - 21 Jan 2020 

NADH-GOGAT Overexpression Does Not Improve Maize (Zea mays L.) Performance 
Even When Pyramiding with NAD-IDH, GDH and GS 

Plants 2020, 9(2), 130; https://doi.org/10.3390/plants9020130 - 21 Jan 2020 

Arsenic Uptake and Accumulation Mechanisms in Rice Species 

Plants 2020, 9(2), 129; https://doi.org/10.3390/plants9020129 - 21 Jan 2020 

 

Digital Repository Universitas Jember

https://doi.org/10.3390/plants9020148
https://www.mdpi.com/2223-7747/9/2/147
https://doi.org/10.3390/plants9020147
https://www.mdpi.com/2223-7747/9/2/146
https://www.mdpi.com/2223-7747/9/2/146
https://doi.org/10.3390/plants9020146
https://www.mdpi.com/2223-7747/9/2/145
https://doi.org/10.3390/plants9020145
https://www.mdpi.com/2223-7747/9/2/144
https://doi.org/10.3390/plants9020144
https://www.mdpi.com/2223-7747/9/2/143
https://www.mdpi.com/2223-7747/9/2/143
https://doi.org/10.3390/plants9020143
https://www.mdpi.com/2223-7747/9/2/142
https://www.mdpi.com/2223-7747/9/2/142
https://doi.org/10.3390/plants9020142
https://www.mdpi.com/2223-7747/9/2/141
https://doi.org/10.3390/plants9020141
https://www.mdpi.com/2223-7747/9/2/140
https://doi.org/10.3390/plants9020140
https://www.mdpi.com/2223-7747/9/2/139
https://www.mdpi.com/2223-7747/9/2/139
https://doi.org/10.3390/plants9020139
https://www.mdpi.com/2223-7747/9/2/138
https://www.mdpi.com/2223-7747/9/2/138
https://doi.org/10.3390/plants9020138
https://www.mdpi.com/2223-7747/9/2/137
https://www.mdpi.com/2223-7747/9/2/137
https://doi.org/10.3390/plants9020137
https://www.mdpi.com/2223-7747/9/2/136
https://doi.org/10.3390/plants9020136
https://www.mdpi.com/2223-7747/9/2/135
https://doi.org/10.3390/plants9020135
https://www.mdpi.com/2223-7747/9/2/134
https://doi.org/10.3390/plants9020134
https://www.mdpi.com/2223-7747/9/2/133
https://www.mdpi.com/2223-7747/9/2/133
https://doi.org/10.3390/plants9020133
https://www.mdpi.com/2223-7747/9/2/132
https://www.mdpi.com/2223-7747/9/2/132
https://doi.org/10.3390/plants9020132
https://www.mdpi.com/2223-7747/9/2/131
https://www.mdpi.com/2223-7747/9/2/131
https://www.mdpi.com/2223-7747/9/2/131
https://doi.org/10.3390/plants9020131
https://www.mdpi.com/2223-7747/9/2/130
https://www.mdpi.com/2223-7747/9/2/130
https://doi.org/10.3390/plants9020130
https://www.mdpi.com/2223-7747/9/2/129
https://doi.org/10.3390/plants9020129
http://repository.unej.ac.id/
http://repository.unej.ac.id/


plants

Article

Overexpression of Sucrose Phosphate Synthase
Enhanced Sucrose Content and Biomass Production
in Transgenic Sugarcane

Risky Mulana Anur 1, Nurul Mufithah 1, Widhi Dyah Sawitri 1,2, Hitoshi Sakakibara 3,4 and
Bambang Sugiharto 1,5,*

1 Center for Development of Advanced Science and Technology (CDAST), University of Jember, Jember 68121,
Indonesia; risky.max@gmail.com (R.M.A.); mufithah1018@gmail.com (N.M.); widhi.d.s@ugm.ac.id (W.D.S.)

2 Present address: Department of Agronomy, Faculty of Agriculture, University of Gadjahmada,
Yogyakarta 55281, Indonesia

3 RIKEN Center for Sustainable Resource Sciences, Yokohama 230-0045, Japan; sakaki@agr.nagoya-u.ac.jp
4 Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya 464-8601, Japan
5 Department of Biology, Faculty of Mathematic and Natural Science, University of Jember,

Jember 68121, Indonesia
* Correspondence: sugiharto.fmipa@unej.ac.id or bbsghrt@yahoo.com; Tel.: +62-331-321825 or +62-811-350314

Received: 13 December 2019; Accepted: 5 February 2020; Published: 6 February 2020
����������
�������

Abstract: Sucrose phosphate synthase (SPS) is a key enzyme in sucrose synthesis, which
controls sucrose content in plants. This study was designed to examine the efficacy of the
overexpression of SoSPS1 gene on sucrose accumulation and carbon partitioning in transgenic
sugarcane. The overexpression of SoSPS1 gene increased SPS activity and sucrose content in
transgenic sugarcane leaves. More importantly, the overexpression enhanced soluble acid invertase
(SAI) activity concomitant with the increase of glucose and fructose levels in the leaves, whereas
sucrose synthase activity exhibited almost no change. In the stalk, a similar correlation was observed,
but a higher correlation was noted between SPS activity and sugar content. These results suggest that
SPS overexpression has both direct and indirect effects on sugar concentration and SAI activity in
sugarcane. In addition, SPS overexpression resulted in a significant increase in plant height and stalk
number in some transgenic lines compared to those in non-transgenic control. Taken together, these
results strongly suggest that enhancing SPS activity is a useful strategy for improving sugarcane yield.

Keywords: biomass; sucrose; soluble acid invertase; sucrose phosphate synthase; transgenic sugarcane

1. Introduction

Sugarcane (Saccharum officinarum), a C4 plant, is a major crop for sucrose production in tropical and
sub-tropical areas. Sucrose is synthesized via photosynthesis in the leaf, after which it is transported to,
and accumulates in, the stalk. In general, sucrose metabolism in plants involves several enzymes, such
as sucrose phosphate synthase (SPS; EC 2.4.2.14), sucrose synthase (SuSy; EC 2.4.1.13), and invertase
(EC 3.2.1.26). SPS is a key enzyme for sucrose synthesis from uridine diphosphate-glucose (UDPG) and
fructose-6 phosphate (F6P). SuSy catalyzes reversible reactions: either synthesis or cleavage of sucrose
with UDPG and fructose; it is mostly present in non-growing sink tissue and plays a role in the sucrose
degradation pathway [1]. There are several isoforms of invertase, the major ones being the vacuolar
and cell wall invertases that cleave sucrose to glucose and fructose under weak acidic conditions (pH
4.5 to 5.0), which are called soluble acid invertase (SAI). Plants also have invertases with optimal pH at
neutral and slightly alkaline ranges, but they are rather minor and less characterized [2]. In sugarcane,
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the net sucrose accumulation in the stalk depends on the balance between sucrose synthesis by SPS
and the breakdown activities by SAI [3,4].

Genes-encoding SPS have been cloned from various plants, including maize [5], Arabidopsis [6],
and sugarcane [7,8]. The presence of SPS isoform has also been reported in plants such as sugarcane [7]
and Arabidopsis [6] with different expression patterns. There are two SPS isoforms in sugarcane: SoSPS1
that is expressed in photosynthetic tissue and SoSPS2 that is constitutively expressed in all tissue [7].
To date, many studies were conducted in order to understand the role of SPS in sucrose accumulation.
It was reported that the overexpression of SPS increased the sucrose:starch ratio and the photosynthetic
rate in the leaves of transgenic tomato [5,9] and Arabidopsis thaliana [10]. Another study showed that
SPS overexpression resulted in increased sucrose unloading in tomato fruit [11]. It was also shown that
the overexpression of SPS affected carbon partitioning and carbohydrate metabolism. Constitutive
overexpression of SPS increased sucrose synthesis in older leaves and accelerated whole plant growth
in transgenic tobacco [6,12]. Effects on plant growth and biomass by SPS overexpression have also
been examined in transgenic Arabidopsis and poplar [13], Brachypodium distachyon [8], and tobacco [6].
However, the effect of SPS activity elevation on sucrose content and growth in sugarcane, which
accumulates a large amount of sucrose in the sink stalk, has not yet been successfully characterized.

The involvement of invertase in the control of sucrose content and plant growth was also reported.
Exogenous sucrose supplies increase invertase activity in sugarcane [14,15]. The overexpression
of invertases accelerate sucrose hydrolysis and enhance plant growth in cotton, Arabidopsis, and
loquat [16,17]. On the other hand, the downregulation of SAI by foliar chemical treatment or the
inhibition of SAI activity increases sucrose content in sugarcane [18,19]. Efforts were made to reduce
invertase activity using antisense techniques, but there was no significant increase in the yield of
sucrose in sugarcane [20].

The knowledge of the role of SuSy in sucrose accumulation and usage is rather limited. It was
thought that sucrose provides substrate for cellulose synthesis via the action of SuSy, which catalyzes
sucrose cleavage to generate UDPG. The downregulation of a cucumber sucrose synthase 4 (CsSUS4)
suppressed the growth and development of flowers and fruit in conjunction with low hexose, starch,
and cellulose content [21]. However, the involvement of SuSy in sucrose accumulation in sugarcane
is not fully characterized. Sucrose metabolism is organized under a complex regulation of SPS, SAI,
and SuSy. Therefore, the characterization of these enzyme activities in genetically modified sugarcane,
together with sugar accumulation and growth traits, is important for a better understanding of sugar
metabolism in the sugar crop. In this study, a sugarcane SPS gene (SoSPS1) is overexpressed under
the control of CaMV 35S promoter in sugarcane. We characterized the effect on SPS, SAI, and SuSy
activities, sugar content, and plant growth. Our results show that increasing SPS activity is an effective
strategy for enhancing the sucrose content and growth of the sugar crop.

2. Results

2.1. Expression of SoSPS1 Gene in Transgenic Sugarcane

The selected lateral buds from the first generation of transgenic sugarcane were grown in a
greenhouse for six months. To confirm the insertion of the transgene of pBI121-SoSPS1 construct,
genome DNA was isolated from the leaves of one-month-old transgenic and non-transgenic (NT)
sugarcane and subjected to PCR analysis. The PCR analysis showed the amplification of 0.55 kb nptII
DNA in three independent transgenic lines, but not in the NT line (Figure S2). We also confirmed a
single hybridization band of the nptII transgene in a Southern blot analysis (Figure S3). These results
show that the transgene was properly inserted into the sugarcane genome.

The transcript levels of SoSPS1 gene were determined by semi-quantitative RT-PCR. The results
show that the accumulation level increased in all transgenic lines compared to the NT. The expression
levels of SoSPS1 transcript in SP9 was highest among the transgenic lines. On the other hand, the
accumulation of Actin transcript used as a control was almost at the same level in all of the lines
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examined (Figure 1A,B). These results suggest that the increased SoSPS1 transcripts were caused by
the overexpression of SoSPS1 transgene.

The accumulation of SPS protein in the transgenic sugarcane leaves was analyzed by immunoblot.
Proteins were detected at around 120 kDa, corresponding to sugarcane SPS. As we observed in the
RT-PCR analysis, the detected protein level in transgenic lines was higher than that in NT (Figure 1C,D).
The accumulation pattern of SPS transcript and that of SPS polypeptide in NT and transgenic lines were
basically correlated, except for SP1 (Figure 1). This might be due to post-transcriptional effects, such as
translation efficiency or protein stability. In comparison, phosphoenolpyruvate carboxylase (PEPC)
protein levels showed slight increases, but no increase was exhibited by the ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco)-large subunit (LSU) protein in the transgenic lines (Figure 1C,D). A
similar result was also reported in the C3-type PEPC of transgenic alfalfa overexpressing a maize SPS
gene [22].
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Interestingly, this increase was accompanied by significant increases in SAI activities (Figure 2B). On 

Figure 1. Expression of sucrose phosphate synthase (SPS), phosphoenolpyruvate carboxylase (PEPC),
and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in the leaf of non-transgenic (NT) and
transgenic sugarcane lines (SP1, SP3, SP9). (A) Transcript levels of SoSPS1 and Actin (reference control)
in the sugarcane lines as determined by RT-PCR. Cycle numbers in PCR were 25 and 20 min for SoSPS1
and Actin, respectively. (C) Protein levels of SPS, PEPC, and Rubisco-large subunit (LSU) detected by
immuno-blotting. (B,D) Intensities of the amplified cDNA and protein bands analyzed by ImageJ free
software (https://imagej.nih.gov/). The results are expressed as relative values of the control NT (=1.0).
Fully expanded two-month-cultivated sugarcane leaves were harvested at daytime and divided into
two parts for RNA and protein extraction. One microgram of total RNA was reverse-transcribed to
first strand cDNA and used for PCR. Then, 30, 10, and 5 µg of total soluble proteins were subjected for
immunoblot analysis for SPS, PEPC, and Rubisco-LSU proteins, respectively.

2.2. Sucrose Metabolizing Enzymes Activities

The measurement of SPS activity showed an enhancement in transgenic sugarcane compared
to NT sugarcane (Figure 2A). The higher SPS activity appears to be observably correlated with SPS
protein levels detected by immunoblot analysis (Figure 1C,D). The SPS activities in the SP1 and SP9
lines were increased approximately two-fold compared to NT sugarcane. Thus, the overexpression
of SoSPS1 gene resulted in increasing protein levels, as well as SPS activities in transgenic sugarcane.
Interestingly, this increase was accompanied by significant increases in SAI activities (Figure 2B). On
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the other hand, SuSy activities were not affected (Figure 2C). These results suggest that enhancing SPS
activity increases SAI activity in sugarcane.
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Figure 2. Activities of SPS (A), soluble acid invertase (SAI) (B), and sucrose synthase (SuSy) (C) in
leaves of NT and transgenic sugarcane lines (SP1, SP3, SP9). Total soluble protein was extracted from
fully expanded sugarcane leaves as described in the legend of Figure 1. The activities of enzymes were
measured as described in Section 4. Values are means ± SD for three independent plants. Asterisks
denote statistically significant differences (t-test: p < 0.05).

2.3. Increasing Sugar Content in the Leaves and Stalks of Transgenic Sugarcane

To determine the effect of enhanced SPS activity on sugar accumulation, the sucrose, glucose, and
fructose contents were measured in the leaves and stalks of the sugarcane lines. Compared to the
NT line, the sucrose content of the leaves of transgenic lines increased (Table 1). The accumulation
of fructose and glucose also increased in the transgenic lines, probably due to rising SAI activities.
The hexose content increased at a higher rate than the sucrose content. The highest hexose content
increased by 12-fold, and the sucrose content only increased by 2.4-fold in the leaves of transgenic
lines. When the SPS activity was compared to sucrose levels, the correlation coefficient was low (0.05)
(Figure S4A). On the other hand, hexose levels in the leaves exhibited a strong positive correlation
with SAI activity, with coefficients of 0.52 and 0.77 for glucose and fructose, respectively (Figure S4B).
The low correlation coefficient between SPS and sucrose content suggests that sucrose synthesized by
SPS could not accumulate in the leaves of transgenic sugarcane and was immediately degraded or
exported to other organs.

In the stalks, the sucrose content in transgenic lines also significantly increased by 1.3- to 1.4-fold
(Table 1). When the sucrose content was compared with SPS activity, a positive correlation was found,
with a coefficient of 0.42 (Figure S4C). This result suggests that the enhancement of SPS activity increases
the unloaded sucrose accumulation in the stalks of sugarcane. On the other hand, the unloaded sucrose
was partially hydrolyzed for metabolism, since the glucose and fructose content also increased by 1.3-
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to 1.9-fold in the stalks of transgenic lines, but the increase rates were lower than that in the leaves
(Table 1).

Table 1. Sugar content in leaves and stalks of NT and transgenic lines (SP1, SP3, SP9). Sugars were
extracted from the leaves and stalks of 6-month-grown sugarcane and measured using high-performance
liquid chromatography (HPLC). Values are means ± SD for three independent plants, and the different
lowercase letters denote significant differences (ANOVA, Dunnett’s test, p ≤ 0.05). FW represents
fresh weight.

Lines
Leaf Tissue Stalk Tissue

Sucrose
(mg/g FW)

Fructose
(mg/g FW)

Glucose
(mg/g FW)

Sucrose
(mg/g FW)

Fructose
(mg/g FW)

Glucose
(mg/g FW)

NT 2.27 ± 0.10 c 0.35 ± 0.17 b 0.18 ± 0.06 b 71.07 ± 3.30 b 2.33 ± 0.31 b 3.23 ± 1.02 c
SP1 3.59 ± 0.04 b 3.34 ± 0.39 a 2.21 ± 0.58 a 80.40 ± 8.32 b 2.87 ± 0.46 ab 4.40 ± 1.15 bc
SP3 5.51 ± 0.24 a 3.38 ± 0.58 a 1.52 ± 0.64 ab 94.23 ± 3.34 a 3.62 ± 0.20 a 6.25 ± 1.06 a
SP9 3.02 ± 0.34 b 2.47 ± 0.08 a 1.30 ± 0.83 ab 98.52 ± 5.55 a 3.31 ± 0.26 ab 4.86 ± 0.30 ab

2.4. The Effect of SPS Overexpression on Sugarcane Growth

To know the effect of SPS overexpression on sugarcane growth, the transgenic sugarcane lines
grown for six months were harvested, and agronomical traits (plant height, stalk diameter, stalk number,
and stalk weight) were investigated. These traits in the transgenic lines showed that overexpression
of SoSPS1 gene significantly increased plant height, and also had a positive effect on stalk growth
(Table 2). The overexpression significantly increased stalk numbers in the SP3 and SP9 lines and stalk
weight per pot in the SP3 transgenic line. However, the overexpression did not affect the stalk diameter
of the transgenic lines (Table 2). The positive correlation coefficient between SPS activity and sugarcane
height was 0.71 (Figure S4E). Total stalk weight is an important determinant for sugarcane productivity.
Thus, a combination of the higher sucrose content and total stalk weight could estimate that sugar
production increased in transgenic sugarcane.

Table 2. Growth performance of NT and transgenic lines (SP1, SP3, SP9) in a greenhouse for 6 months.
Stalk weight measured after removing all leaves from part of the plant. Values are mean ± SD for
three independent plants and the different lowercase letters denote significant differences (ANOVA,
Dunnett’s test, p ≤ 0.05).

Lines Plant Height (cm) Stalk Diameter (cm) Stalk Number Stalk Weight per Pot (g)

NT 99.67 ± 3.67 b 2.24 ± 0.03 b 9.00 ± 1.00 b 3537.90 ± 680 b
SP1 115.33 ± 6.00 a 2.38 ± 0.03 a 10.67 ± 1.53 ab 4193.06 ± 600 ab
SP3 112.78 ± 5.01 a 2.24 ± 0.04 b 12.67 ± 0.58 a 4979.26 ± 226 a
SP9 124.33 ± 3.93 a 2.18 ± 0.05 b 11.67 ± 0.58 a 4586.16 ± 226 ab

3. Discussion

We demonstrate that overexpression of SoSPS1 gene in sugarcane increased the accumulation
of SPS protein and its activity, leading to sucrose accumulation and increased biomass. The leaf SPS
activity increased by 1.4- to 1.9-fold, followed by increased sugar content in the leaves and stalks of
transgenic lines (Table 1). A positive correlation coefficient was found between leaf SPS activity and
sucrose content in stalks; however, such a correlation was not found in the leaves. This suggests that
sucrose could not efficiently accumulate in the leaves and should either be cleaved or translocated
to sink organs. Given that sucrose supply could induce invertase activity in sugarcane [14,15], a
part of the sucrose could be cleaved by the increased SAI activity to produce hexose for energy
provision for growth. Recently, the roles of SPS in sucrose metabolism and plant growth were reported.
The overexpression of SPS resulted in an increased yield of transgenic potatoes [23], altered growth
and development in transgenic tobacco [6,24], and improved biomass production in B. distachyon [8].
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Similarly, SPS overexpression in sugarcane not only increased sucrose content, but also improved
growth traits, such as plant height, number of stalks, and stalk weight per pot (Table 2); hence, the total
sugar production is expected to increase.

Several studies showed that sucrose accumulation inhibits photosynthesis [25–27], and exogenous
sucrose supply strongly reduces the net CO2 assimilation in sugarcane [14]. The results obtained in
this study show that the overexpression of SoSPS1 results in increased sucrose content concomitant
with increased sucrose degrading invertase activity in the leaves. The increase in sucrose degrading
activity might play a role in modulating sucrose levels so as not to exceed the level of photosynthesis
gene suppression. Therefore, the effect of sucrose levels on gene suppression will be examined in
the next experiment on transgenic plants. Similarly, exogenous sucrose was shown to alter acid
and neutral invertase activities in sugarcane [14]. These results support a model in which the
sucrose-cleaving enzymes play a pivotal role in maintaining the balance between sucrose signaling and
metabolism [28,29]. Sugar-related metabolism is linked to plant development, and the abundance of
hexose induces cell division and expansion [30,31]. Thus, increased biomass accumulation in transgenic
sugarcane may be a result of complex mechanisms.

Sugarcane accumulates a high concentration of sucrose in the stalk, but the mechanism for highly
efficient translocation and accumulation remains unclear. In most plants, sucrose synthesized in the
leaves is exported to sink organs mediated by a sucrose transporter and/or SWEET proteins. Several
studies have shown that the overexpression of a sucrose transporter gene increased sucrose unloading
and sink strength [32–36]. SWEET can transport sucrose across the plasma membrane in various plants,
such as Arabidopsis [37], sorghum [38], and Lotus japonicus [39]. SWEET expression is essential for sugar
efflux for pathogen nutrition [40] and the cooperation between sucrose synthesis by SPS and SWEET is
required for nectar secretion [41]. Thus, it is postulated that the manipulation of sucrose transporter
genes, as well as SWEET expression, in cooperation with increased SPS activity, might further increase
sucrose concentration in the stalks of sugarcane. In addition, it was recently reported that N-terminal
truncated SPS shows higher activity, avoiding regulation by allosteric effectors [42]. Future research
will aim at further increasing sucrose accumulation in plants using the N-terminal deleted SPS.

4. Materials and Methods

4.1. Plant Transformation and Growth Condition

Agrobacterium-mediated transformation of sugarcane was initiated by constructing SoSPS1-cDNA
in a binary vector of pBI121 (Takara, Shiga, Japan). The full length of SoSPS1-cDNA [7] was inserted
into the binary vector driven by a 35S promoter (Figure S1). The cDNA construct was prepared by
amplification of the cDNA using a forward primer containing an additional SpeI site (F4) and a reverse
primer with a SpeI site (R4) (Table 3). The amplified cDNA was digested with the SpeI (XbaI compatible)
and inserted into the XbaI site of GUS-removed pBI121 plasmid. Sugarcane in vitro shoots were
used as explant for Agrobacterium transformation according to the method previously described [43].
The sugarcane shoot was prepared by micropropagation of meristematic apical tissue isolated from
4 to 5 months of sugarcane growth in the field of Bululawang (BL) cultivars. The green and healthy
shoots (100 explants) were excised around 0.2–0.3 cm from the base, collected, injured using needles,
and used as the materials for the transformation. The injured shoots were then co-cultivated with
Agrobacterium tumefaciens harboring the pBI121-SoSPS1 in the presence of 100 ppm of acetosyringone.
After three days of co-cultivation in a dark room, the infected sugarcane shoots were incubated
in Murashige and Skoog (MS) basal media containing cefotaxime (500 mg L−1) for a week with
illumination, followed by incubation in MS media containing antibiotic kanamycin (50 mg L−1) and
cefotaxime (500 mg L−1) for three weeks. The surviving shoots were sub-cultured in the same selection
media and, after five successive cycles, the surviving putative transformants were acclimated in a
growth chamber. The transformation was carried out in a three-time independent experiment and the
putative transformants were combined for analysis. The transformation efficiency was around 6%.
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The negative control of non-transgenic (NT) sugarcane was cultured in MS media without Agrobacterium
infection and antibiotic selection.

The acclimated sugarcane plantlets were transferred to 15 L pots containing a mixture of
soil/sand/organic matter (50:25:25) in the greenhouse for vegetative propagation in the Center for
Development of Advanced Science and Technology, University of Jember. The light intensity of the
greenhouse was approximately 650 µmol m−2 s−1 at the plant level. The humidity and temperature
were adapted to the ambient conditions ranging from 70% to 80% RH (relative humidity) and 24
(day) to 30 ◦C (night), respectively. The second generation of vegetatively propagated lateral buds
were germinated and grown in 15 L pots with the same mixture, and then randomly placed in the
greenhouse for six months. Each sugarcane line was cultivated in three biological replicates. Growth
traits such as the number of tillers and internodes, plant height, and biomass were measured at the
harvest. For molecular and biochemical analysis, fully expanded sugarcane leaves were harvested
at the indicated time and plunged into liquid nitrogen. The results were statistically evaluated by
Dunnett’s test and t-test at p ≤ 0.05.

4.2. Genomic and Gene Expression Analysis

Genomic DNA was isolated from 3 g sugarcane leaves, as previously described [43], and stored at
−20 ◦C until analysis. The presence of the inserted gene of interest was analyzed by PCR using the
genomic DNA and a pair of primers for the detection of nptII gene (Table 3). The PCR reaction was
performed in a T100 thermal cycler (Bio-Rad, Irvine, CA, USA) and the PCR product was separated in
1% (w/v) agarose gel, then documented with GelDoc (Major Science, Saratoga, California, USA). To
confirm the presence of gene insertion, a Southern blot analysis was performed using genomic DNA.
The genomic DNA (20 µg) was digested with restriction enzyme of HindIII and separated in 1% agarose
gel electrophoresis. The separated DNA was then transferred to a nitrocellulose membrane (Hybond
N+, 3-) and hybridized with a DIG-labeled DNA probe of nptII gene according to the manufacturer’s
instructions (Roche, Mannheim, Germany).

Table 3. List of primers used.

Primer Names Sequence (5′–3′) Product (bp) Target Genes

F1 TGAATGAACTGCAGGACGAG 550 npt II
R1 AGCCAACGTATGTCCTGAT 550 npt II
F2 TGAAGGACACACCGGCAGATG 750 SoSPS1
R2 CTTTGATGAGGAAGGCGAAGC 750 SoSPS1
F3 GCAACTGGGATGACATGGAG 568 Actin
R3 ATGGCTGGAAGAGGACCTCAG 568 Actin
F4 TGCACTAGTCGCCCTTCCCA 3425 SoSPS1
R4 TCCACTAGTAACGGCCGCCA 3425 SoSPS1

Gene expression analysis was conducted by the detection of SoSPS1 gene transcript using RT-PCR
analysis. Total RNA was extracted from 0.5 g of frozen sugarcane leaves using a kit for RNA isolation
(Tiangen, Beijing, China). The RNA content was measured with a NanoVue spectrophotometer (GE
Healthcare, Piscataway, NJ, USA). One microgram (µg) of total RNA was converted into cDNA using
reverse transcriptase (RT) and oligo-dT primer (Roche, Mannheim, Germany). The first strand cDNA
was used for the detection of SoSPS1 gene transcript by semi-quantitative RT-PCR using a primer
pair of F2–R2 (Table 3). The Actin expression was determined using a primer pair of F3–R3 (Table 3)
and was used as the reference expression gene. The reactions were carried out in the T100 thermal
cycler (Bio-Rad, Irvine, California, USA) with 25 and 20 cycles for the detection of SoSPS1 and Actin
transcripts, respectively. The amplified DNAs were separated in 1% agarose gel electrophoresis and
visualized with GelDoc (Major Science, Saratoga, CA, USA).
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4.3. Protein Extraction, Enzyme Assay, and Immunoblotting

Frozen sugarcane leaves (1 g) were pulverized in liquid nitrogen, and the frozen
powder was continuously ground in three-time volumes (w/v) of extraction buffer containing
50 mM 3-morpholinopropane sulfonic acid (MOPS)-NaOH (pH 7.5), 10 mM MgCl2,
1 mM ethylenediaminetetraacetic acid (EDTA), 2.5 mM dithiothreitol (DTT), and 1 mM
phenylmethanesulfonyl fluoride (PMSF) in the presence of 10% polyvinylpyrrolidone (PVP). The leaf
homogenates were centrifuged at 14,000× g at 4 ◦C for 10 min. The partial supernatant (crude extract)
was desalted using gel filtration of Sephadex G-25 (GE Healthcare, Piscataway, NJ, USA) equilibrated
with the extraction buffer, and then used for enzyme activity measurements. The remaining crude
extract was stored at −80 ◦C until immunoblotting analysis. Protein concentration was determined
using a reagent of Bradford (Bio-Rad, Des Plaines, IL, USA).

SPS activity was assayed by measuring the formation of sucrose-6-phosphate in the desalted extract
as previously described [42]. The assay mixture (70µL) contained 30 mM MOPS-NaOH (pH 7.5), 10 mM
MgCl2, 15 mM UDP-glucose, 10 mM fructose-6-phosphate (F6P), and 10 mM glucose-6-phosphate
(G6P). The reaction was initiated by adding 30 µL of desalted leaf extract, incubated at 30 ◦C for 10 min.
It was terminated by adding 70 µL of 1 M NaOH. The remaining unreacted F6P was destroyed by
incubating at 95 ◦C for 10 min, and after chilling on ice, 0.25 mL resorcinol (1%) and 0.75 mL of 30%
HCl were added. The mixture was incubated at 80 ◦C for 8 min and the developed color was measured
using a spectrophotometer at 520 nm. The SPS activity in the leaf was calculated as the quantity of
sucrose produced per minute at 30 ◦C.

SAI activity was measured according to a previously described method [4] with a little modification.
The 50 µL desalted leaf extract was added to 50 µL reaction mixture containing 1 M sodium acetate
buffer (pH 4.5) and 0.25 M of sucrose, and was incubated at 37 ◦C for 30 min. The reaction was
terminated by adding 30 µL of 2.5 M Tris base, and then incubated at 95 ◦C for 3 min. SuSy activity
was determined by the sucrose cleave direction according to a previously reported method [44] with
a little modification. The 30 µL desalted extract was added to a 70 µL reaction mixture containing
20 mM Tris-HCl (pH 7.0), 100 mM sucrose, and 4 mM UDP, and was incubated at 37 ◦C for 30 min.
The reaction was terminated by heating to 95 ◦C for 5 min. The content of reducing sugar produced
during the reactions of SAI and SuSy was determined using a 3:5-dinitrosalicylic acid (DNS) reagent
with a spectrophotometer at 540 nm [45]. SAI and SuSy activities in the leaves were calculated as the
quantity of reducing sugars produced per minute at 37 ◦C.

Immunoblot analysis was directed to measure the levels of phosphoenolpyruvate carboxylase
(PEPC), ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) large subunit (LSU), and SPS
proteins in sugarcane leaves. The analysis was conducted by separating the proteins from the crude
extract using SDS-PAGE (12.5% polyacrylamide) and transferring them onto the Immobilon-P transfer
membrane (Thermo Scientific, Rockford, IL, USA) using a semi-dry trans-blotter (Bio-Rad, Irvine,
CA, USA). The membrane was then separately incubated with polyclonal antibodies against PEPC,
Rubisco [46], or recombinant SPS1 proteins [42], and then diluted in tris-buffered saline (TBS) containing
0.5% skim milk overnight. After washing with TBS, the membrane was incubated with a secondary
antibody of goat anti-rabbit IgG Alkaline phosphatase conjugate (Bio-Rad, Irvine, CA, USA) at 1:3000
dilution for 60 min. The reacted bands of PEPC, Rubisco, or SPS1 proteins were visualized by incubating
the membrane with a mixture of the substrate, 5-bromo-4-chloro 3-indolyl-phosphate (BCIP), and
nitroblue tetrazolium (NBT) (Bio-Rad, Irvine, CA, USA).

4.4. Sugar Analysis

Frozen leaf material (2 g) was ground in a mortar with liquid nitrogen, followed by continuous
grinding in a 5 mL mixture of methanol:chlorofom:water (12:5:3, v/v/v). After centrifugation of the
extract at 5000× g, the pellet was rinsed again with the mixture, and the supernatant fractions from
five successive washes were combined. The combined supernatants were concentrated to dryness
with a rotary-evaporator at 40 ◦C and the residues were dissolved in a fixed amount of distilled
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water. Undissolved material was removed by centrifugation, and the supernatant was stored at
−20 ◦C until sugar analysis. Sugarcane juice was extracted from the sugarcane stalk, centrifuged, and
stored at −20 ◦C until sugar analysis. The sucrose, glucose, and fructose contents were determined
by high-performance liquid chromatography (HPLC) (Hitachi, Tokyo, Japan) with a reflection index
detector at 40 ◦C. After passing through a 0.22 µm Millipore filter, the soluble sugars were separated on
a reverse-phase column of Shimadzu NH2 (4.6 mm internal diameter × 250 mm length) with a mixture
of acetonitrile and aquadest (85:15, v/v) at a flow rate of 1 mL min−1. Sugar content was expressed as
mg/g fresh weight (FW).

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/200/s1,
Figure S1: Schematic diagram of pBI121-SoSPS1 construct. Full-length SoSPS1-cDNA was inserted into the pBI121
plasmid as described in Section 4. CaMV 35S promoter, Cauliflower mosaic virus 35S promoter; NOS terminator,
nopaline synthase gene terminator; NOS promoter, nopaline synthase gene promoter; NeoR/KanR, neomycin
phosphotransferase gene (kanamycin resistance gene); RB and LB, T-DNA right and left border, respectively;
Figure S2: PCR amplification of nptII gene (NPT) from genomic DNA of NT and transgenic sugarcane lines.
The genomic DNA was isolated from leaves of one-month-grown sugarcane. The amplified DNA with F1–R1
primers (Table 1) was separated in agarose gel electrophoresis and photographed; Figure S3: Southern blot analysis
of sugarcane leaf genomic DNA. Southern blot analysis was carried out according to the method described in
Section 4. SP1, SP3, and SP9 were transgenic lines, and NT was a non-transgenic line; Figure S4: Relationship
between SPS and SAI activities and sugar content and growth traits (n = 12). (A) Correlation between SPS activity
and sugar content in the leaves, (B) correlation between SAI activity and sugar content in the leaves, (C) correlation
between SPS activity and sugar content in the stalks, (D) correlation between SAI activity and sugar content in
the stalks, (E) correlation between SPS activity and plant height, and stalk number and weight, (F) correlation
between SAI activity and plant height, and stalk number and weight.
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