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GARNet welcomes you to GARNet 2014
GARNet supports UK Arabidopsis researchers and other plant scientists by helping them to make the best 
use of available funding, tools and resources. Funded by BBSRC, we aim to help the whole community 
remain competitive and productive at the national and international level. Our committee of elected members 
steers GARNet activities. We all hope that GARNe 2014 will be a chance to celebrate Arabidopsis research 
and to look forward to the next stages of fundamental plant science, of which Arabidopsis is sure to remain 
a major part.

The GARNet Advisory Committee
Malcolm Bennett (University of Notttingham)
Antony Dodd (University of Bristol)
John Doonan (Aberystwyth University)
Anthony Hall (University of Liverpool)
Nicholas Harberd (University of Oxford)
Heather Knight (University of Durham)
Smita Kurup (Rothamsted Research)
Sabina Leonelli (University of Exeter)
Sean May (University of Notttingham)
Jim Murray (Chair; Cardiff University)
David Salt (University of Aberdeen)
Cyril Zipfel (The Sainsbury Laboratory)

The core GARNet team of Jim Beynon, Ruth Bastow, Charis Cook and Lisa Martin are based at the  
University of Warwick.

For more information please see the GARNet website at www.garnetcommunity.org.uk, and the GARNet 
blog at http://blog.garnetcommunity.org.uk. You can also follow us on Twitter on @GARNetweets and  
@weedinggems.
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Meeting Location

GARNet 2014 is taking place at the University of Bristol. Registration, talks, lunches and the exhibitors will be 
in the School of Chemistry. The poster session is in the Life Sciences Building. 

Getting to GARNet 2014
Train: The closest mainline train station is Bristol Temple Meads, which is approximately 2 miles from the 
University of Bristol. It takes 30–40 minutes to walk and involves an uphill climb. Bus numbers 8 and 9 run 
from the station to the University every 10 minutes during peak times. 
Car: Parking on campus is very limited. If you are a Blue Badge holder, please email Charis Cook before 9 
September to arrange parking: charis@garnetcommunity.org.uk. 
There are several multi-storey pay car parks within 10 minutes walk of the main University Campus. Trenchard 
Street Car Park (Lodge Street, BS1 5AN) is the closest to the School of Chemistry.
For more information on getting to the University of Bristol by train, car, coach or plane, go to: http://www.bris.
ac.uk/maps/directions/.

Taxi Numbers

V Cars: 01179 25 26 26 City Link Taxis: 01179 25 11 11

Conference Badges
Conference participants are required to wear name badges at all times for proof of registration, security 
purposes and catering identification.

Catering
Lunch and refreshments are available to all delegates in the School of Chemistry Atrium. The drinks reception, 
again open to all delegates, will be served at the poster session in the entrance of the Life Sciences building. 
Meat, fish and vegetarian lunch dishes will be labelled. If you have informed us of special dietary needs, a 
separate plate of food will be prepared for you.
The conference dinner will be served at the Bristol Marriott Royal Hotel at 19:30. This is open to ticket holders 
only, but it is still possible to obtain a ticket. 

Smoking 

Smoking is not permitted inside any University buildings or the areas immediately outside doors and windows. 

Poster Session

The poster session will be in the entrance atrium in the Life Sciences building. If you have a poster, please 
let us know when you register. We will provide velcro tabs for you to attach your poster to the poster board.

Trade Exhibition
During registration, coffee breaks and lunch breaks there will be a trade exhibition in the School of Chemistry 
Atrium. We encourage you to have a look at the stands and speak to our sponsors.

Internet Access 
Eduroam is available all over the University of Bristol campus and we encourage delegates to use this. If 
however if you require a University of Bristol WiFi guest log-in, please pick one up at the registration desk. 

Twitter
If you are tweeting about the conference, please use the hashtag #GARNet2014.

Information for Delegates
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Meeting Programme
Tuesday 9 September 2014

10:00 – 10:50   Registration and Coffee         Foyer

10:50 – 11:00   Welcome and Opening – Jim Murray     Lecture Theatre

 

Session 1   Physiology and Productivity          Lecture Theatre

    Chair – TBC

11:00 – 11:35   Alistair Hetherington – University of Bristol

    The response of stomata to environmental signals.

11:35 – 12:00   Miriam Gifford – University of Warwick

    Understanding plant root developmental plasticity using cell-specific genomics.

12:00 – 12:25   Steve Penfield – University of Exeter

    A cryptic switch formed by external temperature coincidence generates a life  
    history strategy for Arabidopsis. 

12:25 – 12:40  Beatriz Lagunas – University of Warwick

    The AtSCL26 transcription factor controls cross-talk between GA- and  
    Nitrogen- control of root architecture in Arabidopsis thaliana roots.

12:40 – 13:00  Panel Discussion

 

13:00 – 14:00   Lunch          Foyer

 

Session 2  Genome Biology            Lecture Theatre

    Chair – Miriam Gifford

14:00 – 14:35   Siobhan Brady – University of Davis, California

    Getting to the root of things: spatiotemporal gene regulatory networks in plant  
    roots.
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Meeting Programme
14:35 – 15:00   Ian Henderson – University of Cambridge

    Unravelling interactions between genetic diversity and recombination in  
    Arabidopsis.

15:00 – 15:25   Antony Dodd – University of Bristol

    Circadian signalling to chloroplast genomes.

15:25 – 15:40  Emily Hawkes – John Innes Centre

    Evolutionary conservation of an Arabidopsis long non-coding RNA, COOLAIR, 
     supports a regulatory function.

15:40 – 16:00  Panel Discussion

 

16:00 – 18:00   Poster Session and Tour of New Life Sciences Building  Foyer

 

19:00    Conference Dinner   Marriott Royal Hotel
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Meeting Programme
Wednesday 10 September 2014

Session 3  Natural Variation          Lecture Theatre

    Chair – Jim Murray

09:00 – 09:35   Maarten Koornneef – MPI for Plant Breeding Research

    Exploring natural variation in Arabidopsis.

09:35 – 10:00   Adrian Brennan – University of Durham

    Population genetic structure and natural variation of the model plant,  
    Arabidopsis thaliana, in its native southern range extremes.

10:00 – 10:25   Javier Agusti – University of Oxford

    Using natural variation to identify new cambium regulators.

10:25 – 10:40  Monika Mierzwińska – University of Aberdeen

    Natural variation in endodermal development and plant mineral nutrient  
    homeostasis.

10:40 – 11:00  Panel Discussion

11:00 – 11:30   Break          Foyer

 

Session 4  Systems and Synthetic Biology          Lecture Theatre

    Chair – Claire Grierson

11:30 – 12:05   Andrew Millar – University of Edinburgh

    Systems for biological timing in the green cells.

12:05 – 12:30   Siobhan Braybrook – Sainsbury Laboratory Cambridge

    Understanding the physical basis of growth from the top down.

12:30 – 12:55   Leah Band – University of Nottingham

    Systems analysis of auxin transport in the Arabidopsis root tip.

12:55 – 13:10  Matthew Hindle – University of Edinburgh

    The reduced kinome of Ostreococcus tauri: core green lineage signalling  
    components in a tractable model species.
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13:10 – 13:30  Panel Discussion

Session 5  Plant Interactions with their Environment         Lecture Theatre

    Chair – Jim Beynon

14:30 – 15:05   Paul Schulze-Lefert – MPI for Plant Breeding 

    Functions of the Arabidopsis bacterial root microbiota in plant health.

15:05 – 15:30   Cyril Zipfel – The Sainsbury Laboratory

    Connecting the dots: linking PAMP perception to receptor kinase-mediated  
    immune outputs

15:30 – 15:55   Kerry Franklin – University of Bristol

    Functions of the Arabidopsis bacterial root microbiota in plant health.

15:55 – 16:10  Sophie Berckhan – University of Nottingham

    Why do plants sense oxygen? 

16:10 – 16:30  Panel Discussion

Meeting Programme
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Speaker Abstracts
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Physiology 
and  
Productivity
Tuesday, 11:00

Stomata are pores found on the surfaces of leaves that control the exchanges of 
gases between the plant and its environment. The aperture of the stomatal pore is 
controlled by the two guard cells that surround the pore. The guard cells integrate 
multiple local signals and environmental cues to set the optimum aperture to suit the 
prevailing conditions. Underlying stomatal movements is an intracellular signalling 
network responsible for coupling the perception of extracellular signals to changes in 
guard cell turgor. This involves the coordination of changes in membrane trafficking, 
ion transport, metabolism, cytoskeletal dynamics and gene expression. Recent data 
suggest that, in the case of stomatal closure, there is signal convergence with multiple 
signals activating a common group of signalling components (the “signalosome”) 
responsible for bringing about reductions in guard cell turgor. This will be discussed 
using examples from guard cell CO2, ABA and reduced relative humidity signalling.

School of Biological Sciences, Life Sciences Building, University of Bristol, Tyndall 
Avenue, Bristol BS8 1TQ, UK.

Alistair.Hetherington@bristol.ac.uk

The response of stomata to environmental  
signals

Alistair M. Hetherington
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Multicellular organisms are comprised of many cell types with distinct identities and 
functions. Furthermore, the scale or plasticity of potential responses within cell types 
also differs dramatically. Our previous work has shown that regulation of developmental 
plasticity is genetically encoded, and that perturbing ‘plasticity’ genes alters the extent 
of highly specific root architecture responses to the environment. We are interested 
in quantifying the level of plasticity in cell types in order to uncover the mechanisms 
underlying whole organism plasticity. Formation of nodules as a result of cell division, 
specifically in the legume root cortical cell layer, is a developmental mechanism 
with intriguing parallels to lateral root development from the pericycle. It follows that 
environmental conditions that control formation of these structures should be sensed 
in a highly cell specific fashion. To detect cell specific responses during nodulation 
and nitrogen influx we use Fluorescence Activated Cell Sorting (FACS) followed 
by transcriptomics and network inference. This allows us to carry out comparative 
expression multi-point timecourse profiling between the legume Medicago truncatula 
and the non-legume Arabidopsis thaliana. It is possible that the genes enabling 
nodulation already exist in non-legumes, but are not expressed in the ‘correct’ cell 
types. Re-engineering plants to express symbiosis genes under a synthetic set of cell-
specific promoters could extend the developmental plasticity of cell types and enable 
nodulation in non-legume crops.

1School of Life Sciences, 2Centre for Systems Biology, The University of Warwick,  
Gibbet Hill Road, Coventry, CV4 7AL, UK.

miriam.gifford@warwick.ac.uk; @giffordlab

C. Boddington, 2 Y. Wang,2 D. Patel,1 J.R.M. Hulsmans,1,2 J.T. 
Grønlund,1 S. Kumar,1 N.J. Burroughs,2 Miriam L. Gifford1

Physiology 
and  

Productivity
Tuesday, 11:35

Understanding plant root developmental  
plasticity using cell-specific genomics
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Physiology 
and  
Productivity
Tuesday, 12:00

Climate change is advancing the timing of developmental transitions such as bud burst, 
seed germination and flowering, and may be influencing plant evolution. Laboratory 
studies with Arabidopsis thaliana have used late flowering mutants to uncover genetic 
pathways linking environmental signals with flowering time, but in the field these 
mutants are often only mildly delayed compared to the wild type: their importance is 
therefore unclear. Temperature during seed set also profoundly affects seed dormancy, 
but almost nothing is known about the purpose of this response. Because changing 
flowering time will affect the seed set temperature understanding how aspects of 
Arabidopsis phenology contribute to fitness requires the integration of knowledge of 
individual developmental stages to understand how they interact to produce a stable 
life history. To address this here we construct a full life cycle model of Arabidopsis and 
reveal a cryptic switch at the heart of Arabidopsis phenology. We show that flowering 
time and seed dormancy control interact with ambient temperature to produce cohorts 
of seeds with different fates in a bet-hedging strategy with important consequences for 
plant fitness. Our modelling shows that a hidden function of flowering time control is to 
set strict limits on the seed set temperature, and that even small changes in the genetic 
control of flowering time have large effects on progeny behaviour by modifying these 
limits. Together our data suggest that advancing plant timing in response to warming is 
not accidental, but part of a sophisticated adaptive strategy to buffer population levels 
against variation in weather and climate.

1Biosciences, University of Exeter, UK; 2Department of Biology, University of York, UK; 
3Department of Mathematics, University of Exeter, UK.

S.D.Penfield@exeter.ac.uk

A cryptic switch formed by external temperature 
coincidence generates a life history strategy for 
Arabidopsis
Steven Penfield,1 Vicki Springthorpe2 and Ozgur Akman3
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Nodules and lateral roots are key organs for the uptake of nutrients by plants. 
During nodulation legumes form root nodules, housing rhizobial bacteria able to fix 
atmospheric nitrogen into a form useable by plants. Lateral roots allow the root system 
to be extended laterally, increasing the region from which nutrients may be taken up. 
Formation of lateral roots and nodules share developmental features such as single 
cell-type origins of the primordia, and hormonal and nutrient regulatory mechanisms, 
so it is hypothesised that the evolution of nodulation co-opted some elements of pre-
existing genetic mechanisms of lateral root formation. In this work, Arabidopsis thaliana 
(non-legume) homologous genes to known Medicago truncatula (legume) nodulation 
genes were screened for phenotypic effects on the root. A mutant of Arabidopsis GRAS-
domain SCR-like transcription factor (AtSCL26, homologous to MtNSP2) was found 
to alter lateral root architecture. This mutant was examined at the cell type level using 
cell-type specific transcriptomics through Fluorescence-Activated Cell Sorting (FACS). 
AtSCL26 was found to modulate lateral root development through pathways involving 
the phytohormone gibberellic acid (GA) in a nitrate dependent way. Treatment with GA 
resulted in different root architecture depending on the nitrate availability, revealing 
how AtSCL26 plays a role in GA-nitrate crosstalk to control root architecture. 

*These authors contributed equally to this work; 1School of Life Sciences, University 
of Warwick, Gibbet Hill Road, Coventry, CV4 7AL, UK; 2Warwick Systems Biology 
Centre, University of Warwick, Senate House, Coventry, CV4 7AL, UK; 3University of 
Leicester, Adrian Building, University Road, Leicester, LE1 7RH, UK.

B.Lagunas@warwick.ac.uk

Anthony D. Carter,1,2,* Beatriz Lagunas,1,* Sanjeev Kumar,1,3 Nigel 
J. Burroughs,2 Miriam L. Gifford1,δ

P03 

Physiology 
and  

Productivity
Tuesday, 12:25

The AtSCL26 transcription factor controls cross-
talk between GA and Nitrogen control of root 
architecture in Arabidopsis thaliana roots
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Genome  
Biology
Tuesday, 14:00

Roots are of fundamental importance for both plant and human growth and health.  
Distinct cell type-specific programs within the root perform a variety of functions including 
defense, nutrient transport, mechanical support and growth. Root spatiotemporal 
transcriptome, proteome and metabolome profiling in Arabidopsis thaliana roots have 
given great insight into the diversity of cell type-specific programs. I will highlight how 
we can use these data and other genome-scale and systems approaches to map gene 
regulatory networks that regulate secondary cell wall synthesis in root xylem cells and 
transcriptional regulation of the Polycomb Repressive Complex 2. In addition, I will 
discuss current progress in mapping cell type and tissue-specific transcriptomes and 
epigenomes in Solanum lycopersicum, and it’s wild relative, Solanum pennellii as well 
as in the C4 grass Sorghum bicolor.

Department of Plant Biology and Genome Center, University of California Davis,  
Davis, CA 95616, USA.

sbrady@ucdavis.edu

Getting to the root of things: spatiotemporal gene 
regulatory networks in plant roots

Siobhan M. Brady
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Meiotic crossover creates genetic diversity and underpins genetic analysis and 
crop breeding. It has long been appreciated that crossover frequency is non-
random in genomes with the presence of hotspots and coldspots. Using population 
genetic approaches we have generated maps of historical crossover frequency in 
the Arabidopsis genome. This revealed that crossovers are concentrated at gene 
transcriptional start and termination sites, consistent with correlations between 
gene density and recombination observed in other plants. Hotspot gene promoters 
associate with epigenetic marks enriched on transcriptionally active genes and, using 
experimental genetics, we have demonstrated that H2A.Z is required for normal 
crossover frequency. More recently we have used RNA-directed DNA methylation 
to silence crossover hotspots, further demonstrating the importance of chromatin for 
recombination. I will present new data on our use of genome-wide approaches to map 
meiotic recombination proteins, including the SPO11 endonuclease, and what this is 
revealing about control of crossover locations and frequency. A greater understanding 
of how DNA sequence and epigenetic information modulate meiotic recombination will 
find useful applications during crop breeding.

Unravelling interactions between genetic  
diversity and recombination in Arabidopsis

Department of Plant Sciences, University of Cambridge, UK.

irh25@hermes.cam.ac.uk

Ian Henderson

Genome  
Biology

Tuesday, 14:35
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Photosynthesis within chloroplasts captures the energy within sunlight to fuel plant 
growth and reproduction. There are circadian rhythms of photosynthesis and circadian 
regulation increases plant productivity (Dodd et al. Science 2005). However, there is 
limited knowledge of how chloroplasts are regulated by the circadian oscillator, which 
is encoded by the nuclear genome. Understanding the cellular basis for the circadian 
regulation of chloroplasts is important because this could provide a platform to unlock 
additional agricultural productivity. We have shown that in Arabidopsis, a subset of 
chloroplast-encoded photosynthesis genes are controlled by a nuclear-encoded sigma 
factor (Noordally et al. Science 2013). In addition to predictable 24-hour changes in the 
light environment, we find that the expression of chloroplast-encoded photosynthesis 
genes is adjusted in response to alterations in light quantity and quality. I will conclude 
that (i) during evolution, prokaryotic regulators of chloroplast gene expression 
transferred to the nuclear genome and were recruited by the eukaryotic circadian 
system in higher plants, (ii) circadian timing information is communicated between the 
genomes of organelles with distinct genetic systems, (iii) sigma factors have a core 
role in integrating a variety of environmental cues with circadian signals in order to 
adjust expression of chloroplast-encoded photosynthesis genes.

School of Biological Sciences, Bristol Life Sciences Building, University of Bristol,  
Bristol BS8 1TQ, UK.

antony.dodd@bristol.ac.uk

Circadian signalling to chloroplast genomes

Antony N. Dodd

Genome  
Biology
Tuesday, 15:00
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Long non-coding RNAs (lncRNAs) are rarely conserved at the DNA sequence level 
and this has led to the prevailing view that they are of little functional importance. 
We have put this to the test by investigating antisense transcripts at the Arabidopsis 
thaliana floral repressor gene, Flowering Locus C (FLC). FLC encodes a MADS box 
transcription factor that quantitatively delays flowering. The antisense transcripts, 
collectively called COOLAIR, have multiple splicing isoforms and alternate proximal or 
distal polyadenylation sites. PRP8, a core spliceosome sub-unit, promotes use of the 
proximal poly(A) site via efficient splicing of this isoform, which ultimately contributes 
to the down-regulation of FLC. The switch to the proximal site is additionally promoted 
by other components of the autonomous floral promotion pathway. Co-transcriptional 
coupling of chromatin modifications, transcription and COOLAIR processing results 
in feedback loops that reinforce low or high FLC expression states. FLC homologues 
are wide-spread in flowering plants, but COOLAIR, despite its apparent role in sense 
regulation, is poorly conserved at the sequence level. Chemical probing revealed that 
it has a complex secondary structure, which covariance analysis predicts is strongly 
conserved in other species. We have detected COOLAIR transcripts, encompassing 
the predicted structural elements, in vivo in several species within the Brassicaceae 
family. The architecture of COOLAIR is remarkably similar across species, with both 
proximal and distal forms present. Conservation of lncRNA secondary structure 
provides a means for evolutionarily selected function, without DNA sequence identity.

1John Innes Centre, Norwich Research Park, Norwich, UK.; 2Los Alamos National 
Laboratory, New Mexico, USA.

emily.hawkes@jic.ac.uk

Emily J. Hawkes,1 Irina V. Novikova,2 Karissa Y. Sanbonmatsu,2 
Judith A. Irwin,1 Caroline Dean1

Evolutionary conservation of an Arabidopsis 
long non-coding RNA, COOLAIR, supports a  
regulatory function

P09

Genome 
Biology

Tuesday, 15:25
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The genetic variation of Arabidopsis in nature provides a useful resource for the functional 
analysis of genes. Due to it wide distribution much variation is found, which is expected 
to reflect adaptation to specific environments as well as neutral variation.  The genetic 
complexity of this type of variation requires Quantitative Trait Loci (QTL) analysis using 
association mapping panels, as well as in biparental mapping populations. To the latter 
so-called multiparent populations including the MAGIC and AMPRIL populations have 
been added recently. Epistasis is a complicating factor reducing the power of genetic 
analysis further and can lead to novel phenotypes in segregating populations derived 
from intercrossing Arabidopsis accessions. In addition to the analysis of gene function, 
natural variation studies may reveal signatures of selection in nature that may explain 
local adaptation. To demonstrate the power of natural variation, examples on the 
analysis of plant architecture (plant length and branching patterns) will be presented. 
For plant length we found ample functional variation for the GA 20 oxidase (GA5) gene 
of which gene mutants have been exploited to generate modern short straw varieties 
in barley and rice. For branching an example on how to analyse such variation up to 
the gene level in Arabidopsis is the finding of the AGL6 gene to be involved in this 
process. The complexity of the genetic variation in nature and its consequences for 
evolution is also shown by genetic incompatibilities that arise in certain combinations 
of genotypes. 

Max Planck Institute for Plant Breeding Research, Carl von Linné Weg 10, 50829, 
Cologne, Germany.

koornneef@mpipz.mpg.de

Maarten Koornneef 

Exploring natural variation in Arabidopsis Natural  
Variation
Wednesday, 09:00
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Natural  
Variation

Wednesday, 09:35

Population genetic structure and natural  
variation of the model plant, Arabidopsis  
thaliana, in its native southern range extreme.

The native range distributions of most species are limited by the environment. As 
climate change proceeds, many species ranges will have to shift, if they can, to higher 
altitudes or towards the poles to accommodate new temperature and precipitation 
regimes. Here we study population genetic structure and flowering time variation 
in Arabidopsis thaliana samples from its southern range extreme in Morocco and 
compare these with samples from nearby Iberia and the rest of the worldwide range. 
We determine genetic, morphological and environmental affinities between A. thaliana 
Moroccan samples and the rest of the range to infer its past population history and 
define a baseline with which to monitor the impacts of ongoing global change.

1School of Biological and Biomedical Sciences, Durham University, South Road, DH1 3LE, 
Durham, UK; 2Estación Biológica de Doñana (EBD), Consejo Superior de Investigaciones 
Científicas (CSIC), Seville, Spain; 3Centro Nacional de Biotecnología (CNB), Consejo Superior 
de Investigaciones Científicas (CSIC), Madrid, Spain; 4Faculté des Sciences et Techniques, 
Université Sultan Moulay Slimane, Beni Mellal, Morocco; 5Instituto de Ciencias de la Vid y del 
Vino (Consejo Superior de Investigaciones Científicas, Universidad de La Rioja, Gobierno de 
La Rioja), Logroño, Spain.

a.c.brennan@durham.ac.uk

Adrian C. Brennan,1,2 Belen Méndez-Vigo,3 Abdelmajid Haddioui,4 
José M. Martínez-Zapater,5 F. Xavier Picó,2 Carlos Alonso-Blanco3
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Department of Plant Sciences, University of Oxford. South Parks Road, OX1 3RB, 
Oxford, UK. 

javier.agusti@plants.ox.ac.uk

Javier Agusti

Multicellular organisms develop by integrating and coordinating growth programs. In 
plants, the lateral growth (thickening) of stems and roots is a central developmental 
process that provides the indispensable mechanical support and stability that plants 
need to expand their growth and sustain their structures. In addition, lateral growth 
is the direct source of large amounts of extremely useful plant biomass for food and 
energy security: lateral growth brings about wood in trees and regulates the yield of 
fundamental crops for food security like cassava or sweet potato. 

Lateral growth is mediated by a specialized group of stem cells called cambium. 
Remarkably for such a crucial cell-type for plant development and plant biomass 
production, very little is known about the genetic regulation of cambium. 

We use a strategy that combines natural variation, Genome-Wide Association Studies 
(GWAS) and tissue-type specific transcriptomics in the model system Arabidopsis 
thaliana to identify new potential cambium regulators. 

Using natural variation to identify new cambium 
regulators

Natural  
Variation
Wednesday, 10:00



23

Natural variation in endodermal development 
and plant mineral nutrient homeostasis

Institute of Biological and Environmental Sciences, University of Aberdeen, Cruick-
shank Building, St. Machar Drive, Aberdeen, AB24 3UU, UK.

monika.mierzwinska@abdn.ac.uk

Intraspecific variation within Arabidopsis thaliana has been used to research numerous 
potentially plant adaptive traits. Approaches used include quantitative trait loci (QTL) 
mapping and genome wide association studies (GWAS). Research into natural 
variation in root development and function, however, remains limited. The endodermis 
is the third layer of cells in the A. thaliana root. Essential functions carried out by 
the endodermis include the prevention of water and solutes flow into the stele and 
the maintenance of xylem functionality. Endodermal cell walls undergo characteristic 
modifications to perform these functions including production of Casparian strip - a 
deposition of lignin that forms a barrier to apoplastic transport. Several genes involved 
in Casparian strip formation have been discovered but the molecular mechanism of its 
development is still poorly understood. Plants containing defects in Casparian strip are 
known to accumulate more magnesium (Mg) and less calcium (Ca) and are sensitive 
to growth on media with elevated Mg and reduced Ca. We took advantage of this 
growth phenotype and performed GWAS on response of plants to low Ca/Mg ratio. A 
list of genes for future research was created by comparing candidate genes for plant 
weight with candidate genes for their element composition. This list was further refined 
using knowledge on gene expression in endodermis. Results of the study will increase 
understanding of the genetic architecture underlying endodermal development and its 
link with plant’s element composition. 

Monika Mierzwińska, David E. Salt

P12 

Natural  
Variation

Wednesday, 10:25
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SynthSys and School of Biological Sciences, University of Edinburgh, Scotland, UK.

andrew.millar@ed.ac.uk

Yin Hoon Chew, Daniel D. Seaton, ROBuST and TiMet project  
partners, Karen J. Halliday, Andrew J. Millar

Circadian clocks generate 24-hour rhythms in metabolism, growth and signalling in 
most eukaryotes and some prokaryotes, timing these processes relative to the day/
night cycle. We seek to understand how much rhythmic regulation contributes to plant 
growth and by which mechanisms. The plant clock controls the expression of >30% 
of genes. Among the growth-affecting, rhythmic processes are starch metabolism 
and photoperiodic flowering. However, varying conditions over the seasons alter the 
clock’s effects, which are further complicated by interactions among the many rhythmic 
processes.

Considering seasonal change, Dr Seaton’s analysis of data from the TiMet project 
(Gruissem lab, ETHZ; Stitt lab, MPIMP) validated a simple, “translational coincidence” 
mechanism that modulates the protein levels from rhythmic RNAs. 

We previously developed mathematical models of the clock and the photoperiod 
sensor mechanisms (Biomodels 55, 89, 214, 273, 295, 350, 412, 445; e.g. Pokhilko 
et al., Mol. Syst. Biol. 2012). To link the clock to growth, we combined four existing 
models from the PlaSMo repository (www.plasmo.ed.ac.uk), building on work from the 
TiMet and ROBuST projects. The Framework Model predicts the mass of each leaf in 
Arabidopsis (Chew et al., PNAS, in press), and illustrates how a research community 
could develop a modular ‘Digital Organism’. 

Drs Hindle and Noordally will present separate work on the tiny alga Ostreococcus tauri, and a different, 
non-transcriptional circadian timer (O’Neill et al. Nature 2011). 

Funded by BBSRC (BB/F005237, BB/J009423; @CSBEd) and the EU FP7 project TiMet (245143;@
TiMet_project).

Systems and 
Synthetic  
Biology
Wednesday, 11:30

Systems for biological timing in green cells
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Sainsbury Laboratory, University of Cambridge, Bateman Street, Cambridge  
CB2 1LR, UK.

siobhan.braybrook@slcu.cam.ac.uk

Systems and 
Synthetic  

Biology
Wednesday, 12:05

Understanding the physical basis of growth from 
the top down

Plant cells are bound by their cell walls, strong yet flexible compartments of the cell 
that ultimately control cell shape and growth rates, and thereby whole plant shape and 
growth. If we reverse the final part of that statement, we can consider that whole plant 
development can be examined by looking at the physical properties of organs, tissues, 
cells, and cell walls, and integrating such information across these length scales.  But 
where do we begin?

The molecular-genetic tools available in Arabidopsis give us the ability to alter cell 
wall biochemistry and examine the effects on physical properties and growth at 
multiple length scales. We began this work in shoot apical meristems, and will present 
extensions into other species. We have also begun to extend our work in Arabidopsis 
to other organs, such as leaves and hypocotyls. Here we will examine several cases 
studies where physical information has provided insight into plausible mechanisms of 
development in Arabidopsis and other plant species: the shoot apical meristem and 
the hypocotyl.

Siobhan Braybrook



26

The Centre for Plant Integrative Biology, School of Biosciences, Sutton Bonington 
Campus, University of Nottingham, UK.

leah.band@nottingham.ac.uk

Leah Band

A systems approach can be a powerful tool to uncover the mechanisms underlying 
dynamic processes. In this talk, I shall describe how we are using systems approaches 
to investigate plant development, focusing on the particular example of how auxin 
controls plant root growth. Many aspects of root architecture are controlled by the 
auxin dynamics in the root tip: auxin plays a crucial role in regulating the root growth 
rate and co-ordinating tropic responses and lateral root development. Determining 
how the organ-scale auxin distribution is regulated at the cellular scale is essential 
to understanding how these processes are controlled. To this end, we developed an 
auxin-transport model based on actual root cell geometries and carrier subcellular 
localizations, which we tested using the DII-VENUS auxin sensor in conjunction with 
state-of-the-art segmentation tools. Quantitative comparisons between the model 
predictions and observed DII-VENUS distributions provided insights into the role 
of the auxin transporters showing, for example, that  AUX1 in lateral root cap and 
elongating epidermal cells greatly enhance auxin’s shootward flux. We concluded that 
the nonpolar AUX1/LAX influx carriers control which tissues have high auxin levels, 
whereas the polar PIN carriers control the direction of auxin transport within these 
tissues. Thus, our work illustrates the benefits of developing quantitative models to 
investigate the dynamic mechanisms regulating plant growth and development.

Systems and 
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Systems analysis of auxin transport in the  
Arabidopsis root tip
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The reduced kinome of Ostreococcus tauri: 
core green lineage signalling components in a  
tractable model species

The experimental tractability of Arabidopsis thaliana, its small protein repertoire (≈70K 
coding genes) and kinome (≈1K protein kinases), has made it an invaluable model for 
understanding signalling in the green-lineage. The green alga Ostreococcus tauri is 
also highly tractable and contains ~8K gene loci and 133 protein kinases. The genome 
of O. tauri is fully sequenced [1] and both transformation [2-3] and targeted knock-out 
[4] protocols have been demonstrated. The reduced kinome, taxonomic position, and 
growing body of –omic data make O. tauri a promising system to further elucidate the 
core components of plant signalling. We compare four diverse eukaryote kinomes: 
A. thaliana, O. tauri, Saccharomyces cerevisiae and Homo sapiens. We conducted 
phospho-proteomic experiments and compile these with existing phopho-proteomes 
[5-6]. We also constructed domain structures and phylogenies for the catalytic protein-
kinases. For each of the major kinases families we review the completeness and 
relative divergence of O. tauri representatives. Many kinase clades in O. tauri were 
reduced to a single member, in preference to the loss of family diversity, whereas TKL 
and ABC1 clades were expanded. We also identified kinases that have been lost in 
A. thaliana but retained in O. tauri. For three, contrasting eukaryotic pathways – TOR, 
MAPK, and the circadian clock – we established the subset of conserved components 
and demonstrate conserved sites of substrate phosphorylation and kinase motifs. We 
conclude that the greatly reduced kinome of O. tauri is a suitable model for signalling 
in the green lineage and more generally for the free-living eukaryotes.
1Derelle et al. (2006) PNAS 103 11647–11652; 2Corellou F et al. (2009) Plant Cell 21 3436–3449; 3van 
Ooijen et al. (2012) JoVE 65 4074; 4Lozano et al. (2014) The Plant Journal 78 1073–1083; 5Le Bihan et 
al. (2011) Journal of Proteomics 74 2060-70; 6van Ooijen et al. (2013) BMC Cell Biology 14 46

Matthew M. Hindle,1, 3 Sarah F. Martin,1 Zeenat B. Noordally,1 
Gerben van Ooijen,1 Martin E. Barrios-Llerena,1 T. Ian Simpson,2,3 
Thierry Le Bihan,1 Andrew J. Millar1
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We have previously shown that healthy roots of Arabidopsis thaliana, grown in 
natural soil, are colonized by a bacterial consortium with well-defined taxonomic 
structure. Members of this root microbiota belong mainly to the phyla Actinobacteria, 
Bacteroidetes, and Proteobacteria (Bulgarelli et al., Nature 2012). A comparison of 
the bacterial root microbiota of A. thaliana with A. thaliana relatives, grown under 
controlled environmental conditions or collected from natural habitats, demonstrated 
a largely conserved microbiota structure with quantitative, rather than qualitative, 
species-specific footprints (Schläppi et al., PNAS 2014). Moreover, the bacterial 
root microbiota of monocotyledonous barley and dicotyledonous A. thaliana, grown 
in the same soil type, revealed a remarkably similar structure with few bacterial 
taxa uniquely enriched in the Brassicaceae. This suggests bacterial root microbiota 
structure is either an ancient plant trait that preceded the emergence of flowering 
plants or that microbe-microbe interactions serve as a dominant structuring force of 
the root-associated bacterial community assemblies. We have isolated > 60% of the A. 
thaliana root-enriched microbiota members as pure bacterial cultures and have started 
generating annotated whole-genome sequence drafts for all microbiota members, 
enabling future systematic analysis of root microbiota functions under laboratory 
conditions. Using gnotobiotic Arabidopsis plants, grown at defined nutrient conditions, 
we show that single microbiota members or synthetic bacterial communities have 
strong plant growth promoting activities. In addition, I will present data indicating that 
the root microbiota is a rich source for bacteria that protect Arabidopsis roots against 
colonization by soil-borne fungal pathogens such as Fusarium oxysporum. Thus, the 
bacterial root microbiota appears to have a major role in plant growth promotion and 
indirect pathogen protection.   

Bulgarelli, D. et al. & Schulze-Lefert, P. Revealing structure and assembly cues for Aarabidopsis root-
inhabiting bacterial microbiota. Nature 488, 91–5 (2012); Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver 
Loren van Themaat, E. & Schulze-Lefert, P. Structure and functions of the bacterial microbiota of plants. 
Annu. Rev. Plant Biol. 64, 807–38 (2013); Schlaeppi, K., Dombrowski, N., Oter, R.G., Ver Loren van 
Themaat, E. & Schulze-Lefert, P. Quantitative divergence of the bacterial root microbiota in Arabidopsis 
thaliana relatives. Proc Natl Acad Sci USA 111, 585–92 (2014).

1Department of Plant Microbe Interactions, Max Planck Institute for Plant Breed-
ing Research, 50829 Cologne, Germany; 2Cluster of Excellence on Plant Sciences 
(CEPLAS), Max Planck Institute for Plant Breeding Research, 50829 Cologne, Ger-
many; 3Department for Algorithmic Bioinformatics, Heinrich Heine University, Univer-
sitätsstrasse 1, 40225 Düsseldorf, Germany.

schlef@mpiz-koeln.mpg.de
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The first layer of plant innate immunity relies on the recognition of microbes via the 
perception of pathogen-associated molecular patterns (PAMPs) by surface localised 
receptors called pattern recognition receptors (PRRs). The Arabidopsis leucine-rich 
repeat receptor kinases (LRR-RKs) FLS2 and EFR are the PRRs for bacterial flagellin 
(or flg22) and elongation factor Tu (or elf18), respectively. Within seconds of PAMP 
binding, FLS2 and EFR form a ligand-induced complex with the regulatory LRR-RK 
SERK3/BAK1 leading to phosphorylation of both proteins. FLS2 (and potentially EFR) 
also forms a constitutive complex with the membrane-associated cytoplasmic kinase 
BIK1 that get phosphorylated in a BAK1-dependent manner upon PAMP binding. BIK1 
is a positive regulator of several FLS2- and EFR-mediated responses. FLS2 and EFR 
activation leads to several immune responses, including bursts of Ca2+ and reactive 
oxygen species (ROS), activation of mitogen-activated protein kinases (MAPKs) and 
calcium-dependent protein kinases (CDPKs), and transcriptional reprogramming, 
ultimately leading to PAMP-triggered immunity. The mechanisms controlling PRR 
activation at the plasma membrane and regulating intracellular signaling remain 
however largely unknown. Here, I will present recent work illustrating how activated 
PRR complexes at the plasma membrane directly engage with downstream signaling, 
and how these events are tightly regulated by phosphorylation.

The Sainsbury Laboratory, Norwich Research Park, Norwich, UK.

cyril.zipfel@sainsbury-laboratory.ac.uk
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Light signals provide important spatial and seasonal information to plants. These are 
perceived by specialised photoreceptors and control a wide range of developmental 
processes throughout the plant lifecycle. In Arabidopsis, the major groups of 
photoreceptors are the red and far-red light-absorbing phytochromes, the blue light-
absorbing cryptochromes and phototropins and the UV-B photoreceptor protein, 
UVR8. Despite considerable advances in understanding individual photoreceptor 
signalling pathways, the question of how plants integrate information from multiple 
photoreceptors to interpret sunlight remains relatively unexplored. This talk will focus 
on how plants integrate phytochrome and UVR8 signalling to control the agriculturally-
important ‘shade avoidance response’. When grown in dense canopies, shaded 
plants detect reflected far-red light signals from neighbouring vegetation. These are 
perceived by phytochromes which drive rapid auxin-mediated stem elongation to 
enable plants to overtop competitors. We have recently shown that UV-B perceived 
by UVR8 acts through a dual mechanism to inhibit the abundance and activity of 
PHYTOCHROME INTERACTING FACTOR (PIF) transcription factors, auxin synthesis 
and stem elongation.  In this way, UV-B provides a potent sunlight signal to inhibit 
shade avoidance once a gap in the canopy has been reached. The role of PIF proteins 
as central integrators of plant environmental signalling will also be explored. 

School of Biological Sciences, Life Sciences Building, University of Bristol, 24 Tyndall 
Avenue, Bristol BS8 1TQ, UK.

Kerry.Franklin@bristol.ac.uk

Kerry Franklin 
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The N-end rule pathway of targeted proteolysis mediates plant response to hypoxia (low 
oxygen) via sensing the oxidation status of the N-terminal cysteine residue of Group 
VII Ethylene Response Factors (ERFVIIs). The N-terminal cysteine is revealed through 
the constitutive removal of N-terminal methionine by methionine aminopeptidases. 
Oxygen sensing via this pathway is inextricably linked to sensing of another gas, 
nitric oxide (Gibbs et al., 2011, Nature; 2014, Molecular Cell). Another ERFVII, 
SUBMERGENCE 1A, has been used in breeding programmes to provide flood-tolerant 
rice. We have identified a novel role for the oxygen-sensing mechanism of the ERFVIIs 
during early seedling development in the dark (skotomorphogenesis), including the 
regulation of apical hook development and the repression of photomorphogenesis. 
Morphogenetic and biochemical response to environmental oxygen levels may provide 
dicotyledonous plants with an adaptive advantage allowing them to respond to the 
soil micro-environment. Arabidopsis contains 246 proteins that initiate Met-Cys (like 
the ERFVIIs) suggesting a gas sensing proteome, responding to changing levels of 
oxygen and NO. Experimental evidence indicates that a subset of these proteins (an 
“MC-degradome”) functions in controlling plant growth and development. 

1Division of Plant and Crop Sciences, School of Biosciences, University of Notting-
ham, Loughborough LE12 5RD, UK; †School of Biosciences, University of Birming-
ham, Edgbaston, B15 2TT, UK; 2Instituto de Biología Molecular y Celular de Plantas, 
Consejo Superior de Investigaciones Científicas-Universidad Politécnica de Valencia, 
Ciudad Politécnica de la Innovación, 46022 Valencia, Spain. 

stxsb17@nottingham.ac.uk
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1School of Biosciences, Cardiff University, Main College, Cardiff CF10 3AT, UK; 
2Università Roma Tre, Dipartimento di Scienze’ Viale Marconi, 446, 00146 Roma, Italy.

AlharbiBM@cf.ac.uk

Effects of perturbing expression of the polyamine 
catabolic gene AtCuAO4 on senescence, and 
stress responses in Arabidopsis thaliana
Basmh M Alharbi,1  Sandip A. Ghuge,2  Natasha Spadafora,1  
Alessandra Cona,2  Hilary J Rogers1

Premature senescence can reduce the productivity of crops by up to 50%. Increasing 
understanding of the metabolism and regulation of this process either pre- or post-
harvest may contribute to lifespan extension of crops and reduction of post-harvest 
waste. In many plant species, polyamines (PA) are involved in plant responses to stress 
and their application delays ageing and senescence. PA catabolism via the action of 
amine oxidase enzymes (AOs) is essential in regulating PA levels. In Arabidopsis, 
copper-containing di-amine oxidases, one of the two classes of AO enzymes in plants, 
form a gene family of ten members with different patterns of expression. Six of them 
are highly expressed in senescent leaves. As a first step, we have been studying the 
role of one of these genes: AtCuAO4 (At4g12290) which was highly expressed in 8 
week old rosettes compared with its expression at 3 weeks. Growth and senescence 
of two lines over-expressing AtCuAO4, and two T-DNA insertional mutants were 
compared to wild type grown on soil under optimal conditions. Day of bolting, day of 
first open flower, and the proportion of green and yellow leaves were used as indicator 
parameters to determine plant senescence. Our initial results show a clear phenotypic 
response to perturbation of AtCuAO4 expression represented by a significant change 
in timing of bolting which in turn affects senescence parameters.  On the other hand, 
there were no differences between lines in dark-induced senescence which reflects the 
indirect role of this gene in senescence retardation through delaying flower induction.

P01
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We have previously demonstrated that strigolactones regulate shoot branching 
by removing the PIN1 auxin efflux carrier from the plasma membrane in the stem, 
and have proposed that this restricts bud outgrowth by preventing canalisation of 
auxin transport between bud and stem. In order to test and refine our model, we 
have undertaken an in depth re-analysis of auxin transport dynamics in the stem and 
bud. We show that stem auxin transport dynamics are more complex than previously 
thought, and expression of multipIe PIN auxin transporters in different tissues 
suggests that the stem probably contains several interconnected transport channels 
with different kinetics. We use mathematical modeling to show that a three channel 
system convincingly reproduces experimental observations, while single channel 
models cannot. We examine the ramifications of our refined model for the control of 
auxin transport canalisation from buds, and propose and test the hypothesis that early 
events in the establishment of canalisation may depend on PIN4 and PIN7. We also 
examine the kinetics of decapitation-induced auxin depletion, and assess how this 
affects auxin transport dynamics in bud and stem. 

Sainsbury Laboratory Cambridge University, Bateman Street, Cambridge, CB2 1LR, 
UK.

tom.bennett@slcu.cam.ac.uk

Auxin transport, canalization and the regulation 
of shoot branching

Tom Bennett, Martin van Rongen, Genevieve Hines and Ottoline 
Leyser
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Circadian clock allows organisms to anticipate daily light and temperature cycles. In 
plants, circadian rhythms control many biological processes like gene expression and 
the circadian oscillations of cytosolic-free Ca2+ ([Ca2+]cyt). Since the first model of the 
oscillator was proposed, the plant clock has been expanded into a complex network 
of interconnected feedback loops including the cytosolic molecule, cyclic adenosine 
diphosphate ribose which was proposed to be required to drive circadian [Ca2+]cyt 
oscillations and modulate the nuclear transcriptional feedback loop of the Arabidopsis 
circadian oscillator. These findings and the scarce information about the function of 
circadian [Ca2+]cyt oscillations in both plants and animals, raised the question about 
weather [Ca2+]cyt regulates the clock. Here, we use different approaches to demonstrate 
that [Ca2+]cyt regulates circadian clock gene expression. We also show that calcium-
binding Calmodulin-Like Protein 23 (CML23) and CML24 act as Ca2+-signalling 
components that regulate the circadian network but not the transcriptional regulation 
by [Ca2+]cyt. The absence of major effect of CML23 and CML24 on the transcriptome, 
the lack of complementation of cml23-2 cml24-4 double loss-of-function mutant by 
CML23-RFP and CML24-GFP, and the mechanism of action of CMLs which act as 
intermediates in Ca2+-mediated protein regulation, strongly suggest a mode of action 
for CML23 and CML24 through protein-protein interaction. Moreover, data show non-
additive effects of the cml23-2 cml24-4 double mutant with the circadian mutants ztl-3 
and toc1-1 indicative of a functional relationship between these genes, providing a 
mechanism by which circadian [Ca2+]cyt oscillations might feedback into the oscillator 
to regulate circadian timing.

1Department of Plant Sciences, University of Cambridge, Downing Street, Cambridge, UK; 
2School of Life and Environmental Sciences, Deakin University, Victoria 3217, Australia; 
3Department of Biology, University of York, York, UK; 4Departamento de Bioquímica, 
Universidade de São Paulo, São Paulo, SP, 05508-000, Brazil; 5Xinjiang Key Laboratory 
of Biological Resources and Genetic Engineering, College of Life Science and Technology, 
Xinjiang University, Urumqi, 830046, China; 6Department of Biochemistry, University of 
Zimbabwe, PO Box MP45, Harare, Zimbabwe (F.C.R.); 7Biochemistry and Cell Biology, Rice 
University, Houston TX 77005-1892, USA; 8School of Biological Sciences, University of Bristol, 
Woodland Road, Bristol, UK; 9School of Life Sciences, University of Warwick, Coventry, UK.

mm882@cam.ac.uk

The mechanism by which calcium affects the  
circadian clock 
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1University of Reading, Department of Food and Nutritional Sciences and Centre for 
Food Security, Berkshire, UK; 2University of Nottingham, Division of Plant and Crop 
Sciences, Sutton Bonington Campus, Leicestershire, UK.

c.t.snell@pgr.reading.ac.uk

Chelsea Snell,1 Carol Wagstaff,1 Jeremy Roberts2

Dissecting the role of the response regulator 
SAC29 in Brassica species

Response regulators (RRs) are components that transduce a signal in response to 
environmental stress in order to transcriptionally influence growth and development. 
ARR22 is a unique type-C Arabidopsis RR that is expressed specifically at the 
seed:funiculus junction and is upregulated at the post-transcriptional level in response 
to wounding. It has been hypothesised that ARR22 may act as a gate to co-ordinate 
grain filling in damaged seeds. The objective of this project is to elucidate the role of the 
Brassica napus ARR22 orthologue SAC29 in response to biotic and abiotic stress and 
to monitor remobilisation of important seed storage products. B.rapa and B.oleracea 
orthologues have been identified and contain a number of nucleic acid, but not amino 
acid, differences. The SAC29 gene contains two introns located in the 5’UTR and 
ORF. RT-PCR analysis revealed that there are potentially two SAC29 products; the 
transcript from primers within the ORF is evident in buds, open flowers and all seed 
stages, but when primers were used that spanned the introns in the 5’UTR and the 
ORF, expression was restricted to 10 and 15 day after anthesis seeds and was of 
a size corresponding to a fully-processed transcript. Western blot analysis using an 
antibody synthesised against a 15 amino acid peptide showed that SAC29 protein 
expression was up-regulated in 20D seeds 60mins post-wounding and decreased at 
120mins. It is postulated that two SAC29 gene variants are expressed differentially 
and only one is a functional regulator of seed filling.

P05
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Bud outgrowth is hormonally regulated by auxin and cytokinin (CK), but their 
mechanism of action remains unclear. In Arabidopsis, we have begun to elucidate the 
role of CK in shoot branching by undertaking mutant analyses with known and newly-
identified CK-related genes. A microarray study comparing buds inhibited by apical 
auxin with those activated by basally-supplied CK has identified several genes that 
are expressed differentially in response to hormone treatment, with an accompanying 
loss-of-function branching phenotype. Among these is a specific clade of the type-A 
Arabidopsis Response Regulator (ARR) family, which is up-regulated in buds by CK. 
This gene family usually negatively regulates CK signalling, but was found to be a 
positive regulator of bud activity, and relevant only in the presence of an intact apex 
or apical auxin source. Consistent with our type-A ARR analysis, but also counter-
intuitive to the general mode of CK signalling is the finding that a member of the 
type-B positive regulatory family, arr1, possesses increased branching. The type-A 
and -B mutants possess altered auxin transport, and the increased branching of arr1 
can be rescued by NPA, suggesting these CK signalling components may affect auxin 
transport. In intact plants, CK may modulate the response to nitrate availability. Higher-
order mutants in CK biosynthesis (ipt3,5,7) and response regulation (arr3,4,5,6,7,15) 
have a reduced ability to form additional branches under high nitrate conditions. Our 
results suggest that these CK genes promote branching in the presence of apical 
auxin, rather than activating branching following decapitation. 

Tanya Waldie,1 Dörte Müller,2 Jos Kieber,3 Ottoline Leyser1

1Sainsbury Laboratory, Cambridge University, Cambridge, UK; 2Department of Biology, 
University of York, Heslington, York, UK; 3Biology Department, University of North 
Carolina, USA.

tanya.waldie@slcu.cam.ac.uk
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P07Phytochrome Control of Resource Allocation and 
Growth

Plants use light as a source of energy to drive photosynthetic carbon (C) fixation, and 
as a signal to provide information about the environment. Light is sensed by a suite of 
receptors, including members of the phytochrome family. Phytochrome function has 
been intensively researched during seedling establishment, yet phytochromes are 
principal environmental regulators of adult plant architecture, resource allocation and 
growth. Currently, we understand almost nothing of how light signalling is integrated 
with photosynthesis to optimise autotrophic growth. Our recent work has provided 
some of the first intriguing insights into how phytochrome regulates C metabolism. 
Phytochrome knockout mutants are reported to have less chlorophyll, yet they 
accumulate more sucrose and starch than wild type plants during the day time. 
However, growth, biomass and protein production are severely compromised in these 
mutants. Our data therefore suggest that phytochromes play a vital role in modulating 
coupling carbon availability to growth.
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Food security will become increasingly important in the near future due to the challenges 
of the increasing global demand for food together with the effects of climate change. 
Because of this we need to maximise the amount of genetic variability to breed new 
crops to ensure the food supply. The overall goal of the Birmingham Meiosis Group 
is to improve our understanding of the control of meiotic recombination in the higher 
plant, as this is the process that underpins plant breeding for the generation of new 
varieties. My study will focus on:

(i) The physical mapping of B. nigra (B genome).This will be achieved by using mapped 
BACs from B. nigra, B rapa (A genome) and B. oleracea (C genome) to uncover  any 
changes in the B genome compared to A and C.

(ii) Identification of the barriers to introgression from B genome into A and C genomes 
by analysing meiotic behaviour in artificially generated crosses.

The close relationship between the two genera, Arabidopsis and Brassica, is reflected 
by an average identity of exon sequences at the nucleotide level, which is estimated 
to be 87%. The Arabidopsis genome sequence has provided a valuable resource 
by identifying  agronomic genes  for example  disease resistance genes At5g47250 
and At5g47260 which are unique to the B genome compared to A and C genomes.1,2 
Exploitation of the B genome would be useful in discovering new genes which could 
be valuable asset in this genus to be introgressed into the A and C genome.3

1Chevre AM, Eber F, Barret P, Dupuy P, Brace J.Theor Appl Genet 1997, 94(5):603–611; 2Navabi ZK, 
Huebert T., Sharpe AG, O ’Neill CM, Bancroft I, Parkin I.  BMC Genomics 2013, 14: 250; 3Navabi ZK, 
Parkin IA, Pires JC, Xiong Z, Thiagarajah MR, Good AG, Rahman MH. Genome 2010, 53(8):619–629.

School of Biosciences, University of Birmingham, Edgbaston B15 2TT, UK.
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Can we exploit Brassica nigra (black  
mustard) for introgression of useful genes into  
the economically important Brassicas?
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MSI1- and RbAp46/48-like proteins are histone-binding WD40 repeat proteins that in 
yeast and animals participate in several complexes involved in nucleosome assembly, 
histone acetylation or deacetylation and other chromatin modifying processes. In 
Arabidopsis thaliana, there are five genes encoding MSI1-like proteins but there 
functions in diverse chromatin-associated complexes are poorly understood. One 
member of this protein family, Arabidopsis MSI1, has been shown to participate 
in chromatin assembly factor CAF-1. MSI1 is also part of the FERTILISATION 
INDEPENDENT SEED, the EMBRYONIC FLOWER and the VERNALISATIO 
Polycomb group protein complexes that are similar to metazoan PRC2. It is possible 
that MSI1 confers histone-binding abilities to other complexes as well. To establish 
whether MSI1 participates in additional protein complexes, we purified MSI1-interacting 
proteins. Here, we will show that MSI1 is also part of a histone deacetylase complex. 
We will present data showing that the MSI1-histone deacetylase complex fine-tunes 
ABA signaling by directly binding to the chromatin of ABA signaling genes and thus 
affects physiological stress responses.  

P10MSI1 is part of a histone deacetylase complex 
that is essential for normal ABA signalling and 
response
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Natural variation of water productivity in  
Arabidopsis thaliana  

Drought resistance (DR) and water-use efficiency (WUE) are two of the most popular 
explorations to study plant performance under water deficits. As physiological 
parameters they are measures of survivability and photosynthetic performance, 
respectively. However, they do not provide any information regarding reproductive 
performance. For this reason, we chose to focus on the idea of water productivity 
(WP), defined as seed yield obtained per unit of water lost through transpiration, as 
this is arguably a more agronomically relevant trait of interest. To highlight the lack of 
association between WUE and WP, we have compared the WUE, measured as δC13 
(ratio of C12 to C13), and WP of 14 Arabidopsis thaliana ecotypes. Additionally, as part 
of a genome-wide association (GWA) study to identify the genetic basis of WP we have 
performed a scan of 47 widely distributed A. thaliana ecotypes to assess the variation 
present for seed yield following drought stress and how this relates to potential and 
operational photosynthesis. Our results illuminate the lack of association between 
vegetative performance and reproductive performance following drought stress and 
provide an insight into the photosynthetic response to drought and how this relates 
to potential photosynthesis. Furthermore, the significant variation present for yield 
following drought stress, and other performance parameters, together with preliminary 
GWA analysis highlights the possibility of dissecting genetic loci contributing to WP. 

1School of Biological Sciences, University of Essex, Colchester, UK; 2British American 
Tobacco, Cambridge Science Park, Cambridge, UK; 3INRA, UMR1137 ‘Ecologie et 
Ecophysiologie Forestières’, F-54280 Champenoux, France.

jfergu@essex.ac.uk
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P13Investigating the genetic basis of natural leaf 
shape variation in Arabidopsis

University of York, Department of Biology, University of York, Heslington, York, UK.

jv506@york.ac.uk

Joseph Vaughan, Richard Waites

Arabidopsis thaliana grows over a broad geographical range and shows considerable 
morphological variation. We aim to investigate the genetic basis for the differences 
in leaf shape across the species using genetic mapping. Genome wide association 
was used to identify loci linked to leaf shape within a collection of natural Arabidopsis 
accessions. Around 350 accessions were grown together within a greenhouse and 
phenotyped for leaf shape. Several loci of medium to small effect were found, typical 
of a quantitative trait. Many of the loci identified were at positions of the genome 
containing Nucleotide Binding Leucine Rich Repeat (NBLRR) genes. We phenotyped 
T-DNA insertion lines for the NBLRR genes within our loci and found several with a leaf 
shape phenotype. The phenotype of at least one of these insertion lines was specific to 
red light only. NBLRR genes are typically characterised as disease resistance genes, 
though some with leaf shape phenotypes have been identified. As well as nucleotide 
polymorphism, extensive copy number variation within clusters of NBLRR genes 
exists within natural Arabidopsis lines and may contribute to phenotypic variation. Our 
results suggest that NBLRR genes may contribute to the natural leaf shape variation 
observed in Arabidopsis.
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Changes in gene expression form a crucial part of the plant response to infection, and 
whole-organ expression profiling has played a valuable role in identifying genes and 
processes that contribute to the interactions between the model plant Arabidopsis 
thaliana and a range of pathogens. However, for highly localised infections, such as 
downy mildew caused by the oomycete biotroph Hyaloperonospora arabidopsidis 
(Hpa), whole-leaf or seedling profiling may fail to capture the complete Arabidopsis 
response, as highly localised expression changes may be diluted by the comparative 
abundance of non-responding cells. Furthermore, local and systemic Hpa responses of 
a differing nature may become convoluted in a whole-organ, averaged measurement. 
To distinguish local and systemic transcription on a genome-wide scale, Hpa-
contacting (local) and Hpa-distal cells have been isolated from infected seedlings 
using fluorescence activated cell sorting (FACS), and gene expression measured using 
microarrays. When compared with an uninfected control, 278 genes were identified as 
significantly differentially expressed in either local or distal cells. Among these were 
a number of highly locally responding genes that were uncovered for the first time 
using our sensitive FACS technique. The dataset is currently being mined to identify 
gene candidates for further investigation and that could be modified to alter pathogen 
responses.

1Systems Biology Doctoral Training Centre; 2School of Life Sciences, both at the  
University of Warwick, UK.

T.L.R.Coker@warwick.ac.uk

Timothy L.R. Coker,1 Miriam L. Gifford,2 Jim Beynon2
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Cells are the building blocks of tissues. Unlike normal building materials, the physical 
properties of cells change constantly as they grow and divide. It is therefore critical to 
understand how growth and division are co-ordinated. The co-ordination of cell growth 
and cell division has been long observed, but little is known about the mechanism 
by which this is achieved in plant cells. Based on data collected from 4D imaging 
of the shoot apical meristem (SAM) we have produced a simple model of cell cycle 
progression in a growing cell. The model is based on the gradual accumulation of 
CYCLIN-DEPENDENT KINASE (CDK) activity as the cell grows. Although it has been 
shown in yeast that a single CDK is sufficient to drive cell cycle progression, we found 
that two CDKs were required to simulate the growth and division we observe in plant 
cells.  As well as accurately predicting cell cycle length, cell cycle phase length and 
cell size at division, the model shows how these thresholds evolve over successive 
division cycles according to how fast the cell is growing, and by how quickly CYCLINs, 
which are rate limiting for CDK activity, are synthesised. This creates the flexibility 
in cell cycle progression that is needed in order to be able to predict differences in 
behaviour of cells found in slowly and rapidly growing tissues and has implications for 
tissue growth.

1Cardiff School of Biosciences, Museum Avenue, Cardiff, UK; 2Max Plank Institute for 
Plant Breeding Research, Köln, Germany; 3INRA, UMR AGAP, C.C. 06002, 95, rue de 
la Galéra, 34095 Montpellier Cedex 5, France; 4Laboratory of Plant Reproduction and 
Development, École Normale Supérieure de Lyon, Lyon, France.
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P16Modelling the cell cycle in a growing cell
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Data integration, particularly though online databases, plays a central role in 
contemporary plant science. This paper presents an analysis of data integration 
practices and their relation to translational research from the viewpoint of the 
philosophy, history and social studies of biology. I discuss three cases of knowledge 
production, each of which highlights a different mode of plant data integration: (1) 
inter-level integration, which involves data documenting different features of the same 
species, aims to acquire an interdisciplinary understanding of organisms as complex 
wholes and is exemplified by research on Arabidopsis thaliana; (2) cross-species 
integration, which involves data acquired on different species, aims to understand plant 
biology in all its different manifestations and is exemplified by research on Miscanthus 
giganteus; and (3) translational integration, which involves data acquired from a variety 
of sources, aims at the provision of interventions to improve human health and is 
exemplified by research on  Phytophthora ramorum. Paying attention to the differences 
and interplay between these modes of integration illuminates the challenges of making 
data not only accessible online but also usable to the scientific community; the large 
amount of conceptual and material scaffolding needed to transform those data into 
new knowledge; and the different forms of scientific knowledge that may result from 
processes of data integration, depending on which communities, infrastructures and 
institutions are involved in research. My analysis also provides an interpretation of 
the notion of ‘translational research’ fostered by public funders as a key element in 
research applications.

Director of the Exeter Centre for the Study of the Life Sciences (Egenis), University of 
Exeter, Byrne House, St German’s Road, Exeter, Devon, EX4 4PJ, UK.

s.leonelli@exeter.ac.uk
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Data integration, model organisms and 
translational research: what counts as knowledge 
in plant science?
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Ostreococcus tauri is the smallest free-living eukaryote, with a 12.5 Mbp genome 
encoding ~8,000 genes.1 Two major transcriptional regulators of the plant circadian 
clock, Timing of CAB expression1 (TOC1) and Circadian Clock-Associated1 (CCA1) 
are conserved in O. tauri.1 Recent phylogenetic analysis of the O. tauri kinome 
revealed a complete set of components for core signalling.3 The 133 kinases in O. tauri 
(compared to 981 in Arabidopsis thaliana) are frequently shown to be less divergent 
from other eukaryotes than their plant relatives. O. tauri retains kinase orthologs that 
are absent from higher plants. Minimal genetic redundancy makes O. tauri a useful 
experimental model for identifying core components of the transcriptional and proposed 
non-transcriptional clock. All domains of life share a key marker for an ancestral non-
transcriptional clock, likely involving protein signalling.4,5 Signalling networks involving 
protein kinases are implicated in the canonical circadian clock across eukaryotes. 
Whilst the clock targets of kinases are not conserved across taxa, the kinases 
themselves are. We used time-resolved phosphoproteomics to identify clock-relevant 
kinases and signalling components in O. tauri by LTQ-Orbitrap XL Mass Spectrometry. 
Phosphopeptides were enriched using TiO2 and the overall phosphoproteome 
quantified with an intensity-based label-free approach. We quantified 16% of O. tauri 
proteins, compared to reports of 6% coverage in the ~10-fold larger proteome of A. 
thaliana.6 From 744 proteins, 67% of 1,272 phosphopeptide motifs detected were 
significantly rhythmic in a light/dark cycle. This dataset forms a discovery resource for 
the circadian phosphoproteome in the green lineage.

1Derelle et al., (2006) PNAS 103: 11647–11652; 2Corellou et al., (2009) The Plant Cell 21: 3436–3449; 
3Hindle et al. Manuscript under review; 4O’Neill et al., (2011) Nature 469: 554–558; 5Edgar et al., (2012) 
Nature 485: 459-464; 6Svozil et al., (2014) Molecular & Cellular Proteomics In Press

1SynthSys, University of Edinburgh, UK;  2Institute of Structural and Molecular Biology, 
University of Edinburgh, UK; 3Institution for Adaptive and Neural Computation, School 
of Informatics, University of Edinburgh, UK; 4BioSS (Biomathematics & Statistics 
Scotland), University of Edinburgh, UK.
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Higher plant vasculature is characterised by two distinct developmental phases. 
Initially a well-defined radial primary pattern is established. In eudicots, this is followed 
by secondary growth involving development of the cambium. This is important for 
efficient water, nutrient and mineral transport, and is required for wood formation in 
trees. Regulation of secondary growth involves several phytohormones. Cytokinins 
have been implicated as key players, particularly in the activation of cell proliferation, 
but the molecular mechanisms mediating this hormonal control remain unknown. Here 
we show that the genes encoding the transcription factor AINTEGUMENTA (ANT) and 
the D-type cyclin CYCD3;1 are expressed in the vascular cambium of Arabidopsis 
roots and are both required for normal cell proliferation in secondary growth. ANT 
and CYCD3;1 are repressed in mutants with impaired cytokinin signaling, and plants 
lacking function CYCD3;1 show an impaired response to cytokinins in secondary 
growth. Cytokinin regulation of ANT and CYCD3 also occurs in secondary thickening 
of poplar stems, suggesting this represents a conserved regulatory mechanism.

1Cardiff University, UK; 2Institue of Biotechnology, University of Helsinki, Finland; 
3UPSC, Umea, Sweden.

RandallRS@cardiff.ac.uk
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Suberin lamellae and Casparian strip modifications of the endodermal cell wall allow 
the endodermis to control water and solute transport into the stele. The dirigent-
domain containing protein, ESB1 plays a critical role in the correct formation of 
Casparian strips. Loss of function of ESB1 not only leads to disruption of Casparian 
strips but also to early deposition of suberin in the endodermis. Developmentally, the 
defect in Casparian strips in esb1-1 occurs before the first appearance of subern, 
suggesting that disruption of the Casparian strip in esb1-1 is driving early suberin 
deposition. Our hypothesis is that ABA mediates this cross-talk. We observe that ABA 
treatment phenocopies the ecotopic suberin deposition observed in esb1-1. Further, 
ABA signalling genes (COR413, TSPO and HAI3) are up-regulated in esb1-1 roots. 
Elevated ABA in the endodermis would be expected to negatively regulate IAA, and 
this is supported by our observation that IAA inducible genes (AFB2 and IAA6) are 
down-regulated in esb1-1. Such suppression of IAA signalling is supported by reduced 
lateral root development in esb1-1. Additionally, ABA mediated inhibition of lateral root 
development by NaCl is more pronounced in esb1-1, further supporting elevated ABA 
in the endodermis in esb1-1. However, ectopic expression in the endodermis of a 
cutinase gene that removes ectopic suberin in esb1-1 suppresses the reduced lateral 
root development, suggesting a more complex interaction between hormone signalling, 
enhanced suberin deposition and lateral root emergence. To untangle these effects we 
are currently using genetic approaches to block ABA signalling in the endodermis.  

1Institute of Biological and Environmental Sciences, University of Aberdeen, St. 
Machar Drive, Aberdeen, UK; 2Department of Biological Sciences, Dartmouth College, 
Hanover, New Hampshire 03755, USA; 3Department of Applied Biological Chemistry, 
University of Tokyo, Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan.
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Plants, like other multicellular organisms, consist of cell types that function together 
to perform distinct tasks and respond to internal and external changes in conditions.  
Understanding specific cell type responses is vital to furthering our knowledge of 
how plants develop and interact with their environment. Highly localised cell-specific 
functions and responses to stimuli can be lost in whole organ global analyses. Cell-
specific profiling addresses this through the use of Fluorescence-Activated Cell 
Sorting (FACS) combined with microarray expression analysis to investigate gene 
expression in specific cell types at different stages of development and in response to 
environmental flux. This approach provides accurate and high-resolution data. Cell-
specific profiling requires marker lines that express a reporter molecule in individual 
cell types. The Escherichia coli gusA gene is a well-established reporter gene and 
has been used to perform in planta studies across multiple species to investigate 
questions such as lateral root development, nodulation and plant bacteria interactions. 
Many transformed lines already exist that have been shown to be cell-type specific, 
providing a library suitable for cell-specific profiling experiments. Fluorescent GUS 
staining has already been used successfully in FACS studies of mammalian cell 
function. We are developing a protocol to use fluorescent GUS staining as a marker 
for FACS in plants that will enable the research community to capitalise on the existing 
cell-type specific GUS lines to gain insight into plant development and response to 
environmental conditions.

1School of Life Sciences; 2Warwick Systems Biology Centre; both at University of 
Warwick, Gibbet Hill Road, Coventry, UK.

K.Allen@warwick.ac.uk

P21 GUS for FACS: a tool to aid further understanding 
of plant developmental and environmental 
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Plants are sessile organisms and are exposed to daily and seasonal variation in 
temperature. Circadian timekeeping in plants increases photosynthesis and productivity. 
Our knowledge of how plants detect and respond to an increase in temperature in a non-
stress inducing range, ‘ambient’ temperature (12-28˚C), is limited, with the link to the 
circadian clock being largely unknown. Understanding how plants sense and respond to 
changes in ambient temperature is essential to predict and reduce the adverse effects 
of global climate change. PHYTOCHROME INTERACTING FACTOR 4 (PIF4) has 
previously been demonstrated to be crucial for high temperature mediated hypocotyl 
elongation. Using physiology and molecular experiments in Arabidopsis thaliana, we 
are investigating (i) how time-of-day affects high temperature perception, (ii) whether 
high temperature signalling displays circadian and/or diurnal regulation, (iii) how time-
of-day affects high temperature-mediated elongation growth. I will conclude thus far, 
that if circadian regulation of high temperature hypocotyl elongation is occurring, it is 
mainly regulated at the level of auxin biosynthesis and not temperature perception and 
sensitivity. 

Kelly A. Atkins, Antony N. Dodd, Keara A. Franklin 

Circadian gating of high temperature responses 
in Arabidopsis thaliana 
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Chloroplasts contain small circular genomes of prokaryotic ancestry that encode 
numerous essential components of the photosynthetic apparatus. Transcription of 
chloroplast-encoded photosynthesis genes is regulated by multiple signals, including 
signals arising from the eukaryotic nuclear genome. We are investigating the nature of 
the signalling mechanisms that communicate circadian and environmental information 
to chloroplasts (Noordally et al.; Science 2013). The nuclear genome encodes a family 
of sigma factor proteins that confer promoter specificity to plastid-encoded plastid 
RNA polymerase, providing a signalling network that gives the nucleus control over 
plastid transcription. Sigma factors are prokaryotic-like proteins that are thought to 
have transferred from the genomes of ancestral chloroplasts, to the nucleus, during 
plant evolution. We demonstrated previously that the sigma factor SIG5 communicates 
circadian timing information to the chloroplast genome (Noordally et al.; Science 
2013). We are investigating the role of SIG5 in the integration of complex information 
concerning light quantity and quality. We demonstrate that SIG5 encodes several types 
of information concerning the light environment and communicates this information to 
chloroplast-encoded photosynthesis genes. This is an important question, because 
the transcription of photosynthesis genes within chloroplasts must be adjusted in 
response to short and long term alterations in the light environment in order to optimize 
photosynthesis.

1School of Biological Sciences, University of Bristol, Bristol, UK; 2SynthSys, University 
of Edinburgh, Edinburgh, UK.

Fiona.Belbin@bristol.ac.uk
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control of chloroplast transcription
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Plants have a robust innate immune system mediated by cell-surface and cytoplasmic 
receptors that effectively prevents the majority of potential pathogens from causing 
disease. Adapted pathogens are able to manipulate and suppress plant immunity 
and cause disease by injecting virulence effector proteins into their host plants. In 
response, resistant plants have evolved resistance (R) proteins, the majority of which 
are in the NB-LRR (Nucleotide-Binding, Leucine-Rich Repeat) family of cytoplasmic 
immune receptors, that are able to recognise pathogen effectors and, after recognition, 
mediate an immune response. RRS1, a NB-LRR protein carrying a C-terminal WRKY 
DNA-binding domain, forms a receptor complex with another NB-LRR protein, RPS4. 
This complex detects the bacterial effectors AvrRps4 and PopP2, and then activates 
defence. We use this extensively studied system as a model to elucidate NB-LRR-
mediated immunity. We show that PopP2 acetylates lysines in the WRKY motif of 
RRS1, abolishing DNA binding. Acetyl-mimetics of RRS1 constitutively activated 
RPS4-dependent defence. Interactions of AvrRps4 with other WRKY proteins suggests 
that both PopP2 and AvrRPS4 function by interfering with WRKY transcription factor 
contributions to plant defence, and that the RPS4/RRS1 immune receptor complex has 
evolved as a “bait”  to detect effectors that block WRKY protein function. Elucidation of 
the RRS1/RPS4 recognition mechanism will help us to exploit this recognition strategy 
in order to engineer new receptors that recognise previously unrecognised and virulent 
pathogens.

1The Sainsbury Laboratory, John Innes Centre, Norwich Research Park, Norwich, 
UK; 2Institute of Agriculture and Environment, Massey University, Private Bag 11222, 
Palmerston North, 4442, New Zealand; †Current address: Institut Sophia Agrobiotech, 
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Plants are exposed to a variety of abiotic stresses, including salinity and drought. 
These environmental stresses cause major losses in crop yield. High salinity stress 
alone impairs crop production on at least 20% of irrigated land worldwide. Thus, the 
development of stress-tolerant crops is of major importance for food security. Many 
physiological responses to ensure acclimation to adverse environmental conditions 
require the synthesis and perception of the plant hormone abscisic acid (ABA). Recent 
studies have uncovered an unexpectedly tight coupling between the circadian clock 
and ABA signalling. We found that the LHY transcription factor, which functions as a 
key component of the circadian clock, also binds to many of the components of the 
ABA signalling pathway. This is exciting because this suggests that the circadian clock 
is likely to be important to modulate responses to environmental stress. Elucidating 
this interaction between the clock and ABA signalling may therefore lead to novel 
strategies for improving abiotic stress tolerance in crop plants. 

1School of Life Sciences, University of Warwick, Coventry, UK; 2Bayer Crop Sciences,  
Ghent, Belgium.

jack.grundy@warwick.ac.uk

Jack C. Grundy,1 Isabelle Carré,1 Matthew Hannah2

Control of Environmental Stress Responses by 
the Circadian Clock and Abscisic Acid

P26



54

School of Biological Sciences, University of Bristol, Bristol, UK.

Scott.Hayes@bristol.ac.uk

Putting on the brakes: UV-B inhibits plant  
shade-avoidance

The detection of informational light cues is of vital importance to photosynthetic plants, 
and directs their growth and development. One of the most well characterised light 
signalling processes is shade-avoidance. Upon the detection of neighbour shade, 
plants trigger a suite of elongation responses, elevating light harvesting organs away 
from the threat of shade. Once in full sunlight, elongation responses cease, although 
it is unclear how this is achieved. Here we demonstrate that UV-B, sensed by its 
photoreceptor UV RESISTANCE LOCUS 8 (UVR8) provides a strong brake on shade-
avoidance. UV-B achieves this through a duel mechanism, converging upon both the 
inactivation and destabilisation of the PHYTOCHROME INTERACTING FACTOR 
(PIF) family of transcription factors. As UV-B is strongly filtered by leaf canopy shade, 
it is possible that it acts a potent signal to inhibit shade-avoidance once full sunlight 
has been reached. 

Scott Hayes 

P27



55

Sulphur is an essential macronutrient required for plant growth. In a forward genetic 
screen for Arabidopsis thaliana plants with altered leaf elemental composition, we 
identified a mutant with 54% higher total leaf sulphur than the wild-type. By combining 
bulk segregant analysis (BSA) with whole genome re-sequencing, the mutated gene 
was identified as serine hydroxymethyltransferase 7 (SHM7), which encodes an 
enzyme catalysing the reversible conversion of serine and tetrahydrofolate to glycine 
and N5, N10-methylene-tetrahydrofolate. Methylated tetrahydrofolate supplies one-
carbon units for de novo purine, thymidylate and methionine synthesis and therefore 
plays an important role in both DNA synthesis and cellular methylation reactions. 
Mutation of SHM7 significantly decreased total serine hydroxymethyltransferase 
activity in roots. The SHM7 protein localizes in the nucleus and its expression is 
strongly induced by sulphur deficiency. The high sulphur phenotype of shm7 is 
caused by the elevated expression of the two high-affinity sulphate transporter genes 
SULTR1;1 and SULTR1;2 in the roots, which was confirmed by the low sulphur 
phenotype of the shm7 sultr1;1 sultr1;2 triple mutant. The SHM7 enzyme preferentially 
utilises polyglutamated folate rather than monoglutamated folate. Disruption of genes 
encoding two folylpolyglutamate synthetases, FPGS1 and 3, which catalyse folate 
polyglutamation reaction phenocopied the high leaf sulphur phenotype of shm7, 
supporting our conclusion that SMH7 plays a key role in the generation of methylated 
folate required for sulphur homeostasis. Furthermore, folate polyglutamation have been 
shown to be involved in DNA methylation to maintain chromatin silencing suggesting 
that DNA methylation may be important in the high sulphur phenotype of shm7. 

1Institute of Biological and Environmental Sciences, University of Aberdeen, St Machar 
Drive, Aberdeen, UK; 2John Innes Centre, Norwich Research Park, Norwich, UK.

x.huang@abdn.ac.uk

Xinyuan Huang,1 Dai-Yin Chao,1 John Danku,1 Stanislav Kopriva,2 
David E Salt1

Serine hydroxymethyltransferase 7 plays  
important roles in folate biosynthesis and  
sulphur homeostasis in Arabidopsis thaliana

P28



56

The Mediator transcriptional co-activator complex functions in all eukaryotes to link 
transcription factor binding at gene promoters with RNA polymerase II (Pol II) activation 
of transcription. Plant Mediator consists of approximately 34 protein subunits. We show 
that the Mediator16 (MED16) subunit regulates cold-responsive gene expression 
in Arabidopsis thaliana, acting downstream of the C-repeat binding factor (CBF) 
transcription factors to recruit the Mediator complex to cold-regulated genes. We also 
show that Pol II recruitment to these genes requires Mediator2 and Mediator14 (MED2 
and MED14) in addition to MED16. Mutations in any of these three subunits results 
in failure to transcribe CBF-responsive genes and in loss of cold acclimation-induced 
freezing tolerance. However, some cold-inducible genes are expressed independently 
of these three subunits, suggesting different Mediator subunits may be required for 
activation of separate gene regulons in response to a single stimulus. Furthermore, we 
have shown MED16 is required for expression of stress-inducible genes in response 
to other conditions, including darkness, where it acts in combination with a different 
complement of Mediator subunits. Our data illustrate that plants control transcription 
of specific genes through the action of particular subsets of Mediator subunits; the 
specific combination defined both by the nature of the stimulus and the identity of the 
gene induced. Current work focuses on further investigation into how specificity may  
be encoded into the plant transcriptional response; examining the roles of individual 
protein domains within Mediator subunits as well as the potential role of stress-specific 
interactors of Mediator in discrimination between stress stimuli.

School of Biological Sciences, Durham University, South Road, Durham DH1 3LE; 
*Current address: Division of Plant Sciences, College of Life Sciences, Dundee  
University at The James Hutton Institute, Invergowrie, DD2 5DA.
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SAG21/AtLEA5, belongs to the late embryogenesis-associated (LEA) protein family, 
and is mitochondrially located. It is thought to have a role in protecting mitochondrial 
proteins from oxidative stress. SAG21 is both developmentally regulated and up-
regulated in response to both abiotic and biotic stresses, making it an interesting gene 
to study for improving our understanding of the regulatory networks involved in stress 
and senescence. SAG21P::GUS fusions confirm that SAG21 is up-regulated during 
development, in response to dark treatment, multiple abiotic stresses, stress-related 
plant growth regulators, and by the necrotrophic fungal pathogen Botrytis cinerea. We 
have analysed 1685 bp of SAG21 upstream sequence to identify patterns of gene 
regulation, cis elements and regulatory transcription factors (TFs). This region contains 
four W boxes which are binding sites for WRKY TFs- a family of 74 members involved 
in the regulation of pathogen, abiotic stress and senescence responses. Using yeast-
1-hybrid and seven overlapping promoter fragments we analysed WRKY TF binding 
to the SAG21 promoter. In total, 13 different WRKY transcription factors bind to four of 
the seven fragments, three of which contain at least one W-box cis-element. WRKY63 
and WRKY67 interacted with all four fragments. Site-directed mutagenesis of the two 
most proximal W-boxes abolished binding of 11 WRKY TFs, and reduced interaction 
of WRKY63 and WRKY67. Furthermore, of the 13 interacting WRKYs, at least 11 
appear to bind specifically to W-box2 located at -362 from the ATG start. Additional 
work will concentrate on investigating SAG21 expression in protoplast transfection 
assays and WRKY TF mutants. 

1School of Biosciences, Cardiff University, Cardiff, UK; 2School of Life Sciences, 
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UK.

ransomem@cf.ac.uk

Kelly Evans,1 Elspeth Ransom,1 Claire Hill,2 Vicky Buchanan-
Wollaston,2 Christine Foyer,3 Hilary Rogers1

How WRKY transcription factors regulate SAG21: 
a gene at the interface between stress and  
senescence



58

P31

The ability to interpret daily and seasonal alterations in light and temperature 
signals is essential for plant survival. This is particularly important during seedling 
establishment when the phytochrome photoreceptors activate photosynthetic pigment 
production for photoautotrophic growth. Phytochromes accomplish this partly through 
the suppression of PHYTOCHROME INTERACTING FACTORS (PIFs), negative 
regulators of chlorophyll and carotenoid biosynthesis. While the bZIP transcription 
factor LONG HYPOCOTYL 5 (HY5), a potent PIF antagonist, promotes photosynthetic 
pigment accumulation in response to light. We demonstrate that by directly targeting a 
common promoter cis-element (G-box), HY5 and PIFs form an activation-suppression 
transcriptional unit responsive to light and temperature cues. This antagonistic 
regulatory module provides a direct mechanism through which environmental 
change can redirect transcriptional control of genes required for photosynthesis and 
photoprotection. For the regulation of photopigment biosynthesis genes, HY5 and PIFs 
do not operate alone, but with the circadian clock. However, sudden changes in light 
or temperature conditions can trigger changes in HY5 and PIFs abundance that adjust 
the expression of common target genes to optimise photosynthetic performance and 
growth

1Institute of Structural and Molecular Biology, SynthSys, University of Edinburgh, CH 
Waddington Building, Mayfield Rd, Edinburgh EH9 3JD, UK; 2Centre for Research in 
Agricultural Genomics (CRAG) CSIC-IRTA-UAB-UB, Campus UAB Bellaterra, 08193 
Barcelona, Spain; 3Plant Physiology, Justus Liebig University, Senckernbergstr. 3, 
35390 Giessen, Germany.
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Roots are vital for the plants, since they aid uptake of water and nutrition from the soil, 
as well as providing anchorage. Roots respond to gravitropism and grow downwards. 
Among other processes nitric oxide (NO) plays a significant role in root gravitropism. 
In plants NO is synthesized enzymatically from nitrite (NO2-) by nitrate reductase 
(NR1) in an NAD(P)H dependent manner. Two genes, NIA1 and NIA2, encode NR1 
in Arabidopsis. NIA1 plays a specific role in NO signaling. Confocal microscopy 
with the dye DAF-2DA was used to specifically detect NO in gravistimulated roots. 
Gravistimulation induced the production and asymmetric accumulation of NO in the 
bending zone of the Arabidopsis root (Col-0). However auxin mutants (aux1, axr2, 
axr3) did not show any response to gravistimulation, suggesting that defects in auxin 
signalling affect the NO response. Q-RT-PCR showed increased NIA1 transcript levels 
in the bending zone of the col-0 root during gravistimulation. To understand the NO 
signalling interaction with other plant hormones, GFP-tagged NIA1 gene constructs 
were made and transformed into wild type (col 0), auxin and ethylene mutants by the 
floral tip method. mGFP tagged NIA1 gene expression was confirmed by fluorescence 
of stomata due to synthesis of NO in the guard cells following treatment with Abscisic 
acid. Further studies are needed to find the interaction of NO signalling with other 
signalling molecules by treating the transgenic plants with exogenous auxin and 
ethylene hormones.
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Plants contain a wide range of phytonutrients that benefit human health; the 
Brassicaceae are particularly known for their high glucosinolate and phenolic content, 
but a “more is better” approach to breeding plants with improved nutritional benefit is too 
simplistic given the complexities arising from the interaction between plant genotype 
and the human digestive system, with its own variation in genotype and microflora 
population. We used the parents of the Near Isogenic Line Ler x CVI population to 
profile differences in phytonutrient content in ‘raw’ leaves and those subjected to a 
synthetic predigestion, followed by anaerobic batch culture for 0, 5, 10 and 24h with 
four independent human faecal samples. We show significant differences in the profile 
of 12 glucosinolates and 16 phenolics between plant genotype and stage of digestion, 
with some phenolics appearing as new metabolites during digestion. Fluorescent In 
Situ Hybridisation with seven probes for different beneficial and pathogenic bacteria 
revealed that plant genotype had a significant influence on the microflora profile at 
different stages of digestion. Finally, we analysed induction of Phase II enzymes using 
a quinone reductase assay. We have established that both plant extracts confer a 
protective effect on the human gut cells. Our work has shown that plant genotype 
has a significant impact on the profile of bioavailable metabolites within the human 
digestive environment. The implication of these findings is that potential exists for a 
breeding programme designed to optimise the nutritional value of plants at the point 
of digestion. 
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