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Preface
This book of proceedings collects the abstracts of talks and posters presented at the Sixth
international conference on Plant Vascular Biology (PVB2022). The PVB2022 conference
brings together scientists from around the world to discuss exciting breakthroughs in plant
vascular biology. The plant vascular system, comprised of phloem and xylem, is responsible
for the delivery of resources such as sugars, amino acids, water and minerals. In addition, it
plays pivotal roles in long-distance signaling. By delivering phytohormones, proteins and
RNAs, the vascular system is engaged in the regulation of developmental and physiological
processes at the whole plant level. The vascular tissue is the most prevalent prerequisite for
the functional specialization of shoots and roots during evolution of multicellular plants by
serving as an essential interorgan transport system between roots and shoots.
Thanks to technological breakthroughs, considerable progress has been made in
understanding developmental and physiological processes underlying formation and function
of the vascular tissue. These breakthroughs enable creating bridges between basic and
applied research and may help to contribute to yield increases and to provide food for a
growing world population. Sustainable use of resources, including nutrients and water, by
crop plants becomes more and more important to secure food security under conditions of
global climate change. Therefore, it is of outmost importance to understand the roles of the
plant vascular system in the regulation of responses to biotic and abiotic stress factors and to
find strategies to optimize assimilate partitioning for improved plant productivity and resilience
to climate change.
The conference was initiated by William J. Lucas (CA, USA) with a focus on plant vascular
function, signaling, and development. PVB2022 is built on the very successful meetings first
held in Taipei, Taiwan 2007, in the USA at Ohio State University in 2010, in Helsinki, Finland
in 2013, in Shenzhen, China 2016 and in Asilomar, USA 2019.
It provides important opportunities to exchange and discuss novel research on the evolution
of long-distance communication, development, structure, biochemistry and physiology, and
modelling of xylem and phloem biology. The scope will also encompass vascular loading and
unloading mechanisms, regulation of transport, and short and long distance signaling in tissue
differentiation processes and in response to environmental challenges.
The organizers
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Scientific Program

Plant Vascular BIOLOGY 2022
PROGRAM SCHEDULE
Sunday, July 17th
Participant’s arrival, registration, Poster set-up (all posters will be on display
throughout the conference)

16:00

Registration (Planck-Lobby)

17:00 – 19:00

Welcome Reception (Planck-Lobby)

19:00 – 21:00

Evening Lecture by Aart Jan Eeuwe van Bel

21:00 .- 23:00

Continuation of the reception (Einstein-Lounge)

Monday, July 18th
Poster set-up (all posters will be on display throughout the conference)
Poster presentation will be in two rooms: Posters 1-30, Meitner Saal and posters 3161, Goethe-Saal. Posters which have not been registered can be presented in
Goethe-Saal.

Session I: Vascular Transport - Sugars
Chairperson: Julia Kehr
09:00-09:45

Keynote Lecture Michael Knoblauch “How Sieve Elements
work”

09:45-10:10

Lecture Ekkehard Neuhaus “Dynamic changes of intracellular
sugar transport under stress“
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10:00-10:25

Short Talk Emma Raven “Changes in plasmodesmal stress
responses across development”

10:25-10:40

Short Talk Claus Frohberg “Increased Sucrose Phloem Loading
enhances Yield in Oilseed Rape”

10:40-11:00

Coffee Break

Session II: Vascular Transport – More than sugars
Chairperson: Friedrich Kragler
11:00-11:25

Lecture Franziska Fichtner “ The vascular signaling metabolite
trehalose 6-phosphate is a key signal in the regulation of
development”

11:25-11:50

Lecture Salome Prat “Vascular-related gene expression during
early potato tuber development”

11:50-12:05

Short Talk David Jackson “RRP44A mediates the cell-to-cell
trafficking of KNOTTED1 and SHOOTMERISTEMLESS mRNAs
through plasmodesmata”

12:05-12:20

Short Talk Günter Gerhard Lehretz “Assimilate highway to sink
organs – Physiological consequences of SP6A overexpression in
transgenic potato (Solanum tuberosum L.)”

13:00-14:00 Lunch

Session III: Vascular Transport – Harmonizing C and N-allocation
Chairperson: Eleftheria Saplaoura
14:00-14:25

Lecture Mechthild Tegeder, “Central function of assimilate
transport processes in source and sink physiology”

14:25-14:50.

Lecture Yi-Fang Tsay “Phloem and xylem transport of nitrate”

14:50-15:15

Lecture Xiangdong Fu “Coordinated regulation of carbon and
nitrogen assimilation in Arabidopsis”

15:15-15:30

Short Talk Hannah Thomas “ Understanding the role of cellular
processes in grafted crops”
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15:35-16:00

Coffee break

Session IV: Vascular Transport – When altitude matters
Chairperson: Koh Aoki
16:00-16:25

Lecture Andrew Groover “Regulation of vessel traits impacting
drought resistance in trees”

16:25-16:50

Lecture Ari Pekka Mähönen “Cambial development: at the
crossroads of signaling“

16:50-17:15

Lecture Dietmar Geiger “S-type anion channel transport module
balances between NO3- and Cl- loading of xylem vessels for
root-to-shoot translocation”

17:15-17:30

Short Talk Hagar Fox “Coupling of sugar sensing and transport
in Populus trees under drought”

17:30-18:00

Spotlight Talks (three presentations, 5 minutes each)

18:30-20:00

Dinner

20:00-21:30

Poster Session

Tuesday, July 19th
Session V: (When) microbes gain access
Chairperson: Uwe Sonnewald
09:00-09:45

Keynote Lecture Giles Oldroyd “Improving sustainable
productivity through microbial associations”

09:45-10:10

Lecture Katharina Markmann “Systemic control of symbiotic
competence through mobile miRNAs”

10:00-10:25

Lecture Alexandra CU Furch “Phytoplasmas create zombie
plants with 50 shades of green“

10:25-10:40

Short Talk Leonie Kraska “Establishment of the xylem pole
endodermis and passage cells - a tale of developmental
teamwork across time”
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10:40-11:00

Coffee Break

Session VI: Vascular differentiation is key
Chairperson: Elisabeth Truernit
11:00-11:25

Lecture Lothar Kalmbach “Phloem differentiation - from single
cell transcriptomics to sieve element function”

11:25-11:50

Lecture Laura Ragni “Coordination, Regulation and Specificity of
Lateral Meristems”

11:50-12:05

Short Talk Léa Jacquier “Symplastic connections in
differentiated Arabidopsis roots”

12:05-12:20

Short Talk Ji-Yun Kim “Understanding the identity, function, and
development of cells involved in phloem loading”

13:00-14:00

Lunch

Session VII: Interspecific plant-plant connections
Chairperson: Kirsten ten Tusscher
14:00-14:25

Lecture Kirsten Krause “Nutrient selectivity of parasitic dodders
and its implication for transport pathways”

14:25-14:50

Lecture Markus Albert “Host Resistance mechanisms in plantplant interactions”

14:50-15:15

Lecture Koh Aoki “Trans-species symplastic communication in
the complex of parasitic and host plants”

15:15-15:30

Short Talk Youngsuk Lee “Investigation of stem vasculature
genes associated with cold tolerance and the potential mobile
mRNAs in grafted apple

15:30-15:45

Short Talk Maleen Hartenstein “Apoplastic and symplastic
nutrition strategies of Cuscuta reflexa”

15:45-16:00

Coffee break
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Session VIII: Breaking new grounds
Chairperson: Michael Knoblauch
16:00-16:45

Keynote lecture Howard A. Stone “Understanding Phloem Micro
Fluidics ”

16:45-17:10

Lecture Karen J. Kloth “Unraveling aphid-phloem interactions”

17:10-17:25

Short Talk Juan Losada “ Geometrical variation of the xylem and
the phloem associates with hydraulic function under water
scarcity in polyploid trees”

17:25-17:40

Short Talk Ralf Metzner “Harnessing the power of 11C-labelling
and Positron Emission Tomography (PET) for investigating
Phloem velocities above and belowground”

17:40-18:00

Spotlight Talks (three presentations, 5 minutes each)

18:10

Group Foto

18:30-20:00

Dinner

20:00-21:30

Poster Session

Wednesday, July 20th
Session IX: Bill´s playlist
Chairperson: Andrew Groover
09:00-09:45

Keynote Lecture Ron Mittler “Key mediators of rapid systemic
signals”

09:45-10:10

Lecture Sandrine Ruffel “Regulatory Network behind Systemic
Nitrogen Signaling”

10:00-10:25

Lecture Byung-Kook Ham “Role of vascular system in nutrientstress signaling”

10:25-10:40

Short Talk Stephane Blanc „A multicellular way of life for a
multipartite virus“

10:40-11:00

Coffee Break
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Session X: Calcium-Electric Signaling 1
Chairperson: Richard Morris
11:00-11:25

Lecture Ingo Dreyer “Mechanistic insights into electrical
signaling in plants“

11:25-11:50

Lecture Myriam Charpentier “Calcium signaling in legume root
endosymbioses”

11:50-12:05

Short Talk Annalisa Bellandi „Transmission of calcium waves in
plants is mediated by apoplastic diffusion and bulk flow of amino
acids”

12:05-12:20

Short Talk Steffen Ostendorp “RNA binding and assembly of a
newly characterized phloem RNA binding protein”

12:30-14:00

Lunch

14:00 -15:00

PVB board meeting

Free Afternoon, Sight Seeing
No Dinner

Thursday, July 21st
Session XI: Calcium-Electric Signaling 2
Chairperson: Rainer Hedrich
09:00-09:45

Keynote Lecture Ted Farmer “Phloem-xylem interaction in
wound-response electrical signalling”

09:45-10:10

Lecture Masatsugu Toyota “Calcium-based rapid defense
movements in Mimosa pudica”

10:10-10:35

Lecture Ines Kreuzer “Calcium decoding of long distance
signaling”

10:35-11:00

Coffee Break
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Session XII: Leaf shape meets vascular function
Chairperson: Yrjo Helariutta
11:00-11:45

Keynote Lecture Miltos Tsiantis “Leaf Shape Diversity: From
Genetic Modules to Computational Models”

11:45-12:10

Lecture Elisabeth Truernit „Forward and reverse: What can we
learn about the phloem from the OCTOPUS gene family?”

12:10-12:35

Lecture Scott McAdam “How stomatal evolution has shaped the
evolution of xylem“

12:35-12:50

Short Talk Christopher Vincent Leaf carbon fixation, export,
and transport in citrus trees exhibit highly buffered responses to
source-sink dynamics

13:00-14:00

Lunch

Session XIII: Aspects of Phloem Development
Chairperson: Salome Prat
14:00-14:25

Lecture Sylvie Dinant “The interplay of apoplastic and
symplastic transport in sugar loading and phloem transport”

14:25-14:50

Lecture Ricardo Rodriguez Trevino “Sucrose effect on root
phloem development”

14:50-15:05

Short Talk Viktoriya V. Vasina “Sieve tube proteomics reveal
differentiation of their endomembrane system”

15:05-15:20

Short Talk Shamik Mazumdar “EVG1 regulates vascular
development and regeneration in response to stress”

15:20-15:35

Short Talk Yann Salmon “Phloem response to drought stress in
saplings of four boreal tree species”

15:35-16:00

Coffee break

Session XIV: In silico plant
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Chairperson: Aart J.E.van Bel
16:00-16:25

Lecture Richard Morris “How plants broadcast their pain”

16:25-16:50

Lecture Kirsten ten Tusscher “Fragmented fates: Resolving the
protophloem gap phenotype enigma”

16:50-17:05

Short Talk Tomas Bohr “Sugar flow in conifer needles:
Stagnation, sieve tube grouping and anisotropy of transfusion
tissue”

17:05-17:20

Short Talk Alexander Schulz “Breaking the limits of live vascular
imaging by micro x-ray computed tomography”

17:20-18:00

Closing Remarks

18:30-20:00

BBQ

20:00-21:30

Poster Session

Friday, July 22nd

Farewell and Departure
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Lectures
Host Resistance mechanisms in plant-plant interactions
Markus Albert
FAU Erlangen-Nürnberg, Germany

Plant species of the genus Cuscuta are holoparasites which infect both dicotyledonous and
monocotyledonous host plants. One notable exception is tomato, which is specifically resistant
to Cuscuta reflexa. We discovered that tomato responds to a small proteinaceous factor
occurring exclusively in various Cuscuta spp. with plant immune responses typically activated
after the recognition of microbe-associated molecular patterns (MAMPs). We identified the
tomato cell surface receptor-like protein CUSCUTA RECEPTOR 1 (CuRe1) as a critical
component of the perception system for the parasite-associated molecular pattern. CuRe1 is
sufficient to confer responsiveness to this Cuscuta factor and increased resistance to parasitic
C. reflexa when heterologously expressed in otherwise susceptible host plants, such as
Nicotiana benthamiana. Recently, we deciphered the protein sequence of the parasitic
molecular pattern and cloned the corresponding gene of Cuscuta. The minimal peptide motif
that is recognized by CuRe1 consists of 21 amino acid residues and originates from a 11 kDa
cell wall protein of yet unknown function. In general, our results underline that some plants are
able to recognize parasitic plants as non-self via molecular patterns as it is usually known for
the perception of microbial pathogens. These findings thus provide potential for engineering
resistance to parasitic plants in crops.

Keywords: dodder, Cuscuta, parasitic plants, plant immunity
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Trans-species symplastic communication in the complex of parasitic and host plants

Koh Aoki1, Eiichiro Ono2, Jun Murata3, Akira Shiraishi3, Manabu Horikawa3, Atsushi
Hoshino4, Ryusuke Yokoyama5, Kohki Shimizu1, Subhankar Bera1
1Osaka

Metropolitan University (formerly Osaka Prefecture University), Japan;
Global Innovation Center, Japan; 3Suntory Foundation for Life Sciences, Japan; 4National Institute for
Basic Biology, Japan; 5Tohoku University, Japan;
2Suntory

Cuscuta campestris, a stem obligate parasitic plant, depends entirely on its host plants for the
acquisition of water and nutrients. For acquisition of water and nutrients, C. campestris
develops an intrusive organ called haustorium, and establishes cellular connection to the host
vascular tissues. After establishing cellular connection, C. campestris exchange a number of
information molecules, including plant hormones, proteins and RNAs, with the host plant. It
has been shown that more than ten thousand species of RNAs move beyond parasite-host
boundary. However, whether the fate of mobile RNAs are regulated in the recipient plants or
not has not been clarified yet. In this study, we demonstrate that fate of trans-species mobile
RNAs can be regulated differentially in recipient plant by showing the examples in which
mobile RNAs, including small RNA (sRNA) and mRNA, are captured by or escaped from the
post-transcriptional RNA-processing machinery. Donor plant-derived sRNAs are captured by
the machinery for the production of secondary trans-acting short interfering RNA, such as
RDR6 and SGS3. On the other hand, a subgroup of sRNAs can be escaped from secondary
sRNA producing machinery and directly trigger the silencing of their targets in the recipient. In
the case of mRNA, donor plant-derived mRNAs are translated in the recipient tissues. On the
other hand, specific mRNA can be escaped from translation, and served as a seed of
horizontal gene transfer. Here we report an example of gene transfer of a gene encoding
cytochrome P450 protein that is involved in the biosynthesis of a species-specialized
metabolite. These results collectively suggest that trans-species mobile RNAs are processed
in the recipient plants in a RNA-species-dependent manner. This study was partially supported
by Grant-in-Aid for Scientific Research (18H03950 and 19H00944, JSPS).

Keywords: Cuscuta, parasitic plant, RNA transfer, horizontal gene transfer
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Transmission of calcium waves in plants is mediated by apoplastic diffusion and bulk
flow of amino acids

Annalisa Bellandi, Diana Papp, Andrew Breakspear, Joshua Joyce, Matthew
Johnston, Jeroen de Keijzer, Thomas Vincent, Anthony Miller, Dale Sanders, Saskia
Hogenhout, Richard Morris, Christine Faulkner
John Innes Centre, United Kingdom

Plants can respond to a variety of localized stimuli and couple local responses with distal ones.
Upon biotic and abiotic stimuli, calcium waves travel locally from cell-to-cell and systemically
along the vasculature. Previous studies suggested that the transmission of these calcium
waves is reliant on active propagation and on cytoplasmic connectivity, however the exact
mechanisms underlying this process and the information that these waves may carry remain
to be elucidated. To investigate these, we developed novel experimental and computational
methods to study the fine dynamics of calcium waves transmission with high spatial-temporal
resolution. Exploiting these methods, we found that local, distal and vascular wound-induced
calcium waves transmission is independent of cytoplasmic connectivity and of RBOHD/F and
TPC1, molecular components previously suggested to support the active-propagation of
calcium waves. Further highlighting incompatibility with the active-propagation hypothesis,
computational analysis of the calcium waves shows that local wound- or touch-induced calcium
waves travel with dynamics consistent with diffusion. Moreover, these waves are dependent
on GLR3.3 and are concomitant with release and diffusion of amino acids in the apoplast. We
also found that the dynamics of wound-induced vascular calcium waves from experimental
data are consistent with bulk flow and Taylor dispersion, suggesting that transmission of
vascular calcium waves is also a passive process. We therefore propose a new model where
apoplastic diffusion and bulk flow of amino acids are a common mechanism for transmission
of calcium waves triggered by different stimuli.

Keywords: calcium signalling, systemic signalling, wounding, mechanical stress, calcium waves

15

The pluricellular lifestyle of a multipartite virus

Stéphane Blanc
PHIM, Univ Montpellier, INRAE, CIRAD, Institut Agro, IRD, Montpellier, France

Multipartite viruses have a genome divided into several nucleic acid segments, each
encapsidated in a distinct virus particle. This genome organization and packaging represents
a unique situation where the integral genome is recapitulated in the virus population but not in
individual particles. The benefits in such viral systems have long been debated and remain
elusive, whereas the cost is unanimously accepted as the high probability of losing a segment
at each cell-to-cell or host-to-host transmission. In theoretical investigations, this cost appears
so high that multipartite viruses with more than 3 genome segments should not exist, with the
current conceptual frame in Virology. We used a nanovirus in order to question how
multipartite viruses succeed at introducing at least one copy of each of their genome segments
in a large proportion of individual host cells. We investigate the localization of the nanovirus
genome segments and demonstrate that they do not need be together for the viral system to
be functional. We show that distinct segments accumulate independently in distinct cells of
the phloem and likely exchange gene products to complement across cells. This observation
has been published in 2019 but the molecular details remain a mystery. The aim of my
presentation is to expose our discovery in order to discuss with other participants the possible
mechanisms allowing a pluricellular lifestyle for this virus, how such mechanisms could be
investigated and the tools that exist and may be implemented. We believe interacting with the
scientific community attending this meeting will be of unvaluable help to further investigate
and better understand this unforeseen capacity of viruses, exploiting molecular trafficking
within the plant vascular system.

Keywords: Multipartite virus, nanovirus, multicelllular, molecular trafficking, plant, vascular system, phloem
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Sugar flow in conifer needles: Stagnation, sieve tube grouping and anisotropy of
transfusion tissue.

Tomas Bohr
The Technical University of Denmark, Denmark

The sugar translocation in the axial phloem of a conifer needle takes place in what is
essentially a collection of parallel tubes along the length of the needle, and is believed to be
driven by the "Münch mechanism": osmotic uptake of water from the surroundings into the
sugar-filled sieve elements. What is less widely recognised is the fact that a "long" sieve tube
(more than a few centimeters) filled with sugar will not transport it efficiently. The reason it that
the sugar “ahead” (further down toward the base of the needle) will block the way [1]. To
overcome this difficulty, the sieve tubes are grouped [2] and each sieve tube only carries sugar
from a segment of the needle close to where that tube originates. A consequence of this is
that the path taken by the sugars from their production in the mesophyll to the sieve elements
in the phloem is quite complicated: the sugar cannot just move in “radially”, but has to move
laterally to get around to the “flanks” of the phloem. We believe that this is the reason for the
strong local anisotropy of the transfusion parenchyma cells [3]: To avoid blocking the outgoing
water motion through the transfusion tracheids by the lateral sugar transport, the latter must
have a significant axial component even before it reaches the axial phloem [4]. It seems quite
likely that a detailed investigation of the transport in this fascinating transfusion tissue will lead
to a better understanding of the interplay between xylem and phloem in general.
References:
1. Rademaker H, Zwieniecki MA, Bohr T, Jensen KH (2017) Sugar export limits size of conifer needles.
Physical Review E 95, 042402
2. Liesche J, Vincent C, Han X, Zwieniecki M, Schulz A, Gao C, Bravard R, Marker S, Bohr T (2021)
The mechanism of sugar export from long conifer needles, New Phytologist 230, 1911-1924
3. Huber B (1947). Zur Mikorotopographie der Saftströme im Transfusionsgewebe der Konifernadel.
Anatomischer Teil. Planta 35: 331-351.
4. Gao C, Marker S, Gundlach C, Poulsen H F, Bohr T, Schulz A (2022) Tracing 3D apoplasmic
complexity in vascular tissue of live conifer needles by X-ray computed tomography. doi:
https://doi.org/10.1101/2022.01.22.477321

Keywords: Osmotic flow, conifer needle, transfusion tissue, anisotropy

17

Nuclear calcium signalling in endosymbioses

Myriam Charpentier
John Innes Centre, United Kingdom

Nutrient acquisition is fundamental to life. Plants evolved strategies to overcome soil
phosphate limitation and access to atmospheric dinitrogen by developing beneficial
association with root fungal and bacteria endosymbionts, respectively. One of the hallmarks of
root endosymbioses is the activation of nuclear calcium oscillations which are essential to
reprogram the cells and set off endosymbioses. However, calcium is a ubiquitous secondary
messenger, and our recent findings demonstrate that nuclear calcium releases not only occur
to specify endosymbioses program but also is associated with root apical meristem
development using the same nuclear ion channels. How similar ion channels are regulated to
generate different output is unknown. Here, recent advance in understanding how nuclear
calcium oscillation is generated in endosymbioses will be presented.

Keywords: calcium, endosymbioses, development
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The interplay of apoplastic and symplastic transport in sugar loading and phloem
transport

Françoise VILAINE1, Rozenn LE HIR1, Beate HOFFMANN1, Catherine BELLINI1,2, Sylvie DINANT1
1INRAE,

France; 2UPSC, Sweden;

The interplay of apoplastic and symplastic transport in sugar loading and phloem transport
Françoise Vilaine1, Rozenn Le Hir1, Beate Hoffmann1, Catherine Bellini1,2, Sylvie Dinant 1
1 Université Paris-Saclay, INRAE, AgroParisTech, Institut Jean-Pierre Bourgin (IJPB), 78000 Versailles, France
2 Umeå Plant Science Centre, Department of Plant Physiology, Umeå University, 90183 Umeå, Sweden

In source leaves, before it enters sieve elements for long-distance transport, sucrose is
transported from mesophyll cells to phloem cells of the minor veins. Sucrose is first effluxed
from mesophyll cells to the apoplasm by sugar facilitators of the SWEET family then imported
into the cytosol of the companion cells (CC) or the sieve elements (SE) by sugar transporters
of the SUC/SUT family. In some species, such as Arabidopsis thaliana, the uptake of sucrose
from the apoplasm in the CC is mediated by SUC2. As a consequence, suc2 mutants are
impaired in sugar phloem transport, which leads to an abnormal accumulation of sugars in
source organs. Subsequently, the entry of sucrose into the SE occurs by diffusion from CC to
SE through plasmodesmata, leading to an additional step in the regulation of sugar loading in
the phloem. The NHL26 protein, a member of the NDR1/NHL family, is located in
plasmodesmata and the endoplasmic reticulum at the interface between SE and CC. The
overexpression of NHL26 impairs sugar loading, likely by an alteration of PD permeability at
the SE/CC interface. This data suggests that both apoplasmic and symplasmic pathways are
involved sugar loading in the phloem of Arabidopsis. However, the relative contribution of
these pathways and consequences of their regulation on plant response to the environment
remains unclear.
To get more insight into the role of these pathways, we used a reverse genetic approach and
created transgenic lines in which we specifically altered symplasmic or apoplasmic steps of
sugar loading, either in minor veins or alongside the transport phloem. We observed that
ectopic deregulation of SUC2 or NHL26 had various consequences on plant growth, the
transition from vegetative to reproductive stage, sugar transport and homeostasis, and seed
filling. The expression of several genes involved in sugar transport and sugar metabolism was
also impaired, although blocking apoplasmic and symplasmic pathways did not impact their
expression in the same way. These data raise new questions about the interplay between
sugar transport, central metabolism, and phloem transport and about the balance between
symplasmic and apoplasmic sugar loading in plant tolerance to biotic or abiotic stresses.

Keywords: sugar loading, apoplasmic, symplasmic, plasmodesmata, abiotic stress
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Mechanistic insights into electrical signaling in plants

Ingo Dreyer
Universidad de Talca, Chile

Long-range signaling in higher organisms is essential for flexible responses to any
environmental threat, challenge or stimulus. Animals have a nervous system for this purpose
with a dense network of nerve cells connected via their axons and synapses that allows fast
transmission of action potentials propagating from one part of the body to another. In contrast
to animals, higher plants do not have a nervous system. Nevertheless, they do operate longdistance electrical signaling, too; for instance, by communicating wounding like burning or an
herbivore attack from one leaf to other parts of the plant. Electrical signaling mechanisms are
not restricted to seed plants but were observed also in ferns, mosses and algae suggesting
the existence of evolutionary conserved basics that underly these processes. Electrical
signaling in plants is a rather complex phenomenon because the signal passes through
cortical and endodermal cell layers and the vascular system. Besides, electrical signals exist
not only at the plasma membrane but also at the vacuolar membrane and are accompanied
by chemical waves of Ca2+ ions, reactive oxygen species (ROS), and K+ ions propagating in
the cytosol and the extracellular apoplast, respectively. Substantial mechanistic insights into
electrical signaling in plants can be obtained by combining experimental data with
mathematical modeling and computational simulations.
Funding: The work on this topic is partially supported by the Fondecyt-grant No. 1220504 of
the Agencia Nacional de Investigación y Desarollo de Chile.

Keywords: electric signaling, model, computational cell biology
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Xylem - phloem interactions during electrical signalling in wounded plants

Edward E. Farmer
Univ. Lausanne, Switzerland

Slow wave potentials propagate from sites of damage to distal leaves in wounded plants. This
process requires GLR genes that are expressed both on the phloem and in the xylem. We
found that the ability to propagate slow wave potentials was unexpectedly robust and was
maintained in plants that had experienced severe damage. We sought genes that help the
plant to maintain tissue excitability during insect attack. When the Arabidopsis Auto-inhibited
Ca2+-ATPase (ACA) double mutant aca10 aca12 was attacked by lepidopteran herbivores,
electrical signaling failed catastrophically. A phloem-feeding aphid recapitulated these effects,
implicating the vasculature in electrical signaling failure. We expressed the ACA10 gene in the
mutant background in phloem companion cells or in xylem contact cells in the double mutant
background. Results from these experiments were consistent with roles of both the phloem
and xylem in electrical signaling maintenance under severe stress. To further investigate
xylem-phloem interactions using a different approach we developed a method that allows us
to feed potential chemical elicitors of electrical signaling into xylem vessels and to
simultaneously measure electrical activity in phloem sieve element cells.

Keywords: wounding, herbivory, electrical signal, veins
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The vascular signalling metabolite trehalose 6-phosphate is a key signal in the
regulation of development

Franziska Fichtner1, Regina Feil2, John Lunn2, Christine Beveridge1
1ARC

Centre for Plant Success in Nature and Agriculture and School of Biological Sciences,The University of
Queensland, St Lucia, Australia; 2Max Planck Institute of Molecular Plant Physiology, Potsdam-Golm, Germany

Trehalose 6-phosphate (Tre6P) is a sucrose specific signalling metabolite that has been
implicated in the broad regulation of metabolism as well as developmental processes like
flowering and shoot branching. Expressing tagged forms of TREHALOSE-6-PHOSPHATE
SYNTHASE1 (TPS1), the main Tre6P-synthesizing enzyme in arabidopsis, revealed that
Tre6P synthesis occurs predominantly in the vasculature and meristematic tissues of the whole
plant. The vascular expression of TPS1 on both sides of the apoplastic barrier (in phloem
parenchyma as well as in companion cells and sieve elements) ideally places Tre6P at the
interface between source and sink and at a highly strategic site for systemic signalling of
sucrose status. To test this potential of Tre6P as a hormone-like signal, we investigated the
impact of localized changes in Tre6P levels in axillary buds and found that lowering Tre6P
strongly inhibited bud growth. We further found that changing Tre6P levels in the vasculature
modulated flowering and branching. These effects on plant development involve interaction
with photoperiodic signalling, alteration in sucrose allocation, and interaction with strigolactone
signalling. As phytohormone signalling components including cytokinin and strigolactones are
also located in the vasculature, the vasculature may be considered as a hub for developmental
decision making. Combinatorial mutant analyses, RNA sequencing approaches and hormone
measurements revealed multiple connections between Tre6P and other phytohormone
signalling pathways, especially strigolactones, allowing us to place Tre6P signalling in the
network of hormonal regulation of shoot branching and flowering.

Keywords: sugar signalling, trehalose 6-phosphate, shoot branching, plant development

22

Coupling of sugar sensing and transport in Populus trees under drought

Hagar Fox1, Shifra Ben-Dor1, Adi Doron-Faigenboim2, Moshe Goldsmith1, Tamir Klein1,
Rakefet David-Schwartz2
1

Weizmann Institute of Science, Israel; 2The Volcani Center, Israel

Populus trees are known to deploy a passive, symplastic sugar loading strategy, relying on
sugars’ concentration gradient through the plasmodesmata rather than on active sugar
transport. Under drought conditions, tight regulation is needed to sustain under long periods
of stress and maintain water content. Poplars are considered a model species for studying
woody plants' molecular mechanism and can provide insights into sugar partitioning regulation
under stress. In this study, young poplar trees (P. alba) were subjected to drought stress,
following a combined analysis of sugar content and gene expression profile (RNAseq), along
with three tree compartments (leaves, shoots, and roots). Starch depletion was evident in all
organs, while soluble sugars accumulated only in the leaves, with an overall whole-tree
decrease of ~30% in total sugar content. We have identified a set of stress-induced sugar
transporters expressing exclusively under drought, correlated to sugar content across organs.
A strong negative correlation was found between tonoplast transporters of the bidirectional
sugar transporter (SWEET) gene family and soluble sugar content. Under drought, downregulation of passive tonoplast transporters contributed to sugar accumulation in the vacuole.
We have also found seven drought-induced SNF1-related protein kinase 1 (SnRK1) subunits
correlatively expressing either to Trehalose-6-P signaling genes or to soluble sugars. Our
results underpin the role of sugar sequestration in the vacuole in determining sugar levels.
They also suggest increased sucrose cleavage in the phloem and apoplast of drought-treated
leaves and stem. Conversely, sucrose synthesis was elevated in the root. These observations,
along with others identified here, have contributed to the formulation of distinct roadmaps at
cellular and organ levels, improving our understanding of trees' drought responses and
resilience mechanisms.

Keywords: Drought stress, carbohydrates, Sugar transporters, Sugar signaling, Tree
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Increased Sucrose Phloem Loading enhances Yield in Oilseed Rape

Claus Frohberg
BASF, Belgium

We engineered increased phloem loading by transgenesis and proved the effectiveness of the
approach by determining the sucrose concentrations in the vasculature of different tissues in
situ.
Multi Year, multi-location field trialing proved gains in both, seed and oil yield in the range of
5 %. The increases in biomass exceed these values indicating a not yet realized higher
potential in yield.
In summary, our data demonstrate that enhanced phloem loading is a promising strategy to
increase crop yield.

Keywords: phloem loading, yield increase, field trialing, crop yield

24

Coordinated regulation of carbon and nitrogen assimilation in Arabidopsis

Lijuan Tiuan, Xichen Luo, Xiangyu Li, Xiangbin Chen, Xiangdong Fu
Institute of Genetics and Developmental Biology, CAS, People's Republic of China

It has been long known that carbon dioxide fixation by shoots couples nitrogen uptake in roots,
and thus allowing plants to maintain the dynamic balance between carbon and nitrogen
nutrients. However, the mechanisms underlying long-distance communications between
shoots and roots are not fully understood. Our pervious study revealed that the Arabidopsis
bZIP transcription factor HY5 acts as a mobile signal in regulating the coordination between
the plant growth, carbon fixation and nitrogen assimilation. Sequence comparison with
orthologs and saturating NAAIRS-scanning mutagenesis of HY5 identified a mobilityassociated domain (MAD) in HY5 that are required for its movement. The graft experiments
and transcriptional transaction assays showed that the mutations of the MAD motif in HY5
abolish its shoot-to-root translocation, but not transcriptional transactivation. In addition,
although sugar-induced promotion of NRT2.1 expression and nitrate uptake in roots is
dependent upon HY5 function, we found that increased sucrose levels do not increase the
abundance of HY5-GFP in roots, suggesting that HY5 stability is not associated with the
sucrose-induced promotion of nitrogen uptake. In the further experiments, we showed that the
both NRT2,1 and its co-factor NAR2.1 protein stability are regulated by shoot-to-root
translocated sucrose. Therefore, HY5 acts as a shoot-to-root translocated signal that
modulates the balance between carbon fixation and nitrogen uptake. The manipulation of
mobility and activity of HY5 thus represents a new strategy for the improvement of nutrientuse efficiency in crops.

Keywords: Arabidopsis, HY5, mobile, NAAIRS-scanning mutagenesis, C/N balance
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Phytoplasmas create zombie plants with 50 shades of green

Alexandra CU Furch
Friedrich-Schiller-Universität Jena, Germany

Phytoplasmas are pathogenic bacteria, restricted to the phloem sieve elements and
manipulate their plant hosts in dramatic ways. They are transmitted from plant to plant by
phloem sap-feeding insects. Phytoplasmas lack many genes that encode important metabolic
functions such as for amino and fatty acid synthesis and therefore, they have to consume
essential metabolites from their plant hosts. They often induce dramatic changes in plant
architecture, such as excessive proliferation of branches and shoots (‘witches’ brooms’
phenotype), and the homeotic transformation of floral into leaf-like organs (phyllody). More
than 1000 plant species are affected by phytoplasma diseases. Phytoplasmas bring about
their effects by the secretion of a cocktail of effector proteins into the sieve elements of host
plants. Doing so, they get access to plant’s genome and turn plants into a zombie host.
Thus far, phytoplasma outbreak and spread can only be controlled by using insecticides
against vector populations or by eradicating infected plants. Alternative strategies, such as the
breeding of resistant or tolerant plants, require a thorough notion of the physiological
mechanisms underlying the interactions between plant host and phytoplasmas. Phytoplasmas
induce morphological changes of the vascular system as well as physiological changes of the
phloem sap which help in some host-pathogen combinations to defend against phytoplasmas.
Calcium influx into sieve tubes, sieve tube occlusion and enhanced phytohormone level give
the phytoplasmas a hard time as shown for apple and Vicia or suggested for alder. Those
mechanisms bring the plant into the direction of a tolerant level.
Improved understanding of the diseases is vital for the development of sustainable pest
management strategies and breeding resistant cultivars.
Are resistant plants on the horizon now?

Keywords: Phytoplasma, sieve element, sieve element occlusion, phytohormones, effectors
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S-type anion channel transport module balances between NO3- and Cl- loading of
xylem vessels for root-to-shoot translocation

Tobias Maierhofer1, Paloma Cubero-Font2, Rainer Hedrich1, José M. ColmeneroFlores2, Dietmar Geiger1
1
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Agrobiología (IRNAS), Spanish National Research Council (CSIC), Spain

Higher plants take up nutrients via the roots and load them into xylem vessels for
translocation to the shoot. Following uptake, anions have to be channelled towards the root
xylem vessels. Thereby xylem parenchyma and pericycle cells control the anion composition
of the root-shoot xylem sap and contribute to plant salinity tolerance via selective chloride
exclusion. However, the molecular mechanism of xylem loading that lies behind the balance
between NO3- and Cl- loading remains largely unknown. We identified two root anion
channels in Arabidopsis, SLAH1 and SLAH3 that control the shoot NO3-/Cl- ratio. The
regulation of these anion channels and their impact on salt tolerance is the focus of the talk.

Keywords: xylem loading, s-type anion channel, salt stress, ABA
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Regulation of vessel traits impacting drought resistance in trees

F. Daniela Rodriguez-Zaccaro1,2, Isabelle M. Henry3, Andrew Groover1,2
1
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Angiosperm trees transport water through specialized vessel element cells. Vessel element
differentiation is initiated by a dramatic increase in cell diameter, followed by synthesis of a
lignified secondary cell wall and programmed cell death. The remaining cell corpse is joined
end to end with other vessel elements to make longer structures, vessels, whose properties
have major effects on water transport capacity and cavitation under water stress. We used a
population of Populus hybrids carrying genomically defined chromosomal insertions and
deletions to genetically dissect vessel element morphological traits including diameter,
grouping index, frequency and lumen fraction. We show that all traits measured are moderately
heritable, and that the effect of tree height is genetically separable from vessel diameter.
Individual QTL were identified for vessel traits, and together with heritability estimates are
consistent with classical quantitative traits controlled by many genes with modest effects. Gene
expression data was used in a systems genetics approach to summarize mechanisms and
identify individual candidate genes underlying traits.

Keywords: Forest trees, secondarty xylem, hydraulics, drought physiology
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Role of Vascular system in Nutrient-stress Signaling

Byung-Kook Ham
University of Saskatchewan, Canada

In plants, Nitrogen (N), Phosphorus (P) and Potassium (K) are main components of fertilizers,
necessary for plant development and growth. As fertilizer application enables to increase
agricultural crop productivity, research programs have focused on enhancing uptake and use
efficiency in crop species to permit sustainable crop yield and thereby, ensure global food
security under limited nutrient fertilizer input. Limit of mineral nutrients is recognized by plant
root system in soil. The root-localized mechanisms convert nutrient-limited stresses into
signals that are transported through the xylem to communicate these challenging conditions
to the shoot. The root-derived signals, delivered into vegetative tissues, elicits generation of
specific output signals that enter the phloem to transfer commands from the shoot to the root
for integrating the demands for various developmental and physiological processes. Therefore,
it has been proposed that the plant vascular system functions as an effective shoot-root
communication route in mineral nutrient homeostasis. The phloem functions in the delivery of
photosynthate, amino acids, and essential mineral nutrients to developing tissues and organs
of the plant. Recently, studies on the phloem have expanded the content of the cargo delivered
by the phloem to include a complex population of proteins, as well as various species of RNAs,
including polyadenylated transcripts and small interfering/micro-RNAs. This discovery raised
the question as to whether the phloem enucleate sieve tube system might have evolved the
capacity to deliver specific stress-signaling molecules for control over plant development and
growth when plants face nutrient deficiency. Here, our group is profiling potential long-distance
macronutrient-stress-associated signaling agents. We established the heterografting system
to elucidate the signaling mechanism(s) in terms of information exchange between the shoots
and roots under N, Pi and K-stress conditions by using cucumber and watermelon. We will
discuss the function of the phloem as an integrator to operate long-distance gene regulation
for optimizing plant developmental and physiological processes under mineral nutrient-stress
conditions, by delivering a cascade of signaling agents to various developing sink tissues.

Keywords: Nutrient homeostasis, phloem, long-distance signaling
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Apoplastic and symplastic nutrition strategies of Cuscuta reflexa

Maleen Hartenstein1, Antonia Klatt2, Peter Slaby1, Max Körner1, Anna Schicktanz1,
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Cuscuta reflexa is a holoparasitic plant without roots and leaves that is completely dependent
on nutrients from its hosts. To gain access to host plant assimilates, C. reflexa twines around
the host stem and develops specialized penetration organs. These multicellular organs, called
haustoria, penetrate the host tissue and connect to the host vasculature. Our studies focus on
the nutrient transfer between host and parasite during early and later stages of infection.
Analyses of the infection sites between Arabidopsis thaliana and Cuscuta reflexa revealed
that the transcript of the sucrose bidirectional transporter AtSWEET10 (SUCROSE WILL
EVENTUALLY BE EXPORTED TRANSPORTER 10) is increased in A. thaliana in the early
stages of infection. Additionally, reporter gene assays showed that C. reflexa induces the
AtSWEET10-promoter. CrSUC1 (SUCROSE TRANSPORTER 1) is the first characterized
sucrose transporter of C. reflexa and is expressed in prehaustorial cells. CrSUC1 is
responsible for uptake of apoplastic sucrose into the prehaustorium during the early stages of
infection. The data indicate that C. reflexa induces local phloem unloading in the host and
feeds on apoplastic sugars at the beginning of the infection.
As soon as haustorial cells reach the host vasculature, they connect directly to the host xylem
and phloem. C. reflexa forms symplastic connections to the host phloem via plasmodesmata.
Plasmodesmata are essential for cell-cell communication and the exchange of
macromolecules between neighboring cells and tissues in higher plants. The process in which
interspecific plasmodesmata are formed and the molecular components involved are not yet
understood. Therefore, C. reflexa is being used as a model to study newly formed interspecific
plasmodesmata. Our studies revealed that C. reflexa induces the expression of several
plasmodesmata-associated genes and the development of new plasmodesmata in A. thaliana.
However, the signal that triggers the formation of plasmodesmata between host and parasite
is still unknown and thus subject to future investigation.

Keywords: cuscuta, parasitic plants, source sink relations, sucrose transport, plasmodesmata
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Understanding phloem development at high spatial and temporal resolution

Ykä Helariutta
University of Helsinki, Viikinkaari 1 FIN-00014 Helsinki Finland

Vascular plants have a long-distance transport system consisting of two tissue types, phloem
and xylem. During root primary development phloem is established through a set of
asymmetric cell divisions also contributing to the intervening procambial tissue. We have
recently been able to determinate how the key hormonal (auxin, cytokinins) and transcriptional
cues (class III HD-ZIP genes, PEAR genes) are intergrated to specify the primary vascular
pattern. This highlights early phloem as an important organizer. Subsequently, we are
investigating the interaction of phloem with the flanking vascular tissues at a single-cell
resolution.

Keywords: vascular pattern development, phloem, single-cell transcriptomics, plant hormones
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RRP44A mediates the cell-to-cell trafficking of KNOTTED1 and
SHOOTMERISTEMLESS mRNAs through plasmodesmata
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Cunniff1
1

Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, United States of America; 2Bayer
Crop Science LLC, Chesterfield, MO 63017, United States of America

Plants use messenger RNAs (mRNAs) as mobile signals for cell-to-cell and long-distance
communication. Plasmodesmata are membrane-lined nanochannels that mediate the
trafficking of a variety of signal molecules between cells, and function as a primary pathway
for mRNA trafficking. The KNOTTED1 (KN1) homeobox (KNOX) family transcription factors
control stem cell maintenance in a non-cell-autonomous manner, and KN1 mRNA and protein
are selectively transported between cells via plasmodesmata. However, the mechanism
underlying mRNA transport in the shoot meristem is largely unknown. We previously
established a screen for evaluating the selective transport of maize KN1 in arabidopsis. Using
this screen, we isolated two KN1 trafficking defective mutants, and both mapped to the same
gene, Ribosomal RNA-Processing Protein 44 (AtRRP44A), a catalytic subunit of the RNA
exosome that participates in the degradation and processing of various classes of RNA in
eukaryotes.
Here we show that cell-to-cell trafficking of KN1 mRNA requires RRP44A, however, the
catalytic activity of RRP44A is not required, suggesting this may represent a moonlighting
function. RRP44A is expressed in meristems, overlapping with the arabidopsis KN1 homolog
SHOOT MERISTEMLESS (STM), and our genetic assays show that the developmental
functions of STM in the shoot apical meristem require RRP44A function. Furthermore, we
found that RRP44A can localize to plasmodesmata, and using the MS2 system to label RNAs
in vivo, we found that it mediates cell-to-cell trafficking of KN1 mRNA. Our study suggests that
AtRRP44A mediates cell to cell trafficking of homeobox mRNAs through plasmodesmata to
control stem cell-dependent processes in plants.

Keywords: KNOTTED1, SHOOTMERISTEMLESS, mRNA trafficking, Plasmodesmata, RRP44A
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Symplastic connections in differentiated Arabidopsis roots

Léa Jacquier, Linnka Legendre Lefebvre, Priya Ramakrishna, Marie Barberon
University of Geneva, Geneva, Switzerland

The differentiated root of Arabidopsis is characterized by endodermal barriers which are
essential for the tight regulation of water and nutrients. These barriers correspond to
specialized structures, Casparian strips and suberin lamellae, formed at the periphery of
endodermal cells. The differentiation of the endodermis is progressive along the root, first
forming the Casparian strips (state I of differentiation), and second the deposition of suberin
lamellae (state II of differentiation). It is well characterized that the Casparian strips form an
apoplastic barrier and play an important role in nutrient homeostasis. Once the solutes enter
a cell, they can theoretically use either the transcellular pathway or the symplastic pathway.
In this context, the cell-to-cell connections via plasmodesmata are poorly characterized.
We aim to study the symplastic pathway (1) in the context of differentiated roots, (2) along the
differentiation gradient and (3) across the different cell types of the root. For this purpose, we
are tracking the movements of mobile fluorophores across the root using cell-types specific
promoters. This cell-to-cell analysis of symplastic movements reveals a directional movement
at some interfaces. This also seems to be established along the differentiation gradient of the
root. We are currently studying the mechanisms behind this directionality using cellular biology
approaches, electron microscopy and a genetic screen approach. The mutants obtained via
the genetic screen will potentially help us understand how this directionality is established and
its function for nutrient acquisition. This work will provide a better understanding of cell-to-cell
communication in the context of differentiated roots.

Keywords: Symplastic transport, nutrition, endordermal barriers, plasmodesmata
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Phloem differentiation - from single cell transcriptomics to sieve element function
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During vascular development, the sequence of cellular and molecular events that result in a
functional phloem are still poorly understood. Recent advances in single-cell RNA sequencing
(scRNAseq) allow the identification of developmental trajectories and bifurcation points during
tissue development. Present whole-root transcriptome atlases, however, lack resolution in the
vascular tissues. Enrichment of all phloem cell types using fluorescent markers enabled us to
describe developmental trajectories for the conducting sieve elements as well as its
surrounding tissues in unprecedented detail. This identified the PINEAPPLE (PAPL) genes, a
set of DOF transcription factors acting downstream of the PHLOEM EARLY DOF (PEAR)
genes that orchestrate tissue patterning and initiate phloem differentiation. PAPL genes are
expressed in the cells surrounding the sieve elements and are important for root nutrition and
the autotrophy to heterotrophy transition in early root development.
Our scRNAseq data now also enables us to identify novel genes involved in phloem
differentiation. During phloem development, sieve elements acquire thick cell walls and
elongate considerably. Adjacent sieve elements are separated through sieve plates – thick
cell walls, which are perforated by the large sieve pores. Like plasmodesmata, sieve pores
are symplastic connections surrounded by callose. Unlike plasmodesmata, however, they
need to allow for considerable hydraulic conductivity for long-distance transport. Despite their
physiological importance, the profound cell wall modifications occurring during sieve element
differentiation are poorly understood on the molecular and genetic level.
Through mining of our transcriptomes and subsequent reverse genetics, we identified the
phloem-specific PECTATE LYASE LIKE 12 (PLL12) as necessary for plant growth. Using
genetic complementation, confocal imaging, and physiological assays, we established a
requirement for PLL12-mediated pectin degradation during the last steps of sieve element
differentiation. Fluorescent tracer experiments showed that while short-distance transport
through plasmodesmata is unaffected, the pll12 mutant is unable to sustain long-distance
phloem transport as the plant grows.
The major hydraulic bottlenecks for phloem transport are sieve pores. We established
CALLOSE SYNTHASE 7 as a live marker that defines a stable plasma membrane domain
coating individual sieve pores across the sieve plate. This allowed to identify and quantify
sieve pore properties, revealing that pll12 has moderately but significantly smaller sieve pores,
which translates into a higher hydraulic resistance. Considering the serial arrangements of
sieve elements in the phloem, this ultimately results in insufficient phloem transport in pll12.
Our results demonstrate a) that long-distance symplastic transport can be genetically
separated from short-distance plasmodesmata transport, and b) that late differentiation events
need to be considered to obtain an adequate picture of cellular adaptations for efficient
transport in vascular plants.
Keywords: development, sieve element, cell wall, pectin, callose
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Understanding the identity, function, and development of cells involved in phloem
loading
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Phloem loading is the process by which assimilates are loaded into the phloem for longdistance transport. To better understand the cells involved in phloem loading, we performed
single-cell RNA sequencing in Arabidopsis and maize leaves. We identified the mRNA outfit
of cells involved in phloem loading and show that phloem loading in maize and Arabidopsis
possibly occurs via distinct routes. We investigated the development of phloem parenchyma
(PP), a poorly characterized cell type, and provide evidence that the development of PP is
different from other phloem cell types. We show that the SWEET sucrose transporters
enriched in the PP are differentially expressed in mutants defective in bundle sheath cell
specification and discuss approaches to identify factors associated with PP differentiation.

Keywords: Phloem loading, SWEET sugar transporter, phloem parenchyma, single-cell RNA sequencing
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Unraveling aphid-phloem interactions

Karen J. Kloth, Jaap-Jan Willig, Maarten A. Jongsma
Wageningen University & Research, The Netherlands

Dynamic imaging of aphid behaviour delivers a wealth of information about plant defenses.
Video-tracking is a suitable approach to relate specific aphid behaviours to the plant genetic
architecture. This has previously resulted in the identification of SIEVE ELEMENT-LINING
CHAPERONE1 (SLI1), a small heat-shock like phloem protein. Latest advances now show
that SLI1 has a broad functionality in phloem responses to heat, aphids, whiteflies and cyst
nematodes. Phloem functionalities and local and systemic defense responses can be further
unravelled by combining insect- and plant-based information in meta-analyses. Some of these
outlooks will be discussed.

Keywords: biotic stress, phloem proteins, aphids
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How Sieve Elements work

Michael Knoblauch
Washington State University, United States of America

The phloem is one of the least understood tissues in plants. It is notoriously difficult to access
and to investigate, because it is usually covered by a thick layer of opaque tissue. Other
tissues that are deeply embedded in the plant body can usually be isolated for cell biological
investigations with good results, because individual cells are relatively isolated from each
other. The phloem, however, forms a network of tube systems of low resistance throughout
the plant and the driving forces for long distance transport and unloading are generated in
distant organs. Detachment from either sink or source, leads to an instant cessation of
transport function and structural artifact development. Over the past decade the plant vascular
biology community has made considerable progress towards understanding phloem function
and sieve element cell biology. I will discuss the general function of sieve tubes, their structural
components as well as important downstream elements such as plasmodesmata connecting
sieve tubes to surrounding tissues.

Keywords: phloem, sieve elements, plasmodesmata

37

Establishment of the xylem pole endodermis and passage cells - a tale of
developmental teamwork across time

Leonie Kraska, Tonni Grube Andersen
Max Planck Institute for Plant Breeding Research, Germany

Plant roots acquire nutrients and water from the soil in order to survive. Nutrients pass the
outer epidermal, cortex and endodermal cell layers before reaching the inner stele and
vasculature for transpiration-directed transport in the xylem to the above-ground parts of the
plants. While the fully developed endodermis establishes an apoplastic barrier function
through Casparian strips, the developmentally later occurring suberin depositions restrain
trans-cellular movement across the plasma membrane. Intriguingly, older endodermal cells
adjacent to the xylem pole can lack suberin depositions. These cells might create a radial
“passage” for nutrients travelling to the stele at this later developmental stage and have thus
been termed “passage cells”. The current model of passage cell development suggests that
passage cells are defined in the meristem through non-cell autonomous function of the
cytokinin signaling repressor AHP6 in individual xylem pole associated endodermal cells
(Andersen et al. 2018). According to this model, AHP6 can be considered a defining feature
of passage cell establishment which requires further downstream signals for developmental
programming. We set out to find these downstream components.
We identified a number of transcription factor candidates, which regulates passage cell (PC)
occurrence without inducing ectopical suberin deposition. Additionally, the passage-cell
associated phosphate transporter homologue PHO1;H3 (Andersen et al. 2018), was increased
in certain mutants. Interestingly, our identified prime candidate shows localization in the late
meristematic zone, developmentally later than AHP6, and a combinatorial mutant however
reveals AHP6 to not be epistatic to our candidate. Combined, this suggests that our mutant
uncouples xylem pole association and PC identity which will allow us to dissect distinct PC
developmental features independent from xylem formation. Moreover, having a genetic tool
with specific PC phenotypes, coupled and uncoupled to suberization, will further allow us to
identify the specific role of PC in an (a)biotic context.
Reference:
T. G. Andersen, S. Naseer, R. Ursache, B. Wybouw, W. Smet, B. De Rybel, J. E. M. Vermeer,
N. Geldner, Diffusible repression of cytokinin signalling produces endodermal symmetry and
passage cells. Nature. 555, 529–533 (2018).
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Nutrient selectivity of parasitic dodders and its implication for transport pathways

Kirsten Krause
UiT The Arctic University of Norway, Norway

Dodders are rootless parasitic plants of the genus Cuscuta that satisfy their nutritional needs
by tapping their hosts for water, minerals and organic compounds via an invasive organ, the
haustorium. An analysis of the mineral distribution between Cuscuta tissue and host tissue
using high resolution X-ray fluorescence spectroscopy combined with 2-D and 3-D (confocal)
microscopy imaging revealed clear differences in the abundance of some mineral ions like
calcium and chloride between host and parasite. These results are at first glance difficult to
reconcile with current host-parasite interaction models that suggest open vascular connections
between host and parasite and free flow of nutrients.
To begin to understand the processes responsible for tentative uptake selectivity, and the
processes driving parasite nutrient flows in general, we analyzed the host-parasite interface
with a combination of microscopy techniques and gene expression studies. The results will be
discussed in relation to host-parasite interactions in these and other parasites.

Keywords: Cuscuta, host-parasite connections, mineral transport, X-ray fluorescence spectroscopy
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Calcium decoding of long distance signaling in the Venus flytrap

Ines Kreuzer, Anda-Larisa Iosip, Sonja Bauer, Sönke Scherzer, Rainer Hedrich
University of Wuerzburg, Germany

The exceptional hunting skills of the carnivorous Venus flytrap are based on fast electrical
signalling. Touch sensation via mechanosensitive trigger hairs results in generation of a sharp
action potential (AP) in fully developed traps. However, the mechanism and the molecular
entities of the flytrap AP remain unknown. When entering the electrically excitable stage, the
trap features a characteristic inventory of ion transporters, among which the increase in
glutamate receptor GLR3.6 is most pronounced. Trigger hair stimulation or glutamate
application evoke an AP and a cytoplasmic Ca2+ transient, that both propagate at the same
speed along the entire trap lobe surface. While the Ca2+ transient persists, a GORK/SKOR
K+ channel and the AHA4 H+-ATPase repolarize the AP already. By counting the number of
APs and long-lasting Ca2+-transients, the trap initiates calcium- and jasmonate-dependent
steps associated with its hunting cycle.
To gain insights into the molecular mechanism of counting, we studied the Dionaea muscipula
DYSCALCULIA (DYSC) mutant which is still able to fire touch-induced APs but does not snap
close its traps and fails to enter the hunting cycle. Mutant plants exhibit defects in traprestricted calcium- and JA-associated processes. External JA application, however, restores
slow trap closure and digestive gland function. To identify the elements underlying the DYSC
phenotype, we compared touch-activated electro-mechanical excitation and transcriptomic
responses of wildtype and mutant traps. Upon trigger hair touch/AP stimulation transcriptional
activation of calcium signaling was found largely suppressed in DYSC traps. Among them,
cyclic nucleotide-gated channels (CNGCs) or calmodulin-like (CML) proteins, involved in
mechano-sensing and Ca2+-signaling, were identified. Our observation that external JA
application restored slow trap closure and digestive gland function together with the DYSC
phenotype and its transcriptional landscape indicate that the Venus flytrap mutant cannot
properly read, count and decode touch/AP- induced calcium signals that are key in prey
capture and processing.
Keywords: Dionaea muscipula, Calcium, Jasmonates, Action Potential
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Investigation of stem vasculature genes associated with cold tolerance and the
potential mobile mRNAs in grafted apple

Youngsuk Lee1, Nam V. Hoang2,3, Giap Do Van1, Seonae Kim1, Toshi M. Foster4, Tony
K. McGhie5, Hunjoong Kweon1, Ji-Young Lee2
1National
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In grafted apple trees, scion cold tolerance is influenced by rootstock-derived signals that
initiate physiological changes that help the plant survive over winter. To examine the molecular
interactions between scion and rootstock in response to cold, we used transcriptomics and
metabolomics to compare tissue- and season-specific mRNAs and metabolites in the stem
vasculature of two scion/rootstock combinations, ‘Gala’/‘G202’ (cold resistant) and ‘Gala’/‘M9’
(cold sensitive). Clustering of differentially expressed genes (DEGs) and gene ontology
enrichment analyses indicated distinct expression dynamics in the two graft combinations that
may influence the scion cold response associated with seasonal cold stages. Highly-correlated
seasonal DEGs contained a set of 544 potentially mobile mRNAs between scion and rootstock
that could be responsible for the differential responses to cold stress between ‘Gala’/‘G202’
and ‘Gala’/‘M9’. The mobility of candidate mRNAs were further examined by genome-wide
variant screening. These results provide a novel insight into gene interactions and signal
exchange between apple rootstocks and grafted scions in response to cold, which will be useful
for future research to enhance cold tolerance of grafted tree crops.

Keywords: apple, stem vasculature, mobile mRNAs, cold tolerance, transcriptomics

41

Assimilate highway to sink organs – Physiological consequences of SP6A
overexpression in transgenic potato (Solanum tuberosum L.)

Günter Gerhard Lehretz, Sophia Sonnewald, Lisa Koch, Uwe Sonnewald
FAU Erlangen Nürnberg, Germany

Crop yield is largely affected by global climate change. Especially periods of heat and drought
limit crop productivity worldwide. Yield of potato (Solanum tuberosum L.) as the most important
non-grain staple food is particularly vulnerable to heat and drought periods. Thus,
understanding tuberization in potato is of importance to secure yield even under changing
environmental conditions. Tuber formation is controlled by a homolog of the floral inductor
FLOWERING LOCUS T, referred to as SP6A. SP6A expression is downregulated under heat,
which inhibits or even prevents tuber formation and growth. This might partially be due to a
specific small regulatory RNA we identified. Therefore, SP6A and its negative regulators are
promising targets for breeding of heat-tolerant potato.
To gain deeper insights into the function of SP6A and to improve tuber yields even under
abiotic stress conditions, we created transgenic potato plants overexpressing SP6A. Very
strong overexpression led to a tremendous shift in the source sink balance indicated by tuber
formation at a very early stage hindering green biomass development.
In contrast, rather mild overexpression using the STLS1-promoter also accelerated
tuberization but aboveground development was less impaired in these plants. Furthermore, in
those plants, morphological and physiological data demonstrated that SP6A represses shoot
growth by inhibiting apoplasmic leakage of sucrose from the transport phloem and thereby
favors tuber development and growth. In particular, tracer experiments using the fluorescent
sucrose analogue esculin revealed that stems of SP6A overexpressing plants transport
assimilates more efficiently to belowground sinks, e.g. roots and tubers, than wild-type plants.
This effect was accompanied by an inhibition of flower formation.
These results let us to hypothesize that one of the main aspects of SP6A is to coordinate,
maintain and optimize carbohydrate transport to belowground sink organs, e.g. tubers.. This
might be exerted through interaction of SP6A with SWEET sucrose efflux carriers resulting in
the inhibition of SWEET activity. Removal of developing tubers from both wild-type and
StLS1::SP6A plants triggered sucrose unloading from the phloem into neighboring
parenchyma cells. This suggests that there is an SP6A-independent way of symplasmic
assimilate unloading, most likely via plasmodesmata which respond to increasing sucrose
concentrations and high hydrostatic pressure.
Interestingly, the StLS1::SP6A potato plants were more tolerant to abiotic stress, in particular
to heat. Heat stress (also) causes a shift in assimilate partitioning from tubers to the
aboveground part and a decrease in SP6A expression. Still, molecular signals that sense
environmental cues and then trigger the shift in carbohydrate allocation to the tuber sink are
poorly understood. Our current research aims at understanding the integration of clock genes,
temperature and nitrogen availability signals in the regulation of tuber formation. Here,
especially the interplay between simultaneously occurring high nitrogen and high temperature
stresses and their effect on assimilate production and allocation is of interest.
Keywords: Potato, SP6A, source-sink, assimilate allocation, abiotic stress
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GEOMETRICAL VARIATION OF THE XYLEM AND THE PHLOEM ASSOCIATES WITH
HYDRAULIC FUNCTION UNDER WATER SCARCITY IN POLYPLOID TREES

Juan M Losada
Spanish Superior Research Council, Spain

The relationship between anatomical variation of the xylem and the phloem, hydraulic function,
and physiological performance under water treatments has remained understudied in
polyploid trees, given the lack of whole tree evaluations of architecture of the vascular tissues,
and the absence of experimental settings that grow woody polyploids in common gardens.
We used allopolyploids of Annona cherimola x Annona squamosa, a subtropical fruit tree from
the family Annonaceae, for which the highest production at the commercial level in Europe
locates in a narrow area of southern Spain. Clones of diploid, triploid, and tetraploid
accessions were grafted onto diploid rootstocks and grown under three irrigation treatments.
First, we evaluated in detail the architecture of the xylem and the phloem in leaves, stems and
flowers, distinguishing between conduits across vein hierarchies, branch widths, and flowers.
We further developed a method to study xylem sap flow in vivo through the leaf veins and
flower carpels. Finally, we tested plant conductance under three irrigation conditions, by
monitoring water in the soil, environment, and in the plants.
Our results revealed compatibility between diploid rootstocks with scions of different ploidies,
which maintained morpho-anatomical differences. Plant vigorosity was highest in triploid
varieties, whereas tetraploids showed a dwarf phenotype. Strikingly, both polyploids displayed
larger elements of the xylem and the phloem compared with diploids, but the major contrast
between triploids and tetraploids was the higher proportion of xylem in the former. The velocity
of sap flow in triploid leaves was slowest in triploids and highest in tetraploids. Diploids showed
a highest performance under good irrigation, but depleted more water from the soil. Under
good irrigation, all ploidies displayed similar plant conductance, but under water scarcity,
diploids reduced plant conductance to a minimum compared with polyploids. Altogether, these
results point to polyploidy varieties as germplasm material with promising properties for a more
sustainable fruticulture.

Keywords: Polyploidy, sieve tube elements, phloem, xylem, vessels, hydraulics, fruit trees, drought.
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Systemic control of symbiotic competence through mobile miRNAs

Daniela Tsikou1,3, Zhe Yan1,4, Moritz Sexauer2, Hemal Bhasin2,5, Elena Roitsch2, Jens
Stougaard1, Katharina Markmann1,2,6
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Legumes balance symbiotic interactions with nitrogen-fixing rhizobial bacteria via a systemic
feedback system tightly controlling rates of bacterial infection and nodulation events. This host
regulatory system, termed autoregulation of nodulation (AON), prevents nutritional
misbalances and is key to maintaining the association at a mutualistic state. We identified a
riboregulator, micro RNA miR2111, that undergoes shoot-to-root translocation to control
infection (1) through specific post-transcriptional regulation of the Kelch-repeat F-box gene
TOO MUCH LOVE (TML), a root-acting repressor of infection and nodulation (2). Our results
reveal miR2111 as a key systemic activator of symbiosis that maintains a susceptible default
status in noninfected hosts. We currently investigate additional roles of the miR2111-TML
node in symbiotic and nonsymbiotic contexts, as well as roles of other miRNAs involved in the
process of AON.
(1) Tsikou et al. (2018) Science 362: 233-236
(2) Takahara et al. (2013) Plant & Cell Physiology 54: 433-447

Keywords: symbiosis, nodulation, autoregulation, miRNA
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EVG1 regulates vascular development and regeneration in response to stress

Shamik Mazumdar, Ai Zhang, Charles Melnyk
Department of Plant Biology, Swedish University of Agricultural Sciences, 75007, Uppsala, Sweden

Vascular tissues like xylem and phloem are indispensable for plant development, and as such,
possess remarkable regenerative abilities; quickly healing post damage from wounding,
grafting or drought. Thus, development and regeneration of vasculature are important for plant
development and survival in response to abiotic stresses. Vascular development is also
relevant for many plant pathogens such as Agrobacterium, nematodes, and parasitic plants
that invade host tissues and induce the formation of vasculature to derive nutrients. Since both
abiotic and biotic stresses induce vascular development, we hypothesized that there might
exist a common module or pathway that regulates vascular development in response to stress.
Here we aimed to identify that.
Initially, we performed comparative transcriptomics on five biotic and abiotic stresses and
identified a gene that was highly upregulated in Agrobacterium infection, nematode infection,
and during graft formation when cambial cell development occurs. A loss of function mutant
of this gene enhanced ectopic xylem formation in VISUAL and enhanced graft formation.
Hence, it was termed ENHANCER OF VISUAL AND GRAFTING 1 (EVG1). While evg1
increased tissue attachment during grafting, it displayed reduced cambium development.
Further analysis also revealed that evg1 has reduced callus regeneration abilities. A
transcriptomic analysis found that the Abscisic Acid (ABA) signaling pathway was affected in
evg1, whereas EVG1 overexpression showed reduced responsiveness to exogenously
applied ABA. In addition, genes related to cell wall biogenesis and organization were also
differentially expressed in evg1. To further characterize EVG1 function, we searched for
mutations of genes that phenocopied evg1 and found that mutations in RLP44 also enhanced
graft formation, enhanced ectopic xylem formation in VISUAL, reduced cambium, and reduced
callus formation. RLP44 interacts with the receptors of both the brassinosteroid (BR) and
phytosulfokine (PSK) signaling pathway and thus it not only incorporates cell wall damage
cues into hormone signaling, but also has a role in maintaining procambial cell identity. We
propose that EVG1 and RLP44 act in the same pathway, but while EVG1 is highly stress
responsive RLP44 appears not to be. Thus, we believe that by modulating EVG1 levels, abiotic
and biotic stresses can influence the RLP44 associated pathways to promote cambium
formation and tissue regeneration.
Keywords: Stress response, cambium formation, vascular development, plant regeneration
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Cambial development: at the crossroads of signalling

Ari Pekka Mähönen
University of Helsinki, Finland

Vascular cambium provides radial growth in plants. This lateral meristem produces secondary
xylem inwards and secondary phloem outwards. Our earlier studies revealed that both xylem
and phloem originate from a single bifacial stem cell. Next to to stem cells, xylem identity is
defined by an auxin maximum, and consequential expression of HD-ZIP III transcription
factors. Clonal activation of high auxin signalling in phloem parenchyma led to differentiation
of the clone as xylem vessel. Cells adjacent to clone obtained cambium stem cell identity.
Based on these studies, we proposed that cells with auxin maximum define an organizer,
which positions stem cells in the adjacent cells. During my presentation, I will explain how a
few other cambial factors connect to the regulatory network defining the stem cell organizer.
Previous studies have shown that Gibberellic acid (GA) promote secondary xylem production
in vascular cambium. By combining molecular genetics and confocal imaging, we discovered
that GA promotes polar auxin transport along the root. Subsequently, auxin signalling levels
increase and broaden in cambium. This broadened auxin maximum forces larger number of
cells in cambium to differentiate as xylem, thus explaining the enhanced xylem production
after GA treatment. Additionally, I will explain how peptide gradient originating from the phloem
converge with the auxin signalling to position the stem cells. Together, our studies reveal how
various hormonal pathways converge in cambium to position the stem cells and regulate their
differentiation into xylem and phloem.

Keywords: Cambium, stem cell, xylem, phloem, auxin
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Xylem function driven by stomatal evolution over 410 million years

Scott McAdam
Purdue University, United States of America

Stomata in angiosperms are critical for the regulation of leaf gas exchange, balancing opening
to gain carbon dioxide from the atmosphere with closure to minimize excessive water loss and
prevent embolism. Recent work has revealed that stomatal function has undergone
considerable macro-evolutionary changes over the past 410 million years and these
innovations have played an important role in the function of xylem. Here I will discuss recent
work in mosses, a traditionally-assumed 'non-vascular' group of plants in which we find that
water moves through conductive tissue under considerable tension. The presence of water
conducting 'xylem' in bryophytes raises intriguing questions around why these plants are not
trees. We would argue that the inability of bryophyte stomata to respond to environmental
signals, and observations that they open once at a set developmental time, means that
stomata are not used to optimize water use for carbon gain, in this group, greatly limiting the
maximum height of mosses. In the lycophyte genus Selaginella, a representative of the first
group of plants to evolve leaves with stomata on them, we find that ineffective stomatal closure
during drought, because of a general insensitivity of stomata to the hormone abscisic acid
(ABA), has driven extreme adaptations in the water conducting pathway. These adaptations
limit water loss and prevent plant death during drought. In seed plants a stomatal sensitivity
to ABA has allowed for the evolution of extremely embolism-resistant xylem and the invasion
into very dry environments.
Keywords: stomata, xylem, abscisic acid, bryophytes, lycophytes
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Harnessing the power of 11C-labelling and Positron Emission Tomography (PET) for
investigating Phloem velocities above and belowground

Ralf Metzner1, Antonia Chlubek1, Jonas Bühler1, Daniel Pflugfelder1, Ulrich Schurr1,
Gregor Huber1, Carel Windt1, Sina Schultes1,2, Robert Koller1
1
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The short-lived radioisotope 11C can be applied non-invasively to the plant as 11CO2 to follow
the flow of recently fixed carbon. This method has allowed for many findings on phloem flow
in the past. The combination with PET detection and compartmental modelling allows the
imaging and quantification of phloem flow in complex 3D structures such as root system or
branched shoots. However, this requires an experimental pipeline and facility to label and
image plants repeatedly in a reliable and consistent manner. We will show the key elements
of the pipeline we have established in a plant-dedicated radiotracer lab for routine flow
imaging. Advantages and limitations of the approach will be discussed. Results will be
presented on phloem flow velocities simultaneously measured in different root types of maize
with statistically relevant numbers of individuals. Furthermore, results will be presented on
phloem flow in different parts of shoots, focussing on bean.

Keywords: Phloem, Radiotracer, 11C, PET, Bean
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ROS as key mediators of rapid systemic signals

Ron Mittler
University of Missouri, United States of America

The sensing of abiotic stress, mechanical injury or pathogen attack by different plant tissues
results in the activation of systemic signals that travel from the affected tissues to the entire
plant. This process is essential for plant survival during stress and is termed systemic
signaling. Among the different signals triggered during this process are calcium, electric,
reactive oxygen species and hydraulic signals. These propagate at rapid rates through the
plant vascular bundles and mediate many of the systemic processes essential for plant
survival. Although the different signals activated during systemic signaling are thought to be
interlinked, their coordination and hierarchy need to be determined. Using a combination of
advanced whole-plant imaging methods and hydraulic pressure probes, we are studying the
activation of all four systemic signals in wild-type and different Arabidopsis thaliana mutants
subjected to different stress treatments. In my talk I will describe our findings on how the
different signals are integrated and how they lead to the activation of systemic acclimation
and/or defense mechanisms.

Keywords: ROS, calcium, stress, systemic signaling
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How plants broadcast their pain

Richard Morris
John Innes Centre, United Kingdom

Long-distance signaling is key for plants to respond to environmental challenges. One
example of a long-distance signal is the variation potential (VP), which is an electrical signal
that occurs in response to wounding. The propagation mechanism itself, however, is known
not to be electrical. I will present toy models to examine the hypotheses that VP transmission
occurs via the transport of a chemical agent in the xylem or via ‘hydraulic waves’. We
assume the electrical signal is generated locally by the activation of an ion channel at the
plasma membrane of cells adjacent to the xylem. We work on the assumption that the ion
channels are triggered either when the chemical concentration exceeds a threshold value or
a pressure threshold is met. We use numerical computations to demonstrate the combined
effect of advection and diffusion on chemical transport in a tube flow and propose shearenhanced Taylor-Aris dispersion as a candidate mechanism to explain VP rates observed in
experiments. I will then demonstrate how these proposed mechanisms and models can be
used to explain recent observations of long-distance calcium dynamics in response to
wounding.

Keywords: long distance signaling, variation potential, calcium signaling, mathematical modelling
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Dynamic changes of intracellular sugar transport under stress

Ekkehard Neuhaus
University of Kaiserslautern, Germany

The dynamics of sugar transport across the vacuolar membrane (tonoplast) are still poorly
understood. We raised evidence that sucrose in Arabidopsis mesophyll cells is mainly
hydrolyzed via the vacuolar invertases. Blockage of this process in mutants impairs both, early
plant development and seed yield, but leads to improved tolerance to extended phases of
darkness. Accordingly, vacuolar sucrose homeostasis is important for plant yield and essential
properties. Once sucrose is transferred to roots it enters the vacuole of several types of cells
where it is hydrolyzed via invertases. As a consequence, fructose is released into the cytosol
of pericycle associated cells and specifically initiates formation of lateral roots (LR). It has been
shown that blockage of this vacuolar fructose export in SWEET17 knock out mutants cause
impaired LR formation leading to impaired drought tolerance. We propose, that fructose acts
as a signal molecule required for proper root architecture under conditions of stress.

Keywords: sugar transport, vacuole, SWEET, roots
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Improving sustainable productivity in agriculture through beneficial microbial
associations

Giles Oldroyd
University of Cambridge, United Kingdom

The availability of nitrogen and phosphorus is a major limitation to crop productivity and this is
currently addressed primarily through application of inorganic fertilisers to augment these
limiting nutrients. Use of such fertilisers contributes the greatest cause of pollution from
agriculture in high and middle-income countries, while access to inorganic fertilisers is
extremely limited for farmers in low-income countries. In natural ecosystems many species of
plants acquire nitrogen and phosphorus through associations with beneficial fungi and
bacteria, but the use of these beneficial microbial associations is currently very limited in
agriculture. Through a detailed understanding of how plants associate with beneficial
microorganisms, we are attempting to broaden their use in agriculture to facilitate sustainable
productivity, accessible to all of the world’s farmers.

Keywords: N-fixation, plant-microbe interaction, agriculture, genetic engineering
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RNA binding and assembly of a newly characterized phloem RNA binding protein
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The phloem vasculature is the main transportation route for information between distant
tissues and organs. Beside phytohormones and ions, macromolecules like RNAs and proteins
can transmit responses as well. Recently performed phloem transcriptome studies in several
plant species identified a plethora of different small and large RNAs that could potentially serve
as signals, enabling the communication between distant plant parts. Similarly, phloem
proteome analyses showed the presence of several RNA binding proteins (RBPs).
The mechanism of how RNAs are loaded into the phloem, how they are transported, and how
they are released to target tissues is still not well understood. Several factors facilitating RNA
transport have been described including RNA modifications, RNA secondary structures, and
RNA sequence motifs. However, the interplay with RBPs is still unknown.
Here we show that the Phloem-abundant RNA Chaperone-like protein (PARCL) from
Brassicaceae is a phloem-abundant RBP that binds to a broad range of different RNA species.
The combination of in vitro and in vivo studies demonstrated the involvement of
posttranslational modifications in RNA binding and chaperone activity. Furthermore, PARCL
proteins can form large aggregates in vitro and in vivo that are mobile within the phloem.
Our data suggest that phloem RNAs are transported in large containers rather than as small
ribonucleoprotein complexes. Further studies will reveal what factors are necessary to load
RNAs into these granules and if loading and transport is selective or not.

Keywords: RBP, Phloem, Prion-like, Phosphorylation
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Vascular cambium reprogramming on potato tuber initiation

Pedro García, Jay P Maurya, Salome Prat
CRAG, Spain

A few plant species accumulate sugar or starch in specialized tissues or storage organs which
serve as energy reservoirs for bolting and subsequent plant growth aligned with more
favorable seasons. According to the plant species, these organs can originate from the leaves,
the hypocotyl/stem or the roots, and therefore encompass the shoot apex and upper axillary
meristems (i.e. onion and potato), or lack any sort of aerial buds (tuberous roots as cassava).
Shoot-derived storage organs act in this way as perennial propagation organs, in opposite to
tuberous roots that are unable of further shoot development. Indeed, during bulb or tuber
formation, growth of the main shoot and that of specialized branches or stolons is arrested, at
the time that the SAM enters a poorly understood quiescent state. Dormancy is released
during over-wintering, allowing the shoot apex and first axillary buds to be reactivated in the
next spring and generate a new plant. This process strongly reminds that of seasonal growth
cessation in perennial trees that is regulated by FLOWERING LOCUS T (FT). Actually, FT
homologues act as main inducers of potato tuber and onion bulb formation, but are of no effect
on tuberous root transition in cassava. The different nature of the inducing signal and dissimilar
cellular patterns of tuberous roots and growing tubers has led to postulate that formation of
these organs involves largely unrelated developmental processes. However, starch
accumulating cells in tubers derive from a so called “perimedullary region” encompassing the
outer phloem, xylem, and inner phloem, and therefore cambium meristem cells. Through
anatomical studies of differentiating potato stolons we showed that the vascular cambium
undergoes extensive division during initial swelling of the rib zone, whereas cambial derivative
cells acquire along this process a storage parenchyma identity, instead of its usual program
to a xylem fate. Gene expression studies reveal the specific activation of key vascular
patterning and secondary growth regulators, consistent with storage parenchyma cells actually
originating from cambial daughter cells. Main regulators with a potential role in triggering
storage organ transition will be discussed.

Keywords: vascular cambium, storage parenchyma, tuber differentiation, potato
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Coordination, Regulation and Specificity of Lateral Meristems

Wei Xiao, David Molina, Dagmar Ripper, Laura Ragni
University of Tübingen, Germany

Plant development and growth result from the tight control of stem cell proliferation and cell
differentiation. Secondary/lateral growth, the increase in girth of plant organs, is triggered by
the activity of two lateral meristems that are formed post-embryonically: the cork and vascular
cambium. Both meristems divide bifacially, forming toward the environment the cork and the
phloem and toward the inside the phelloderm and the xylem, respectively. As they are
arranged as two concentric cylinders, their activity has to be tightly regulated and coordinated
to maintain organ integrity and growth. Interestingly, we previously showed that auxin
regulates cork cambium activity via auxin signaling components such as ARF5, and
downstream of auxin transcription factors such as WOX4 and BP, which are also known to
promote vascular cambium proliferation, raising the question on how auxin specificity is
achieved. Furthermore how vascular and cork cambium coordination is attained at molecular
level is largely unknown. Here, we investigated cambia specificity, by comparing the
transcriptional output of specifically hindering auxin signaling in the cork or in the vascular
cambium. Our transcriptomic data revealed a large overlap in the auxin responses of lateral
meristems indicating an additional role in cork cambium promotion for many known/putative
vascular cambium genes. Consistently, the specific activation of these genes in the cork
cambium modulate cork cambium activity, proving their dual function. We also identified a set
of unique regulators, which are only expressed in one of the two lateral meristems and thus
may contribute to cambia specificity. Moreover, we revealed compensation mechanisms that
are able to counteract the failure of one meristem to preserve root integrity. Altogether these
findings reveal that stem cell activity in lateral meristems is controlled by a large core of
conserved modules, including receptors and transcription factors and that specificity is
achieved through few regulators.
Keywords: lateral meristem, vascualr cambium, cork cambium, auxin, phellogen
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Changes in plasmodesmal stress responses across development

Emma Raven, Catherine Walker, Christine Faulkner
John Innes Centre, United Kingdom

Plasmodesmata are membrane-lined channels that facilitate molecular flux between plant
cells. These channels are dynamically regulated in response to stress. Previous studies in
mature leaf tissue have shown that pathogen associated molecular patterns (PAMPs) trigger
plasmodesmal closure by inducing deposition of callose, a ß-1,3-glucan polymer. This closure
is assumed to be important to limiting the spread of the pathogen to adjacent cells. In young
leaves, however, it is less clear how plasmodesmata respond to stress. There are key
functional, structural, and regulatory differences in plasmodesmata found in young tissue
compared to mature leaf tissue. In the young sink leaf tissue of apoplastic loaders such as
Arabidopsis, sugars are unloaded into sink tissue through plasmodesmata. Therefore, we
hypothesise plasmodesmal responses to stress in young leaf tissue are tied to the supply of
sugars for growth and development. To investigate how the movement of sugars links to
plasmodesmal permeability, we use dye loading assays and lines expressing green
fluorescent protein (GFP) in companion cells to determine how stress differentially impacts
movement through plasmodesmata in young and mature tissue. Additionally, plasmodesmal
structure changes during development. Young tissue transitions from having predominantly
simple plasmodesmata to developing branched plasmodesmata in mature tissue. Therefore,
an alternative hypothesis is that plasmodesmal structure might underpin plasmodesmal
responses. We aim to investigate these possibilities to determine how cell-to-cell
communication via plasmodesmata regulates immune and stress signalling.

Keywords: Plasmodesmata, Plant Immunity, Phloem unloading, Development
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UNDERSTANDING THE ROLE OF CELLULAR PROCESSES IN GRAFTED CROPS

Hannah Rae Thomas
Cornell University, United States of America

Graft incompatibility is a poorly understood phenomenon that presents a severe agricultural
challenge. Unlike immediate incompatibility that results in rapid death, delayed incompatibility
can take months or even years to manifest, creating a significant problem for perennial crop
production. To investigate graft compatibility, we utilized the Solanaceae family due to its
agriculturally relevant grafted crops, short life cycles and small stature. Additionally,
Solanaceae contains within it a model species, Solanum lycopersium (tomato), which
possesses a suite of genetic tools such as a sequenced genome and efficient transformation
protocol. To first understand graft compatibility within Solanaceae, we performed a reciprocal
graft trial with 4 economically relevant crops and found that most of these heterografts are
capable of surviving but are incompatible due to failed vascular reconnections. Next, we
utilized a novel model system: Solanum lycopersicum (tomato) and Capsicum annuum
(pepper) to investigate delayed graft incompatibility. We employed classical techniques such
as vascular staining and physiological measurements as well as more computational
approaches to explore the temporal, genetic, and anatomical components involved in
grafting. We inferred gene regulatory networks for compatible self-grafts versus incompatible
heterografts and predicted core regulators for grafting. We then examined the role of
vascular development in graft formation and validated SlWOX4 as a regulator for grafting in
tomato. Finally, we studied how graft compatibility influences cell death, by utilizing viability
stains and programmed cell death indicators. We were able to show that programmed cell
death is present in all graft junctions, but that the driving cause for cell death in this
incompatible combination is acute stress-induced necrosis. This work has explored the
symptoms, causes, and taxonomic limits of graft compatibility. We have identified novel
genes involved in grafting and identified a role for necrosis in graft-incompatibility, further
elucidating the mechanisms that underlie plant grafting.

Keywords: graft-compatibility; grafting; vascular differentiation
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Sucrose effect on root phloem development.

Ricardo Rodriguez Trevino, Antia Rodriguez-Villalon
ETH Zurich, Switzerland

Plants possess the ability to convert sunlight into energy and store it in the form of sugars.
These sugars are then transported throughout the plant by a highly specialized long-distance
transport system- phloem tissues- to sustain plant growth and development. This process is
of biotechnological importance as crop yield is limited by energy allocation. Phloem tissue is
comprised of the specialized transport Sieve Element (SE) cells and the Companion Cells
(CCs). It has also been shown that CCs and SEs identities are extremely plastic since both
cell types have the ability to reprogram themselves and acquire each other’s identity in case
the original SE fails to form. As such, the flexible identity of CCs safeguards the establishment
of a functional phloem pole, essential to guarantee plant survival. However, little is known
about the molecular mechanisms underlying phloem plasticity and the environmental
conditions in which plasticity confers an advantage.
To investigate this problem, we used the double mutant cvp2 cvl1 since it displays a mixed
identity of CC and SE in some phloem cells. The mixed identity in SE cells leads to some cells
failing to differentiate, compromising the continuity of the protophloem strand, severely
affecting plant growth. This phenotype, however, is sugar dependent, as the appearance of
the undifferentiated cells increases as the sugar content in the media does. This effect is not
due to the osmotic stress as adding high concentrations of sorbitol shows no change in the
number of undifferentiated cells. Counter-intuitively, the double mutant also displays an
increase in sugar contents in the leaves and in the roots compared to WT, especially of
fructose. Furthermore, the mutant shows a very significant increase in starch content by the
end of the night compared to WT.
To identify genes involved in the regulation of this process, a mutagenesis screen was
performed using cvp2 cvl1 seeds. Among the mutagenesis screen, one mutant rescued the
cvp2 cvl1 phenotype and was identified as suppressor of cvp2 cvl1 9 (socc9c). We later
identified that this is due to a mutation in the gene AT3G15680 or JULGI (JUL1) which rescued
the defects in the SE cells that appear in the double mutant. The socc9c rescue line also
displays normal levels of sugars in leaves and roots compared to WT and a significant
reduction in starch accumulation at the end of the night. Some aspects of the rescue, however,
are also sugar dependent, as an increase in sugar content displays a significant increase of
undifferentiated cells in the socc9c line. Early results show that several key expression
markers of phloem development are affected by sugar content, such as CLE45, SAPL, and
SMXL5.
In conclusion, sugar signaling seems to play a role in cell SE cell identity acquisition in the
cvp2 cvl1 background, as well as affecting the expression of several key genes of phloem
development. However further experiments are required to unveil the mechanism behind this
interplay between sugars and cell development.
Keywords: Root, Development, Phloem, Sugar
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Regulatory Network behind Systemic Nitrogen Signaling, in Arabidopsis

Sandrine Ruffel, Arthur Poitout, Benoît Lacombe, Gabriel Krouk
Institut for Plant Sciences of Montpellier, Univ. Montpellier, INRAE, CNRS

Rapid adjustment of plant physiology and development to external fluctuations is critical for
sessile organism, giving a singular interest to network signaling controlling these mechanisms.
Among many adaptation processes, root plasticity is primordial to optimize nutrient acquisition
but relies on a complex network integrating local and systemic signaling. Indeed, locally, plants
invest resource in soil area where nutrients are available and systemically they adjust nutrient
acquisition to the whole plant demand.
Our main goal is to decipher systemic signaling underlying the perception of nitrate
heterogeneous provision, in Arabidopsis. Using the split-root system, in which physically
isolated root systems of the same plant were challenged with different environments, we
previously demonstrated that cytokinin biosynthesis constitutes one critical component of rootshoot-root communication. By combining the use of cytokinin mutants with hormone
measurements, transcriptomic analysis, nitrate uptake assays, and root growth
measurements, we show that root to shoot trans-zeatin (tZ) translocation is likely crucial for
long distance signaling controlling rapid sentinel gene regulation and long-term functional
acclimation to heterogeneous nitrate supply. Interestingly, shoot transcriptome profiling
revealed that glutamate/glutamine metabolism is likely a target of tZ root-to-shoot
translocation, prompting us to revisit the hypothesis of the role of amino acids into systemic
nitrogen signaling.
Keywords: Systemic, nitrogen, hormones, root development, nutrient transport
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Phloem response to drought stress in saplings of four boreal tree species

Yann Salmon1,2, Alexia Dayet1,3, Anna Lintunen1,2, Kira Rihty2, Timo Vesala1, Teemu
Hölttä2
1

INAR/Physics, University of Helsinki, Finland; 2INAR/Forest science,University of Helsinki, Finland;
CIRAD, France

3

Drought stress in expected to increasingly affect forest worldwide and has already been shown
to trigger decrease in growth and large scale tree die-off. This has triggered intensive research
on the physiological processes involved in tree death or survival. While the vulnerability of
water transport in the xylem during drought is relatively well understood and quantified and
the importance of run away embolism in tree mortality has been demonstrated, much less is
known about phloem response to drought: can phloem function be impaired during severe
drought remains a question largely under studied despite its potential importance for tree
survival and recovery? In the present study, we used potted saplings from four common
species of boreal regions: Silver birch (Betula pendula Roth.) and European aspen (Populus
tremula L.) and for the broadleaved and Scots pine (Pinus sylvestris L.) and Norway spruce
(Picea abies L.H.Karst.) for the conifers.
We conducted a lethal drought experiment in a greenhouse. Controlled and stressed (no
watering) sapling were measured over the course of the experiment (i.e until stress tree death).
Leaf gas exchange and root respiration were measured. Osmolality and starch concentration
were measured leaves, stems and roots. Total water loss as a proxy for sap flow was
measured by weighing. Water potential was measured at midday and predawn and compared
to P50 and P88 values from the literature to estimate the degree of embolism. Phloem turgor
was estimated from leaf and xylem water potential and phloem osmolality. Stem diameter was
measured with high precision dendrometers over a similar batch of saplings.
Stress trees experienced a decrease in leaf gas exchange and photosynthetic activity related
to the stomatal and non-stomatal limitations. Root respiration decreased with water stress.
Starch reserves were usually lower in drought stressed trees and usually decreased over the
course of the drought. Most interestingly, stress trees experienced lose of turgor in the phloem
towards the end of the experiment, while measured water potential show strong stress but not
reaching lethal levels except possibly for spruce. Our result suggest that in the studied species,
phloem loss of turgor and thus likely loss of function was happening shortly prior or about
simultaneously to the loss of conductivity in the xylem. Implication of this findings for tree
survival and recovery are discussed.

Keywords: phloem turgor, embolism, tree mortality, sap flow, hydraulic failure
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Breaking the limits of live vascular imaging by micro X-ray computed tomography

Chen Gao, Alexander Schulz
University of Copenhagen, Denmark

Imaging of vascular tissue live is a big challenge when using optical microscopy. There are a
number of obstacles such as (i) total reflection and scattering of light at the interface between
the water-filled space and air (cells including the cell wall intercellular spaces in leaf and stem,
respectively), (ii) the distance from surface most vascular tissues are found at, and (iii) the
rapid wound responses of vascular tissues when preparing thin tissue slices. Compatible with
artefact-free optical live imaging of vascular tissue are accordingly only thin organs like
Arabidopsis roots. Preparation-induced wound responses include cavitation in tracheary
elements and sieve pore plugging in sieve elements, as well as wound-induced PD closure of
symplasmically-coupled neighbouring tissues.
By contrast, X-ray computed tomography (XCT) can penetrate through thick organs, is very
little scattered at water-air interfaces and enables 3D reconstructions of complex vascular
networks. With lab x-ray sources resolutions of around 1 µm can be achieved, synchrotrons
are even able to resolve structures in the nanometre range. Most publications using XCT have
been evaluated to analyse the structure of complex vascular tissues. Use of contrasting agents
and image analysis has enabled us to measure critical physiological parameters such as the
membrane surface between symplasm and apoplasm, and identify apoplasmic barriers as that
of the endodermis (see PVB abstract of Chen Gao et al. and [1]). We will show examples from
the transfusion tissue of short and long pine needles, achieved with a lab X-ray source, and
preliminary high-resolution synchrotron aspects, both of intact and water-conducting needles.
[1] Gao C, Marker SJV, Gundlach C, Poulsen HF, Bohr T, Schulz A (2022) Tracing 3D
apoplasmic complexity in vascular tissue of live conifer needles by X-ray computed
tomography. bioRxiv: 2022.01.22.477321.

Keywords: Live imaging, x-ray computed tomography, plasma membrane, apoplasm, 3D analysis
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Plasmodesmata, Phloem, Xylem, and Hyphae – Thoughts about Fluid Flows in Plants

Howard A. Stone
Princeton University, United States of America

In this talk I will provide remarks about fluid flows in plants, as seen through the lens of a
researcher in fluid mechanics with interest in mechanisms and general principles. Where
possible I will try to provide order of magnitude estimates, based on the fluid and surface
properties, geometric dimensions, and driving forces, for typical flows at different scales of a
plant, as presumably these are linked to nutrient transport, growth rates, healing mechanisms,
etc.

Keywords: fluid flows, plasmodesmata, hyphae
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Central function of assimilate transport processes in source and sink physiology

Mechthild Tegeder
Washington State University, United States of America

Plant growth and development largely depend on the long-distance transport of carbon,
nitrogen and sulfur assimilates from photosynthetically active source leaves to sinks. Sucrose
represents the main transport form of carbon, while amino acids are the dominant organic
nitrogen and sulfur transport compounds in most plants. Leaf-to-seed allocation of
photoassimilates occurs via the phloem and requires loading of the metabolites into the leaf
phloem and, at the sink end, their import into the growing embryo. Our research concerns the
identification and characterization of key transport processes controlling the partitioning of
nitrogen and sulfur assimilates and understanding of their importance for source to sink
physiology. Data will be presented demonstrating that cellular transport systems are
fundamental in nitrogen and sulfur movement from cell to whole plant level and that their
function is essential in controlling metabolism and development of source and sink.
Our work was supported by the Agriculture and Food Research Initiative from the United
States Department of Agriculture, National Institute of Food and Agriculture (grant # 201767013-26158) and the US National Science Foundation (grant # IOS 1932661).

Keywords: Amino acid partitioning, photosynthesis, primary metabolism, seed protein quality and
quantity, source-to-sink assimilate transport.
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Fragmented fates: Resolving the protophloem gap phenotype enigma

Kirsten H. ten Tusscher1, Bernard Moret2, Christian Hardtke2
1

Utrecht University, Netherlands, The; 2University of Lausanne, Switzerland

In the Arabidopsis root tip, the vascular protophloem tissue is the first to differentiate.
Protophloem differentiation is strongly dependent on local auxin signalling, explaining the tight
regulation of local auxin fluxes through a pair of antagonistic auxin flux regulators.
Paradoxically, mutations in PAX, a kinase phosphorylating and thereby activating auxin
exporting PIN proteins as well as in its antagonist BREVIX RADIX (BRX), which prevents PIN
activation both result in a highly similar so-called gap phenotype. Furthermore, rather than
homogeneously affecting protophloem differentiation, in these mutants normally differentiated
cells are interspersed with seemingly randomly positioned non-differentiated cells. Combining
detailed experimental measurements of gap cells in both mutants with computational modeling
we were able unravel the enigma of this gap phenotype. First, we showed that the occurence
of non-differentiated cells is non-random and instead predominantly involves pairs of cells.
Second, we show that brx and pax mutants, despite their opposing effects on PIN transport
have similar effects on root tip auxin levels, explaining their similar downstream phenotype.
Finally, we demonstrate that the predominance of pairs of gap cells results from early
protophloem differentiation, when cells still undergo cell division.

Keywords: protophloem, gap cells, BRX, PAX, modeling
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Calcium-based rapid defense movements in Mimosa pudica

Masatsugu Toyota
Saitama University, Japan

Animals possess specialized organs, such as neuromuscular systems, to move their bodies
quickly. Mimosa pudica, the sensitive plant, moves its leaves within seconds in response to
external stimuli, such as touch or wounding. However, neither the plant-wide signal network
to trigger rapid movement nor the physiological roles of this movement have been determined.
By using a simultaneous recording technique of cytosolic calcium and electrical signals, we
show that long-distance calcium transmission coupled with the action and variation potentials
triggers rapid movements in wounded Mimosa pudica. Furthermore, pharmacological
manipulation of cytosolic calcium dynamics and CRISPR-Cas9 genome editing technology
revealed that an immotile Mimosa pudica is more vulnerable to attacks by herbivorous insects.
Our findings provide evidence that calcium-based electrical rapid movements protect Mimosa
pudica from insect attacks.

Keywords: Mimosa pudica, calcium signaling, defense response, real-time imaging
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Forward and reverse: What can we learn about the phloem from the OCTOPUS gene
family?

Simona Crivelli, Kai Bartusch, Mario Coiro, Elisabeth Truernit
Institute of Molecular Plant Biology, ETH Zurich, Switzerland

Plant roots are typical sink organs dependent on carbohydrate import via the phloem. The
long-distance transport of sugars occurs in the metaphloem sieve tubes. Close to the root tip,
sugars are transferred to the protophloem sieve tubes, from which they get unloaded into the
surrounding tissues. Previously, we have identified the phloem specific OCTOPUS (OPS)
gene as an important regulator of root protophloem differentiation in Arabidopsis. Mutations in
OPS result in the stochastic appearance of undifferentiated cells in the root protophloem cell
files and reduced root growth. Our recent finding that OPS and OPS-LIKE 2 (OPL2) – a gene
closely related to OPS – are redundantly important for proto- and also for metaphloem sieve
tube development firmly establishes these genes as relevant regulators of phloem
differentiation.
In our lab, we are now pursuing several avenues to obtain a better understanding of phloem
differentiation and its role in sink organ growth. On the one hand, we started searching for
novel regulators of phloem development which genetically interact with OPS and OPL2. On
the other hand, we investigated the role of the other three OPS homologs in the Arabidopsis
genome. Our results suggest that a balanced expression of these genes in the different cell
files of the root ensures optimal growth. In addition, our data highlight the important function
of the phloem as an organizer for plant growth beyond its physiological function in solute
transport.

Keywords: Protophloem, Metaphloem, Sink Source
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Phloem nitrate transport plays an important role in regulating nitrate distribution and
plant growth

Yi-Fang Tsay
Academia Sinica, Taiwan

For most plants, nitrate is their primary nitrogen source. Our research group is interested in
characterizing nitrate transporter genes in the NRT1 (PTR) family. In model plant Arabidopsis,
there are 53 NRT1 genes. Our studies of NRt1.7, NRT1.9, NRT1.11 and NRT1.12 indicated
that in addition to xylem, nitrate can also be transported via phloem, and Phloem nitrate
transport plays an important role in regulating nitrate distribution and plant growth.
Young leaves have high nutrient demand. When external nitrate supply is low, NRT1.7 is
involved in retrieving nitrate stored in the old leaves to feed young leave by loading nitrate into
the phloem. This NRT1.7 mediated remobilization of nitrate is important for plant to sustain
vigorous growth under N deficiency. On the other hand, when nitrate supply is sufficient,
NRT1.11/12 are responsible for reallocate nitrate from mature leaves to young leaves, again
by phloem. This NRT1.11/12 mediated remobilization is important for high-nitrate-stimulated
increase of growth. These transporters provide us with new tools to improve nitrogen utilization
efficiency in crops and to alleviate the environmental impact of N fertilizer application.

Keywords: phloem, nitrate transport
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The genetic basis for diversification of leaf form: from understanding to
reconstructing

Miltos Tsiantis
MPI for Plant Breeding Research, Germany

A key challenge in biology is to understand how diversity in organismal form is generated.
While key regulators that shape the body plans of model organisms have been identified, less
is known about how the balance of conservation versus divergence of relevant developmental
pathways influences cell growth to generate morphological diversity. To help address this
issue, we developed the Arabidopsis thaliana relative Cardamine hirsuta into a versatile
system for studying morphological evolution. We use a combination of genetics, advanced
imaging and computational modelling to understand the mechanisms through which leaf
morphology evolved in these species, resulting in simple leaves in A. thaliana and complex
leaves with leaflets in C. hirsuta. This presentation will discuss our findings on identifying such
mechanisms and in conceptualizing how they regulate the number, position and timing of
leaflet production. It will also consider progress towards understanding the basis for
interspecific variation in C. hirsuta leaf form and is physiological significance.

Keywords: morphogenesis, variation, leaf shape, metabolism
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Hidden corners of sieve-element biology
Aart Jan Eeuwe van Bel
Justus-Liebig University Gießen, Germany

Although knowledge on phloem biology has been growing rapidly over the past years, many
fundamentals of sieve element-companion cell complex (SE-CC) biology still remain elusive.
My contribution focuses on uncertain, disputed or thus far neglected aspects. Branched
plasmodesmata (PPUs) provide an indispensable lifeline to insure viability of the enucleate
SEs. Despite their importance, outlines of PPU formation, substructure, function and
functioning are largely unknown. Fierce debates revolved around the CC-to-SE release of
signalling macromolecules, but a potential role of PPUs in SE protein turnover and cycling has
received little attention. The PPU plasma membrane is tethered to the wall by minute anchors,
possibly to prevent deformation of this vital corridor and to provide information on cell-wall
tension. The few SE organelles (mitochondria, ER, SE-plastids) may be anchored likewise to
hold them in place being exposed to mass flow. The functions of SE organelles have been
subject to speculations, but are actually a mystery. SE mitochondria may hardly play a role in
energy supply and other possible functions were not explored. Presence and identity of
mitochondrial DNA profiles were not investigated, because isolation was impossible thus far.
Perspectives for clarification appear to be a bit better for SE plastid research. Unpublished
work shows the presence of DNA and a novel method enables PCR of SE plastids. Spatial
arrangement of ER has not been investigated yet. Which of the ER functions in conventional
cells including vesicle sorting are performed in SEs is unknown. Presence of a cytoskeleton in
SEs is highly disputed, but theoretical grounds speak for a likely presence. A cytoskeleton may
be vital for intercellular sorting and transfer of macromolecules to the proper sites. In addition,
there is considerable uncertainty regarding presence and activities of organelles usually
involved in transformation and/or degradation of proteins in SEs such as lytic vacuoles and
proteasomes, while others (dictyosomes) are absent with a high degree of probability.
Localization of ROS detoxification in SEs is also a matter of debate. Transmembrane Ca2+
displacement plays a pivotal role in sieve-pore sealing and the propagation of electrical longdistance signalling (APs, VPs). The nature of the Ca2+-permeable channels involved in Ca2+
influx and their spatial arrangement over the SE membranes, for which a speculative model is
presented, have hardly been investigated. Experiments using forisomes may provide a first
glimpse on their spatial arrangement. Differential deployment of SUTs and AHAs in SEs and
CCs in monocots and eudicots suggests a diversity in the energization of sucrose uptake by
SE-CCs, which may be species- or location-dependent. Orchestrated management of sucrose
uptake/release is of particular importance, because sucrose is the predominant long-distance
carbohydrate carrier in most plant families. Glucose has been categorically excluded as a longdistance C-carrier, but compelling evidence favours glucose translocation in Ranunculaceae.
This limited set of questions regarding SE biology shows the formidable challenges that
phloem biology is facing in the future.
Keywords: energization of sucrose uptake by sieve elements, pore-plasmodesm units, spatial
arrangements of Ca2+ channel, sieve-element ER, sieve-element plastids, sieve-element plastids.
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Sieve tube proteomics reveal differentiation of their endomembrane system

Viktoriya V. Vasina1, Yan Liu1, Max E. Kraner2, Winfried S. Peters1,3, Uwe Sonnewald2,
Michael Knoblauch1
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In vascular plants, the phloem consists of a network of tubes formed by symplasmicly
connected cells called sieve elements. Sieve elements have essential functions in the
translocation of photoassimilates, proteins, and electric and redox signals, but they remain the
least understood type of plant cell. Sieve elements are exceedingly sensitive and possess a
reduced endomembrane system without Golgi apparatus. Because they lack nuclei and
translation machinery, transcriptomics and related -omics approaches cannot be applied. In
the past, phloem sap exudates have been examined to elucidate the compositions of the sieve
tube contents, however, the few organelles remaining within mature sieve elements as well as
many structural proteins are not mobile and cannot be detected in exudates. We developed a
protocol for isolating sieve elements from Nicotiana tabacum leaves and stems in sufficient
quantities for large-scale proteomics. Proteins of increased likelihood of having sieve elementspecific functions were identified by their enrichment in purified sieve elements compared to
bulk phloem preparations. To determine the efficacy of our method, we selected two previously
uncharacterized putative cytochrome b561/ferric reductases and a reticulon-like protein. We
created yellow florescent protein constructs to localize these proteins, and found them
restricted to segments of the endoplasmic reticulum (ER) from which green fluorescent protein
serving as a luminal ER marker was excluded. This suggests a formerly unknown structural
differentiation of the ER in sieve elements.

Keywords: sieve elements, proteins, endomembrane, proteomics
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Leaf carbon fixation, export, and transport in citrus trees exhibit highly buffered
responses to source-sink dynamics

Christopher Vincent, Sheng-yang Li, Mark Keeley, Syed Bilal Hussain, Amit Levy
University of Florida, United States of America

Sugar transport from source to sink tissues is a fundamental challenge of vascular plant life.
Source-sink attenuation of photosynthesis exemplifies this challenge: Plants down-regulate
carbon fixation when they are sink-limited. Source-sink gradients drive transport processes,
thus increasing carbon use to supply ratio (high sink:source) may increase carbon fixation, a
key goal in agriculture under increasing ambient CO2. Thus, it may be possible to manipulate
source-sink allocation to maintain high carbon assimilation rates. However, source-sink
relations are dynamic as sink tissues and activities shift over phenological cycles. Our focus
tree crop, Citrus spp., undergoes short bursts of shoot growth multiple times in a season,
exhibiting rapid transitions among directions of prevailing sink activity. We used radioisotope
(14C) tracing to assess leaf carbon export and stem transport speeds and direction when new
shoots were absent and when they were present. New shoot growth increased leaf carbon
export from mature leaves by four folds and shifted the direction of transport toward new
shoots, though translocation was never exclusively acropetal. However, we found no evidence
of a change in transport speeds. In contrast, we studied huanglongbing, a disease with global
economic impacts that causes phloem occlusion in citrus. Infection reduced transport speeds
and export rates, eventually reducing the production of new shoots and leaves. Allocation
patterns of infected plants indicate constriction of transport both between source leaves and
structural roots, which typically serve as a carbohydrate storage organ, as well as between
structural roots and actively growing fine roots. Early in infection the disease increased
carbohydrate (starch) accumulation and down-regulation of carbon assimilation in leaves as
measured by gas exchange. However, as new photosynthetic tissue decreased, starch hyperaccumulation was mitigated and carbon fixation on a surface area basis was restored or
increased. To assess whether carbon transport rates could be increased as well as decreased,
we then manipulated the sink:source by defoliation. We found a high sink:source increased
the maximum rate of carboxylation and other photosynthetic parameters, but it did not affect
leaf carbon export or trunk carbon transport speed. It did, however, hasten and increase the
development of new shoots. At the same time, more apical leaves appeared to have higher
export rates than more basal leaves of similar age. We conclude that, under a given set of
external conditions, citrus trees may not increase transport speeds in response to increased
sink:source. Rather, allocation to alternate sinks is enhanced. Limited plasticity of transport
has important ramifications for the growth habits of perennial plants, as well as for the
manipulability of source-sink relations to optimize photosynthesis.

Keywords: Carbon transport, leaf export, photosynthesis, citrus, source-sink relations
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The endodermal passage cell - Just another brick in the wall?
Tonni Grube Andersen
MPG, Germany

Most agricultural traits are based on above-ground features (amount of seeds, plant height,
weight, etc.). However, the plant-associated underground contains many traits that influence
overall plant health. Roots are faced with constant stress both regarding nutrient/water
availability and biotic factors such as pathogenic microbes and needs to respond accordingly
to survive. The root needs to create the right response at a cellular level, and the amplitude of
stress factors varies dramatically across the root system. This requires continuous integration
with high resolution. While we have some understanding on how these incredibly complex
emerging outputs are coordinated within entire root system, we still don’t understand how this
is coordinated on a single-cell-level.
The xylem pole of roots contains specific cells termed “passage cells” which respond to
environmental fluctuations and nutrient deficiencies. This suggests that the xylem pole of roots
might play an important role in how plants sense and interact with their surroundings in the
soil. In our group, we are intrigued by the function of passage cells as well as the adjacent
xylem pole and use this as a model to study how a plastic developmental pattern emerges
from (a)biotic communication. We employ and develop microscopical techniques, near-native
physiological setups,fluidics, single-cell transcript- and translatomics as well as microbiomebased studies. This allow us to unravel novel spatiotemporal aspects of how specialized and
multipartite communication occur between plants, the soil and the associated microbiota with
non-invasive, single-cell resolution.
Keywords: spatiotemporal imaging, xylem pole, endodermis, suberin, plant-microbe interactions
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Investigating the molecular determinants of phloem development in Arabidopsis
thaliana

Kai Bartusch, Simona Crivelli, Eduard Bruderer, Elisabeth Truernit
Institute of Molecular Plant Biology, Department of Biology, ETH Zürich, Switzerland

In plants, the phloem consists of distinct cell types: metaphloem sieve tubes are ensuring longdistance transport of photosynthetic assimilates from source organs (i.e. fully developed
leaves) to sink organs (e.g. roots), while protophloem sieve tubes are important for the
unloading of solutes into sink tissues. Using the Arabidopsis root as a model system, the longterm goal of our work is to give new insights into how phloem cells differentiate and how this
interacts with sink organ growth. Recently, we discovered two major regulators of phloem
differentiation: the loss of function of the OCTOPUS (OPS) gene and its homolog OPS-LIKE
2 (OPL2) leads to defects in proto- and metaphloem differentiation. These defects are
associated with short root phenotypes. In order to clarify the molecular mechanism of OPS
and OPL2 action and to find novel regulators of metaphloem differentiation, we started
screening for factors which genetically work together with these genes. Preliminary results of
this screen will be presented.

Keywords: Plant Vasculature, Phloem differentiation, Sink Organ Growth
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Lateral plumbing: when two vascular strands become one

Noel Blanco-Touriñán1, Héctor H Torres-Martínez2, Frauke Augstein3, Annelie
Carlsbecker3, Joseph G Dubrovsky2, Antia Rodriguez-Villalon1
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Plant Biology, Uppsala University, Ullsv. 24E, SE-756 51, Uppsala, Sweden.
2Departamento

Lateral root development in Arabidopsis thaliana entails de novo formation of a vascular
system, which has to be connected to the already existing vascular tissues of the primary root.
While the underlying molecular mechanisms of phloem and xylem formation are reminiscent
of the ones occurring in the primary root, the connective mechanisms between the incipient
and the existing vascular system remain poorly described. Here, we will discuss the
morphology and the identity of xylem bridge (XB) cells, which are adjacent to protoxylem
tracheary elements of the primary root and establish a continuous route for the transport of
water and nutrients within the whole plant body. In addition to this, we will present a molecular
mechanism that appears to be central to the formation of XB and therefore to the connection
of xylem tissues in newly developing organs with existing vasculature.
Keywords: lateral root development, vascular connection, xylem, cell specification, cell differentiation
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MicroRNA resistant alleles of HOMEOBOX DOMAIN-2 modify inflorescence branching
and increase grain protein content of wheat

Laura E Dixon1,2, Marianna Pasquariello1, Scott A Boden1,3
1

John Innes Centre, Norwich, UK; 2University of Leeds, Norwich, UK; 3University of Adelaide,
Australia

Plant and inflorescence architecture determine the yield potential of crops. Breeders have
harnessed natural diversity for inflorescence architecture to improve yields, and induced
genetic variation could provide further gains. Wheat is a vital source of protein and calories;
however, little is known about the genes that regulate development of its inflorescence. Here,
we report the identification of semi-dominant alleles for a class III homeodomain/leucine zipper
transcription factor, HOMEOBOX DOMAIN-2 (HB-2), on the wheat A and D sub-genomes,
which generate more flower-bearing spikelets and enhance grain protein content. These
alleles increase HB-2 expression by disrupting a microRNA 165/166 complementary site with
conserved roles in plants; higher HB-2 expression is associated with modified leaf and
vascular development and increased amino acid supply to the inflorescence during grain
development. These findings enhance our understanding of genes that control wheat
inflorescence development and offer a new approach to improve the nutritional quality of grain.

Keywords: wheat, vascular, inflorescence, development, grain
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How plants avoid 'bursting the bubble' on their development

Jared Connor Carpenter1,2, Richard J Morris1, Mark G Blyth2
1

John Innes Centre, United Kingdom; 2University of East Anglia, United Kingdom

Plants transmit nutrients and signaling molecules via their vascular system. To successfully
carry out such transport processes, plants must overcome a number of physical challenges.
For instance, the transpiration-driven xylem system, transporting water from root to shoot,
operates under absolute negative pressure. This negative absolute pressure is a metastable
state which can induce nanobubble formation that is detrimental to the plant. Nanobubbles are
bubbles that are usually 50-200 nanometres in diameter that have the potential to form an
embolism in the plant. Plants thus need to somehow balance physically dangerous conditions
with their needs for nutrient acquisition, water transport and signaling. How plants meet these
conflicting demands is currently unknown.
I will present current ideas and approaches for addressing this fascinating problem. A first
approach to answer this question is to model bubble formation using the so-called RayleighPlesset equation. This equation is a second-order, non-linear, ordinary differential equation
that models how the radius of a spherical bubble behaves over time under specific physical
conditions. Here I study solutions to this equation paying particular attention to equilibria and
their stability in order to understand the physical conditions needed in the plant for a
nanobubble to exist in a stable state. Surfactants, which modify the bubble surface tension,
have been suggested to play an important role, and I will be incorporating their effects as well
as allowing for non-spherical bubble deformations. Once the stability of nanobubbles in xylem
is understood, we can start to dissect and understand how plants have developed
mechanisms to avoid embolism to ensure robust transportation.
Keywords: signaling, vascular, xylem, Rayleigh-Plasset, nanobubbles.
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Systemic RNAi in plants and its induction by exogenous RNA

Bernie Carroll
The University of Queensland, Australia

In plants, RNAi involves amplification of double-stranded RNA (dsRNA) by RNA-dependent
RNA polymerase 6 (RDR6), followed by its processing into abundant 21 nt siRNAs and low
abundance 22 nt siRNAs by DCL4 and DCL2, respectively. However, 22 nt siRNAs are more
efficient than 21 nt siRNAs in the further recruitment of RDR6 and amplification of dsRNA. We
have shown that dcl2 mutants are defective in systemic RNAi, whereas dcl4 mutants show
enhanced systemic RNAi. These findings along with other reports in the literature demonstrate
that DCL2-dependent 22 nt siRNAs are crucial for efficient transmission of RDR6-dependent
RNAi throughout the plant (Taochy et al., 2017). An update on our current understanding of
systemic RNAi will be presented, including additional plant genes that are involved (e.g., Butel
et al., 2021), and the effect of different forms of exogenous dsRNA, either alone or in complex
with nanoparticles, on the induction of systemic RNAi in plants (Yong et al., 2021).
Butel et al. (2021) Contrasting epigenetic control of transgenes and endogenous genes promotes posttranscriptional transgene silencing in Arabidopsis. Nature Communications, 12, 2787
Taochy et al. (2017) A genetic screen for impaired systemic RNAi highlights the crucial role of DICERLIKE 2. Plant Physiology 175, 1424–1437.
Yong et al. (2021) Sheet-like clay nanoparticles deliver RNA into developing pollen to efficiently silence
a target gene’, Plant Physiology 187, 886–899.

Keywords: Systemic RNAi
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Spatiotemporal repression of TMO5/LHW-mediated vascular proliferation

Brecht Wybouw, Helena Arents, Bert De Rybel
VIB/Ghent University, Belgium

Transcriptional networks are crucial to integrate multiple internal and external signals into
optimal responses during plant growth and development. Primary root vasculature patterning
and proliferation are controlled by a network centred around the bHLH transcription factor
complex formed by TARGET OF MONOPTEROS 5 (TMO5) and LONESOME HIGHWAY
(LHW), which control cell division orientation via modulating cytokinin response and other
downstream factors. Despite substantial recent progress, many aspects of the TMO5/LHW
pathway are not fully understood. In particular, the upstream regulators of TMO5/LHW activity
are not known. Here, we used forward and reverse genetic approaches to discover new factors
of the TMO5/LHW pathway. In an EMS screen, we identified a novel function of the MYB-type
transcription factor MYB12 as a repressor of TMO5/LHW-induced periclinal/radial divisions in
the root meristem. MYB12 physically interacts with TMO5 and dampens the TMO5/LHWmediated induction of direct target gene expression as well as periclinal/radial cell divisions.
The expression of MYB12 is activated by cytokinin response downstream of TMO5/LHW,
resulting in a novel, MYB12-mediated negative feedback loop that restricts TMO5/LHW activity
to ensure optimal cell proliferation rates during root vascular development. In a reverse
genetics approach, we additionally identified a novel subfamily of six bHLH TFs downstream
of TMO5/LHW. Overexpression of any of these genes is able to completely suppress the effect
of TMO5-LHW induction both at phenotypic and target gene expression level, suggesting
these novel bHLH factors act as negative regulators. In conclusion, we have identified two
distinct sets of spatiotemporal repressors in the transcriptional network controlling cell
divisions during vascular development.

Keywords: Arabidopsis, transcriptional networks, cell proliferation, cytokinin

79

ID: 9

Phloem Fight: exploring wild tomato phloem to identify whitefly resistance

Lissy-Anne M Denkers1, Marc D Galland1, Arjen van Doorn2,3, Paula J M van Kleeff1,
Michel Albertus Haring1, Robert C Schuurink1, Petra M Bleeker1
1

University of Amsterdam, Netherlands, The; 2KeyGene NV; 3Roche Diagnostics GmbH, Penzberg,
Germany

The mandatory reduction in systemic pesticide usage drives the development of alternative
methods for crop protection against herbivorous insects. Specialised metabolites are known
to play a pivotal role in plant-herbivore interactions and there is an incredible natural diversity
of compounds present in plants. Such compounds vary from small volatile terpenes to complex
decorated molecules. In many plant species these compounds are produced, stored and
secreted in specialised tissues, in order to defend themselves against attacking pathogens
and insects. In tomato such metabolites are produced and stored “on the outside” in
specialised hairs called trichomes. However, trichome-based resistance can have off-target
effects on beneficial insects such pollinators and natural enemies of pest insects. In addition
to “outside” produced specialised compounds, it is known that the phloem sap, besides
photosynthates, also contains a plethora of specialised metabolites “on the inside". Here we
explored the phloem as a site of defence against insects that feed specifically from the phloem,
focussing on phloem-associated defence metabolites that affect insect proliferation. Whitefly
(Bemisia tabaci) has adapted a feeding style to reach the phloem sap whilst avoiding
puncturing other cells. We explored the natural variation in the tomato germplasm in resistance
against whiteflies and identified a wild tomato on which whitefly nymphal development is
hampered. We were able to link this resistance phenotype to the presence of a specific
phloem-based metabolite, a finding that opens up new possibilities for the development of
resistant cultivars.

Keywords: Plant-defence, specialised metabolites, natural variation, pest insects, nymph development
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Phloem-based plant resistance to aphids: SLI1’s involvement in wound responses

Fabio Dorn, Karen Kloth
Wageningen UR, Netherlands, The

Phloem feeders, such as aphids, cause huge yield losses to crops worldwide and are
challenging to control with conventional resistance breeding. SLI1, a phloem protein in
Arabidopsis, is a promising candidate for breeding of broad-spectrum resistance to several
aphid and whitefly species as it impairs phloem feeding. Wounding, either by mechanical
forces, chewing insects, or plasma membrane disruption by aphids can result in the occlusion
of the sieve tube and hamper the phloem sap flow. Three suggested modes of sieve tube
occlusion are phloem protein (P-protein) agglomeration and dispersion, plastid burst, and
callose deposition. Here, we aimed to investigate SLI1’s involvement in sieve tube-related
wound responses in Arabidopsis and the underlying mechanisms. For these purposes, plantelectrophysiological experiments and expression analyses on callose-related genes were
performed on Col-0 and sli1-1 mutants of Arabidopsis plants. Firstly, the electrical penetration
graph (EPG) recording of sieve element signals showed that feeding aphids started to salivate
longer into the phloem after a neighboring leaf was mechanically wounded. This indicated that
SLI1 might initiate systemic wound responses. Secondly, RT-qPCR analyses demonstrated
that SLI1 expression is related to plasmodesmata opening. Therefore, we assumed that SLI1
resistance is based on P-protein- and plasmodesmata-mediated defense responses which
initiate rapid P-protein response within seconds and a long-term callose sealing lately within
minutes. SLI1’s property in P-protein agglomeration was assumed based on its potential as a
scaffold for other P-proteins. The plasmodesmata permeability is affected by the actin
cytoskeleton and plasmodesmata opening can be initiated by actin depolymerization. Future
studies are suggested to address SLI1’s role in callose deposition through actin
depolymerization and initiated expression of PAD4, a major defense regulator in aphidArabidopsis interactions. Finally, these results are aimed to help the establishment of SLI1 as
an R gene for resistance breeding against phloem-feeding pests.

Keywords: vascular transport, plant resistance, electrical signaling, herbivory, aphids

81

ID: 11

Symplastic connectivity tunes immune responses to chitin

Catherine Walker, Jeroen de Keijzer, Estee Tee, Christine Faulkner
John Innes Centre, United Kingdom

Cell-to-cell communication is vital to numerous physiological and developmental processes in
plants. This communication is facilitated by plasmodesmata (PD), plasma membrane-lined
channels that connect neighbouring cells, the aperture of which is dynamically regulated in
response to various immune elicitors including the fungal cell wall polymer chitin. Perception
of chitin by the receptor LYM2 leads to re-localisation of LYM2 from the plasma membrane to
the PD and subsequent callose-mediated PD closure. In Arabidopsis thaliana, lym2 mutants
display enhanced susceptibility towards the fungal pathogen Botrytis cinerea, reinforcing the
importance of chitin-triggered PD closure to the innate immune response. However, the
immune signalling responses downstream of PD closure remain unknown and we aimed to
spatiotemporally resolve the transcriptional responses that occur due to chitin-triggered PD
closure.
RNA sequencing revealed that at thirty minutes, when chitin-induced PD closure is first
observed, a transcriptional response to chitin is induced in both wild-type (Col-0) and lym2 leaf
tissues local to the site of chitin application. Unexpectedly, the amplitude of the transcriptional
response towards chitin was greater in lym2 suggesting that PD closure is not required for the
initial immune response. However, six hours after treatment, a transcriptional response was
observed in tissue local and distal to the site of treatment in Col-0 but not lym2, suggesting
that plasmodesmal closure may be required to sustain the transcriptional response and for
propagation of this signal to distal tissues. Through gene ontology analysis, a subset of
upregulated genes associated with abscisic acid (ABA) signalling were identified in Col-0
tissue distal to chitin application and exogenous treatment with ABA was subsequently found
to reduce PD permeability in a concentration-dependent manner. Furthermore, several
mutants impaired in ABA synthesis and signalling, including ABA3 and ABF3, did not exhibit
a reduction in PD permeability after chitin treatment suggesting that ABA signalling may to
some degree mediate chitin-induced PD closure.
These data suggest that PD and symplastic connectivity regulate processes that are critical to
core cellular functions, regulating the amplitude and duration of immune responses. Ongoing
work aims to further temporally resolve the dynamics of chitin responses to dissect the role of
ABA and symplasmic connectivity in the propagation of this possible chitin-induced mobile
signal.
Keywords: plasmodesmata, immune responses, chitin, transcriptional response, symplast
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The unique vascular anatomy of conifer needles optimises water exchange between
xylem and phloem
Chen Gao1, Tomas Bohr2, Alexander Schulz1
1

University of Copenhagen, Denmark; 2The Technical University of Denmark

Leaves control the opposite movements of water import and photoassimilates export through
transpiration and phloem loading, respectively. The diversity of leaf morphologies found in the
plant kingdom has evolved as adaptations to ecological habitat types. The shape and vascular
anatomy of conifer needles are fundamentally different from the broad leaves of most
angiosperm. Conifer needles contain an extended transfusion tissue that surrounds the axial
xylem and phloem strands and is confined by an endodermis-type bundle sheath with
Casparian strips, indicating unique adaptations of vascular transport to the xerophytic and
frost-resistant lifestyle of conifers.
X-ray microtomography (µXCT) with water-soluble tracers enabled us to render the 3D
architecture of the transfusion tissue in intact needles with high resolution and quantify the
membrane surfaces in this tissue. The transfusion tracheid system between the axial venation
and the bundle sheath formed a sponge-like apoplasmic domain as established for four
different pine species with needle lengths ranging from 5 to 22 cm. Cell chains consisting of
transfusion parenchyma bridged the apoplasmic domain not directly but as tortuous
symplasmic pathways linking bundle sheath and axial phloem. The parenchyma cells were
coupled by pit fields with numerous plasmodesmata, thus enabling photoassimilate transport
from mesophyll to sieve elements. In the transfusion tissue of Pinus pinaster, the volume ratio
of symplasmic to apoplasmic domains was 2 to 1 [1].
The transfusion parenchyma can be considered to be an extension of the axial phloem that
provides a more than 5-fold increase in membrane surface towards the transfusion tracheid
system, optimizing osmotic water uptake from the apoplasm. This is supported by the
localisation of aquaporins to the bundle sheath, transfusion parenchyma and axial phloem [2].
Interestingly, also sucrose-proton cotransporters were immunolocalised to the same cell types
in conifer needles [3]. We interpret this finding as a retrieval mechanism to cope with the huge
water potential difference between transfusion parenchyma cells, filled with photoassimilates,
and the apoplasmic domain filled with xylem sap.
[1] Gao C, Marker SJV, Gundlach C, Poulsen HF, Bohr T, Schulz A (2022) Tracing 3D apoplasmic complexity in
vascular tissue of live conifer needles by X-ray computed tomography. bioRxiv: 2022.01.22.477321.
[2] Laur J, Hacke UG (2014) Exploring Picea glauca aquaporins in the context of needle water uptake and xylem
refilling. New Phytol 203: 388-400.
[3] Han X, Gao C, Liang B, Cui J, Xu Q, Schulz A, Liesche J (2022) Evidence for conifer sucrose transporters'
functioning in the light-dependent adjustment of sugar allocation. Tree Physiol 42: 488-500.
Keywords: Conifer needles, transfusion tissue, water allocation, sugar transport, X-ray computed tomography
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Single-cell transcriptomics of the vascular cambium reveals a role of strigolactone
signalling in modulating vessel formation and drought response

Jiao Zhao1, Kiara Kaeufer1, Dongbo Shi2, Changzheng Song1, Thomas Greb1
1

Centre for Organismal Studies (COS), Heidelberg University, Germany; 2University of Potsdam,
Germany

Integration of environmental cues into developmental programs is characteristic for plants and
important for coping with stressful conditions. Vessel elements are the main long-distance
conduits for water and produced by the vascular cambium during radial plant growth. However,
how vessel formation is aligned with environmental requirements is largely unclear. Here, we
show by single-cell transcriptomics and tissue-specific pathway modulation that strigolactone
(SL) signalling restricts vessel formation during radial growth of Arabidopsis and, at the same
time, increases drought resistance. Using a ratiometric SL signalling sensor and spatial
expression analyses we show that SL signalling is associated with differentiating vascular
tissues but that signalling levels are particularly low in developing vessel elements. Moreover,
the SUPPRESSOR OF MAX2 1-LIKE 7 (SMXL7) protein – a proteolytic target of the SL
signalling pathway – is expressed in developing vessel elements and specifically SMXL7deficiency can compensate the effects of SL signalling perturbations. Interestingly, enhancing
auxin signalling in vessel forming cells likewise enhances vessel formation and water
transpiration rates indicating an interconnected role of both pathways in tuning vessel
formation. Collectively, we propose that SL signalling modulates the radial pattern of auxin
signalling in the cambium area and, thereby, integrates environmental information resulting
into structural adaptation of xylem tissues to reduced water availabilities.

Keywords: xylem, vessel formation, strigolactones, cambium, drought resistance
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Glycome Profiling of Vascular Tissues in Wild-Type and Mutant Arabidopsis Stems

Michael G, Hahn1,2, Angelo G. Peralta1,2, Sivakumar Pattathil1, Sivasankari
Venketachalam1, Joseph Dahlen3, Taku Demura4
1University

of Georgia, Complex Carbohydrate Research Center, Athens, GA, United States of America;
of Georgia, Department of Plant Biology, Athens, GA, United States; 3University of Georgia, Warnell
School of Forestry and Natural Resources, Athens, GA, United States; 4Nara Institute of Science and
Technology, Division of Biological Sciences, Nara, Japan
2University

Glycome profiling is a powerful tool for understanding plant cell wall structure and composition,
and for monitoring changes in plant cell walls during growth and differentiation. However,
current glycome profiling protocols utilize whole plants, plant organs, aggregate plant biomass
and do not allow for analyses of wall composition and heterogeneity amongst different plant
cell types. Here we report a novel, sensitive, and reproducible method of glycome profiling that
can be applied to specific cell types. We have used laser capture micro-dissection to isolate
individual vascular cell types, namely those derived from the vascular bundles and
intrafascicular fibers. A simplified wall extraction procedure allowed the reproducible
determination of glycome profiles of the cell walls in these two vascular cell types from wildtype Arabidopsis stems and from plants carrying mutations in genes that regulate secondary
cell wall deposition in vessels. We show that cell wall extracts from these vascular cell types
display varying glycan epitope contents, particularly with regard to xyloglucan and xylan
epitope compositions, depending on the genetic background of the plants being studied. These
results demonstrate that it is possible to immunotype cell walls from specific cells in selected
plant tissues and open up the opportunity to examine the structure and composition of the
walls of selected plant cell types along developmental gradients.

Keywords: Plant cell wall, xylem, glycome profiling
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Grafted Arabidopsis thaliana tissue/cell-specific transcriptome map and responses to
nutritional changes

Yagmur Hasbioglu1, Eleni Mavrothalassiti1, Federico Apelt1, Saurabh Gupta1, Ying Xu1,
Eleftheria Saplaoura1, Melissa Tomkins2, Anupreet Saini1, Richard J. Morris2, Friedrich
Kragler1
1

Max-Planck-Institute of Molecular Plant Physiology, Wissenschaftspark Golm, Am Mühlenberg 1,
14476 Golm, Germany; 2Computational and Systems Biology, John Innes Centre, Norwich, NR4 7UH,
UK

We have shown with heterografted A. thaliana ecotypes and by deep sequencing that a high
number of mRNAs travel either from shoot to root or from root to shoot or in both directions.
Furthermore, plants grown in nutrient-limiting medium lacking phosphate or nitrate strongly
affect the graft-mobile mRNA population. For instance, some transcripts found mobile under
phosphate starvation were not found mobile under nitrate starvation or full nutrition
independent of their expression. Additionally, mRNAs seem also to move tissue specific from
e.g. roots to rosette leaves and/or flowers. However, our understanding of the signaling
function of graft mobile mRNAs is very limited.
To gain insights into the signaling function and tissue specific transport of mobile mRNAs, we
use single-cell RNA sequencing (scRNA-seq) on Arabidopsis thaliana Columbia-0 (Col-0)
heterografted with Landsberg erecta-1 (Ler-1) to create a scRNA transcriptome map of plants
grown under phosphate and nitrate starvation and full nutrition conditions. This allows us to
build a comprehensive database of mobile mRNAs moving to specific cell types under specific
growth conditions. Preliminary experiments confirmed NITRATE REDUCTASE 2 (NIA2) and
ANNEXIN1 (ANN1) as graft mobile mRNAs that are nutrition dependent. These with other
nutrition and cell type dependent mobile transcript candidates will be further analyzed to
understand their potential signaling role. Detailed information will be presented at the poster
session.

Keywords: hypocotyl grafting, scRNA-seq, mobile mRNAs, nutrient starvation
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Mobile mRNA detection in heterografted Solanaceous crops

Michelle MingYu Heeney, Hamid Razifard, Adrienne Roeder, Margaret Frank
Cornell University, United States of America

Grafting, with its ability to increase yield and stress resilience, benefits many crops including
Cucurbitaceous and Solanaceous crops. Mobile mRNA (mb-mRNA) in grafted plants has been
identified in multiple studies and has been shown to move between root and shoot systems
over long distances, in a bidirectional manner. The true quantity, function, and significance of
mb-mRNA have garnered much debate. To gain insight into the factors potentially influencing
mobility as well as the true quantity and identity of mobile signals, we developed a stringent
bioinformatic pipeline for mb-mRNA detection in tomato (Solanum lycopersicum) and eggplant
(Solanum melongena) heterografts. Using exclusive alignment to a false-concatenated
eggplant-tomato genome, dropping all non-uniquely aligning genes in homografts, we
identified patterns of genome-wide mRNA exchange in heterografts. From the application of
this pipeline, we identified tens to hundreds of mobile mRNA transcripts— far less than that
reported by less stringent alignment methods. We detected mb-mRNAs in both the scion and
rootstock of eggplant-tomato and tomato-eggplant heterografts. Our analysis pipeline provides
a unique tool for mobile signal detection that can be used in systems with divergent genomes
which cannot be analyzed with SNP calling.

Keywords: grafting, mRNA, mobile, cell biology, vascular biology
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True or false, heads or tails, SNP or error, mobile or not; And the implication for
determining the mobility of mRNA

Franziska Hoerbst1, Melissa Tomkins1, Saurabh Gupta2, Federico Apelt2, Friedrich
Kragler2, Richard J. Morris1
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Studying single nucleotide polymorphisms (SNPs) has become extremely useful in many
areas of biology, from GWAS to molecular evolution to long-distance RNA transportation in
vascular plants.
All these analyses, however, depend on distinguishing potential sequencing errors from true
SNPs.
We constructed a statistics pipeline for differentiating sequencing errors from actual SNPs
tailored to our main use case: the identification of graft-mobile mRNA.
Hundreds, maybe thousands of RNAs are transported over long distances through plants and
between parasitic plants and their hosts. One hypothesis for their transport is that they are
acting as signalling molecules conveying messages from on part of the plant to another. To
test this involvement, however, we need to be able to detect and trace them.
In numerous experiments, different ecotypes of Arabidopsis thaliana are grafted together, and
mRNAs travelling around between the two ecotypes across the graft-junction can be detected
by their ecotype specific SNPs. RNA-seq performed on samples taken from all over the grafted
plant give us information about where specific alleles are populated.
However, separating the sequencing errors from the SNPs has previously been an area of risk
for quality, as population numbers of the mobile mRNAs can be very low and RNA sequencing
errors can’t be fully eradicated.
In our new statistical pipeline for the RNA-Seq data, we input position specific error
probabilities and infer expected sequencing error distributions for all of them. By calculating a
Bayes factor for each SNP, we compare the evidence for the expected sequencing errors to
the sequencing data in which we are looking for specific SNPs. In that way, we can identify
the positions where solely sequencing errors cannot explain the variability we see – we identify
the true SNPs.
We tested this method extensively on simulated data and found really strong sensitivity and
specificity in the performance of our exact Bayesian inference approach. Furthermore, we
used the methods to re-analyse published mRNA-mobility data and identified a list of high
confidence mobile transcripts. These mobile transcripts and their transport are now ready to
be studied intensively to test their potential involvement in signalling processes.

Keywords: Bayesian inference; graft-mobile mRNA; long distance transport; RNA-Seq analysis
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Cell-to-cell transport as a series of Narrow Escape Problems

Aoife Hughes, Melissa Tomkins, Christine Faulkner, Richard Morris
John Innes Centre, United Kingdom

Multicellular organisms depend on molecular communication systems in order to coordinate
their development, growth, and response to environmental stimuli across cells. Plant cells
transport small molecules from cell to cell via plasmodesmata, nanoscopic channels spanning
across the cell wall, by diffusive processes. Cells alter the diameter of these channels in order
to control intercellular flux.
Transport through plasmodesmata has received much attention in recent years, yet the full
effect of their influence on molecular communication, particularly during pathogen defence,
remains unclear.
Here, we present a framework for the efficient modelling of tissue-level transport as a graph
structure. Using the narrow escape problem, a method for determining time for particle
transport out of containers with small openings on their surface, we calculate effective diffusion
coefficients for transport as a function of plasmodesmatal aperture and density. Our models
use these effective diffusion coefficients to dynamically update, enabling us to test changes to
cell-cell transport as a result of hypothetical plant-pathogen interactions.
Predictions from these models could be used to guide future experiments.
Keywords: Plasmodesmata, Modelling, Transport, Simulations, Signalling
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O-glycosylation of WUSCHEL-RELATED HOMEOBOX 4 fine-tunes radial growth

Pascal Hunziker, Thomas Greb
Centre for Organsimal Studies (COS), Universität Heidelberg, Germany

Stem cell proliferation is tightly coordinated with metabolism to maintain energy homeostasis.
In animals, it is well-documented that perturbations in energy homeostasis trigger posttranslational modification of nucleocytosolic proteins with O-linked N-acetylglucosamine (OGlcNAc) to adjust stem cell activity. O-GlcNAc modification of proteins has previously been
demonstrated in plants, but its role in regulating growth and development is unclear. By
transcriptional profiling of O-GlcNAc-deficient mutants we found that the pathway is required
for promoting meristematic activity. Indeed, the plant O-GlcNAc transferase SECRET AGENT
positively regulates radial growth in Arabidopsis, which is driven by the vascular cambium.
Glycoproteomic analysis revealed that key transcriptional regulators of vascular development
are modified by O-glycosylation and identified WUSCHEL-RELATED HOMEOBOX 4 (WOX4)
as a candidate for fine-tuning stem cell activity in the vascular cambium in response to
metabolic perturbations. We show that SECRET AGENT physically interacts with WOX4 in
vivo. O-glycosylation of WOX4 was confirmed using in vitro enzymatic assays and attributed
to the disordered N-terminal domain. Fluorescence recovery after photobleaching indicates
that the glycosylated region is crucial for protein trafficking. Together, our results suggest that
cambium stem cells adapt proliferation to perturbations of plant energy homeostasis via
dynamic glycosylation of WOX4.
Keywords: glycosylation, cambium, metabolism, development
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A single-cell RNA sequencing reveals direct control of cambium multipotency by light

Hyeona Hwang, Yookyung Lim, Hyunwoo Cho
Chungbuk National University, Korea, Republic of (South Korea)

Plants sense the light information to optimize growth and development through
photoreceptors. The studies on molecular event directing photomorphogenic processes are
well-documented in primary growth including hypocotyl elongation, root growth, and
germination. However, the existence and/or molecular evidence of photomorphogenesis
during secondary growth is totally unknown. Here, utilizing Arabidopsis hypocotyl as a model
for secondary growth in plants, we uncovered a connection between light signaling and
cambial cell fate determination involving blue-light photoreceptor (CRYPTOCHROME (CRY))
and downstream transcription factor (ELONGATED HYPOCOTYL 5 (HY5)). CRY-mediated
blue light signaling functions as a bifunctional regulator, acting as both an inducer of xylem
fiber differentiation and a suppressor of cambial proliferation. On the basis of systematic
profiling of CRY-dependent blue light-responsive genes at single-cell level during secondary
growth, we revealed that blue light preferentially reprograms cambium cell transcriptional
identity into xylem fiber through the NAC SECONDARY WALL THICKENING PROMOTING 3
(NST3)-driven hierarchical SCW biosynthesis. At the molecular level, HY5 inhibits the xylem
fiber formation via direct binding on the promoter of NST3, thereby acting as a long-distance
light signal transmitter. In total, our finding delineates how plant utilizes light information for
secondary growth and provides insight into potential molecular evidence of how tree produces
different wood tissue during seasonal changes.
Keywords: light signal, HY5, xylem fiber differentiation, secondary cell wall
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Chasing the ROP GTPases involved in protoxylem wall formation

Srishti Jha, René Schneider
UNIVERSITY OF POTSDAM, Germany

Growth and development of plants is eminently dependent on water flow. Xylem is the
specialized tissue that conducts water and provides the mechanical support to grow tall.
Primary xylem consists of protoxylem and metaxylem vessels, which can be differentiated by
their diameter and secondary wall patterns. Typically, the thinner protoxylem shows helical
and annular patterns, whereas the thicker metaxylem shows homogeneous walls with
interspersed pits. How these patterns support water flow is currently not understood.
Secondary wall patterns are speculated to originate from the action of small GTPases of the
RHO-OF-PLANTS (ROP) gene family, consisting of 11 members in Arabidopsis. ROPs
function as molecular switches, with an active GTP-bound and an inactive GDP-bound state,
respectively. It is the active state that triggers the recruitment of ROP effectors that act on the
cytoskeleton. In metaxylem for example, active ROP11 is partitioned into isolated plasma
membrane domains, a pattern that originates from the interplay with GAP3 activation proteins
and GEF4 exchange factors in a reaction-diffusion mechanism. Active ROP11 recruits MIDD1
and KINESIN13A proteins, which remove microtubules from these domains, inhibiting wall
synthesis there. This leads to the formation of pits in an otherwise homogeneously thickened
wall. Despite numerous advances on the molecular details of such interactions, we currently
lack understanding of the role of other ROPs during xylem development.
Besides ROP11, we have identified seven additional ROPs and several GAPs and GEFs
genes that are upregulated during protoxylem formation. This hints towards functional
redundancy rendering single knockout mutant analyses unlikely to generate new insights. We
thus aim to generate a new generation of ROP mutants that are targeted exclusively to the
xylem. In this approach, we will express constructively active and dominant negative versions
of each ROP under a xylem-specific, inducible promoter to investigate their function in the
developing primary xylem of Arabidopsis roots. We will focus on the formation of secondary
wall patterns and have therefore developed a new, sensitive phenotyping method to detect
and quantify even subtle changes in wall patterns. We believe that tissue-specific and inducible
mutations represent promising tools to decipher the role of ROPs in the xylem and beyond.

Keywords: Xylem, Secondary Cell Wall Patterns, ROPs, GEFs, GAPs
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A Systems View of Nitrogen Signaling Interactions

Gab KROUK
CNRS, France

Plants need to adapt to a myriad of combined signals coming from i) their environment and ii)
their own metabolism [1]. Gene Regulatory Networks (GRNs) leading to these adaptations
and signal integration are the central point of our research. Here, by focusing on Nitrate (NO3) regulated transcription factors (TFs) and their genome wide activity, we show, using a
technique called TARGET (Transient Assay Reporting Genome wide Effect of Transcription
factors [2] ), that we were able to identify several important signaling cross-talks between NO3, Phosphate (PO43-) [3,7] and Reactive Oxygen Species (ROS) pathways [4]. These studies
open perspectives at the same time on i) applied biotechnology [since we discovered
genotypes with an enhanced NO3- transport activity] [4], as well as on ii) basic understanding
of large GRN function, dynamics [5,6], emerging properties, and topology in plants [6].
[1].Krouk Plant Mol Biol 2016.
[2].Bargmann et al. Mol Plant 2013.
[3].Medici, et al . Nature communications 2015.
[4].Safi, et al. JEB, 2021.
[5].Para et al. PNAS 2014. 111:10371-10376
[6].Carre, Mas & Krouk NPJ systems biol. and applications 2017.
[7] Medici, Szponarski et al. Plant Cell 2019
Keywords: Nitrate, Phosphate, Gene Regulatory Network
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Interaction partners of plant sucrose transporters affecting leaf development and
entrainment of the circadian clock
Varsha Garg, Jana Reins, Aleksandra Hackel, Christina Kühn
Humboldt-Universität zu Berlin, Germany

By help of the split-ubiquitin-system, several interaction partners of sucrose transporters
(SUTs) have been identified and confirmed by alternative methods such as bimolecular
fluorescence complementation (BiFC).
SUT-interacting proteins have been found at the plasma membrane, the ER, at
plasmodesmata, and in the vacuole. Depending on protein interactions, oligomerization, or
other environmental parameters, plant sucrose transporters redistribute to different subcellular
compartments and seem to be highly dynamic within cells (1, 2).
One SUT-interacting protein is associated to plasmodesmal structures exclusively, and seem
to affect leaf development via impact on homeobox domain transcription factors.
Elucidation of the interactome of StSUT4 helped to identify key players for the entrainment of
the circadian clock in Solanum tuberosum. Among the SUT4-interacting proteins, we identified
the ethylene receptor ETR2, the calmodulin-like calcium binding protein PCM1, and a calciumload activated calcium channel (CLAC). SUT4 and the ethylene receptor ETR2 are tightly coexpressed supporting our findings furthermore.
We identified EIN3 as one of the downstream targets of StSUT4 since EIN3 expression is
significantly increased in StSUT4-overexpressors. EIN3 is known as transcriptional repressor
involved in ethylene signaling, and in Arabidopsis the main phloem loader SUT1, SUT4, CTR1
and ETR2 are among the ethylene-dependent EIN3 target genes (3) suggesting a feedback
regulation.
Silencing of sucrose transporter StSUT4 prolonged the circadian period in transgenic potato
plants, and the circadian oscillation regarding accumulation of soluble sugars, sucrose export
from leaves and expression of other circadian genes such as StSUT1 is delayed (4). The
ethylene production is reduced and does not follow diurnal oscillation anymore (5).
We conclude that StSUT4 is involved in the sucrose and ethylene-dependent entrainment of
the circadian clock in potato. A sucrose- and ethylene-dependent entrainment of the circadian
clock is also described in Arabidopsis (6). Thus, StSUT4 is assumed to cross-link calcium,
ethylene and sucrose-signaling by direct protein-protein interactions (2, 7).
Keywords: sucrose transport, ethylene signaling, calcium signaling, circadian clock, subcellular
compartments

94

ID: 24

Deciphering Sugar Uptake and Transport Mechanisms by Plant Roots

Ofir Aharon Kuperman, Filipe Natalio
Weizmann institute, Israel

Plants are considered fully photoautotrophic organisms, producing sugar for their consumption
through photosynthesis1. Yet, plants can uptake and transport sugars upward when fed
exogenously to their roots. While this phenomenon has been known since the early days of
plant sciences2, the underlying biochemical mechanism remained largely unexplored. Using
Arabidopsis thaliana as model plant system, we found different upward transport rates for
fluorescent glycoside (esculin) and fluorescent dyes (esculetin and rhodamine B), suggesting
different transport pathways for glycoside vs. non-glycoside markers. Detailed metabolomic
profiling of roots and shoots of A. thaliana fed exogenously with 13C labeled glucose shows
labeled glucose accumulation in the shoots, its catabolization in both roots and shoots and
downregulation of the amino acid synthesis-related pathways through pyruvate/acetyl-CoA
intermediate pathway.
Further work will explore a transcriptomic response to dynamics of sugar uptake by plant roots
through single-cell high-resolution sequencing of roots fluorescently marked for specific cell
types. Deciphering of this mechanism through a multi-omics perspective could allow deeper
understanding of plant carbon economy and sink-source interactions and renewal interest in
this mechanism, discovered more than a century ago.
Reference:
1. Stirbet, A., Lazár, D., Guo, Y. & Govindjee, G. Photosynthesis: Basics, history and
modelling. Ann. Bot. 126, 511–537 (2020).
2. Knudson, L. Influence of certain carbohydrates on green plants. Memoir. 9, 75 pp. (1916).
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Capturing tissue-specific responses to (a)biotic nitrogen signals in the root of
Arabidopsis thaliana

Noah Kürtös, Leonie Kraska, Tonni Grube Andersen
Max Planck Institute for Plant Breeding Research, Germany

Anatomically, roots consist of the central vascular cylinder enclosed by the endodermal, cortex
and epidermal cell layers. The innermost endodermis contains apoplastic barriers - Casparian
Strips (CS) - that allow selective solute uptake from the soil by forcing transport across the
plasma membrane. In older root parts, the entire surface of most endodermal cells is covered
by suberin lamellae, which block transport across the plasma membrane and thereby likely
renders the endodermal cell insensitive to its surroundings. However, some few cells situated
at the endodermal xylem poles remain unsuberized. As they may form a path of low resistance
for radial flow of solutes through an otherwise sealed endodermis, these cells have been
termed “passage cells” (PCs) despite lack of functional evidence. Intriguingly, suberization and
passage cell occurrence is highly dynamic and responsive to nutritional stress, which suggests
an active role in nutrient homeostasis.
While the effect of several nutrients has been investigated (Andersen et al., 2018; Barberon
et al., 2016), very little is known of how the N-status affects this intriguing dynamic barrier
system. Thus, we set out to investigate this. Surprisingly, we found that nitrogen starvation
results in an oversuberization of the endodermis and consequent closure of PCs. Therefore,
we want to probe the mechanism(s) of how tissue-specific N-starvation responses connect to
endodermal barriers. To do so, we have employed tissue-specific Translating Ribosome
Affinity Purification (TRAP) using both promoters specific to the late PC-containing root as well
as the meristematic counterparts. This approach allows us to investigate spatially how chronic
and acute N-starvation affects different parts of the root in a tissue-specific manner. We use
fluorescent, transcriptional reporter lines to investigate genetic responses of candidate genes
to reveal how their expression pattern changes upon mineral nitrogen availability. Moreover,
as tissue-specific roles in nitrogen use efficiency (NUE) have a huge agricultural impact, we
aim to translate our gained insights into the crop Camelina sativa and test how our findings
affect agricultural qualities such as yield and resistance in field-like growth conditions.
Andersen, T. G., Naseer, S., Ursache, R., Wybouw, B., Smet, W., De Rybel, B., Vermeer, J. E. M., &
Geldner, N. (2018). Diffusible repression of cytokinin signalling produces endodermal symmetry and
passage cells. Nature, 555(7697), 529–533. https://doi.org/10.1038/nature25976
Barberon, M., Vermeer, J. E. M., De Bellis, D., Wang, P., Naseer, S., Andersen, T. G., Humbel, B. M.,
Nawrath, C., Takano, J., Salt, D. E., & Geldner, N. (2016). Adaptation of Root Function by NutrientInduced Plasticity of Endodermal Differentiation. Cell, 164(3), 447–459.
Keywords: Endodermis, Suberin, Passage Cells, Nitrogen, TRAP
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Deciphering the link between sugar transport and vascular system development: A
SWEET story

Beate Hoffmann1, Emilie Aubry1, Françoise Vilaine1, Catherine Bellini1,2, Sylvie Dinant1,
Rozenn Le Hir1
1

Université Paris-Saclay, INRAE, AgroParisTech, Institut Jean-Pierre Bourgin (IJPB), 78000,
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90183 Umeå, Sweden

In plant cells, carbohydrates are the main building blocks for central metabolism, for soluble
sugars storage and polysaccharides synthesis. Sugars also serve as signaling molecules and
osmotica during abiotic stress responses. Intercellular and intracellular transport systems are
therefore, not only critical for long-distance sugar allocation but also to modulate local sugar
partitioning ranging from tissular to subcellular scales.
The vascular system including phloem, (pro)cambium and xylem, is an important tissue for
sugar transport. A complex network of transcription factors controls its formation. At the
cellular level, cytosolic sugar availability is regulated by sugar exchanges at the plasma
membrane and the tonoplast, through the transport of sugars by plasmodesmata as well as
active and/or facilitated transporters, suggesting a complexity in fine tuning of sugar transport
and homeostasis in the vascular tissues. However, the balance between nutrient/sugars
availability in the vascular cells and their use for the development of the vascular tissues
remains to be addressed.
We are interested in the link between sugar transport and the plant vascular system
development. Among the various families of sugar transporters, we are focusing our analysis
on SWEET transporters, the latest sugar transporter family identified, that facilitate the
movement of soluble sugars along the concentration gradient. By using an integrated
approach, at the cell and the whole plant levels, we functionally characterized in Arabidopsis
thaliana several members of the SWEET transporter family and show that they are important
for the vascular system development and the secondary cell wall formation. Additionally, our
work shed new light on the central role of vascular parenchyma cells in these processes and
further highlights the importance of finely regulated intercellular and/or intracellular sugar
transport to assure appropriate plant growth and development.

Keywords: SWEET transporters, Phloem, Xylem, Development, Arabidopsis
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Candidatus Liberibacter asiaticus, the causal agent of citrus greening disease,
inhibits plant defenses to enable its movement
Amit Levy, Chiara Bernardini, Diann Achor, Chunxia Wang, Donielle Turner,
Christopher Vincent
University of Florida, United States of America

Huanglongbing (HLB) is a severe disease of citrus caused by the gram-negative bacterium
Candidatus Liberibacter asiaticus (CLas). It poses an existential threat to the industry
worldwide. Blocking the bacterial propagation and movement inside the plant can prevent
disease, but our understanding of the basic biology of the disease has proven to be difficult
due to the low levels and irregular distribution of the bacteria in the plant, and their restriction
to the phloem sieve elements. Previous studies reached the puzzling conclusion that although
infection increases callose deposition in sieve pores, the bacteria can still move in the phloem.
To explain this situation, we examined two critical molecular symptoms associated with HLB:
phloem occlusion by callose and production of reactive oxygen species in two different tissues.
We assessed these symptoms in phloem cells of young leaves and in seed coats, a sink tissue
at which point direct vascular connections terminate. In the leaves, we saw that both phloem
occlusion and ROS levels indeed increased in the infected trees, and that this increase led to
inhibition of sugar translocation in the phloem. However, the problem with this result is that, in
the leaves the bacterial titer is low, and the cells examined were for the most part bacteriafree, despite high callose deposition. On the other hand, in the seed coats we found that the
bacteria accumulate to very high levels, but callose is absent. We also demonstrate that when
bacteria are present, either in the shoot or seed phloem cells, they reduce both callose and
ROS levels, which enables them to pass through the sieve pore. This provides strong evidence
that during pathogen colonization, CLas inhibit the plant defence response, aimed to block
bacteria movement, and this allows the pathogen to move through the sieve pores and the
plant.

Keywords: Phloem, Callose, Citrus, TEM
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Active phloem loading in tall trees of European beech (Fagus sylvatica) and Common
oak (Quercus robur)

Gertrud Lohaus, Wiebke Miehe, Laura Czempik
Molecular Plant Science/Plant Biochemistry, University of Wuppertal, Germany

The mechanisms of phloem loading are well verified in different herbaceous plant species,
whereas less is known about loading strategies in trees. Herbaceous plant species load the
phloem mainly actively, whereas for trees a passive loading mechanism was assumed, in such
a manner that sucrose diffuses from the mesophyll cells into the phloem cells. However,
experiments with saplings of different tree species have shown that phloem loading in trees
must also involve active loading steps. This leads to the question, which type of phloem
loading exists in tall trees? Therefore, the sugar metabolism, the subcellular sugar
concentrations in mesophyll cells and the expression of sucrose uptake transporters (SUTs)
were studied in tall trees of European beech (Fagus sylvatica) and Common oak (Quercus
robur).
Leave and branch samples from about 15-25 m high trees of European beech and Common
oak were analyzed. A comparison of the sugar and starch content in leaves and branches
(bark or wood) of small (1-2 m) and tall trees (15-25 m) showed no significant differences. Nonaqueous-fractionation were used to determine the subcellular sugar concentrations in
mesophyll cells and the concentrations were compared to the sucrose concentration in phloem
sap. In both tree species the sucrose concentration was significantly higher in phloem sap than
in the cytosol of mesophyll cells. Moreover, full length cDNA sequences of sucrose-uptaketransporters (SUTs) from type I, II and IV could be obtained from both tree species. The
expression of the different SUTs in leaves and branches (bark or wood) of small (1-2 m) and
tall trees (15-25 m) were similar. These results indicate that phloem loading of sucrose in tall
trees of Fagus sylvatica and Quercus robur must also involve active loading steps.

Keywords: phloem loading, trees, Fagus sylvatica, Quercus robur, non-aqueous fractionation, sucrose,
starch
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High-throughput single-cell transcriptome profiling of lateral meristems

Munan Lyu1,2, Meeri Mäkelä1,2, Thomas Eekhout3,4, Lingling Ye1,2, Jos Wendrich3,4, Bert
De Rybel3,4, Ari Pekka Mähönen1,2,5
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Institute of Biotechnology, HiLIFE, University of Helsinki, Helsinki, Finland.; 2Organismal and
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Plant Science Centre, University of Helsinki, Helsinki, Finland.; 3Department of Plant Biotechnology
and Bioinformatics, Ghent University, Ghent, Belgium.; 4VIB Center for Plant Systems Biology, Ghent,
Belgium.; 5Corresponding author

In eudicot, mature roots and stems undergo secondary development to increase their
thickness. Two lateral meristems, vascular and cork cambium, contribute to the radial growth;
the vascular cambium produces a highly efficient transporting system; the cork cambium plays
a role in protecting plants from environmental stresses. Secondary development is a pivotal
event not only for plant growth but also for preventing global warming by accumulating biomass
in the form of wood. Therefore, understanding lateral growth has both scientific and economic
significance. Recently we reported that the xylem identity cells act as an organizer that induces
stem cell identity to the adjacent cells in the cambium. Even though the organizer concept in
the vascular cambium has been revealed, still little is known about molecular mechanisms
underlying vascular and cork cambium development. This is mainly because there are many
unidentified genes regulating secondary development. To get insight into the genes regulating
cambium development in detail, we have performed single-cell RNA sequencing and
generated an atlas of the Arabidopsis mature root. With unsupervised clustering and reporter
analysis, we have annotated and validated all major cell types. Furthermore, we have identified
novel lateral meristems regulators and tissue-specific marker genes, which facilitates the
systematical analysis of cambium stem cell dynamics. This study enables us to understand
the spatial-temporal dynamics of two lateral meristems .

Keywords: root secondary growth, vascular cambium, cork cambium, single-cell RNA sequencing,
Arabidopsis
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Root architecture of Jasmonate biosynthesis

Yunjing Ma, Debora Gasperini
Leibniz Institute of Plant Biochemistry

The Jasmonate (JA) pathway protects plants against biotic and abiotic challenges, plays
essential roles in reproductive development, and is particularly well studied in leaves. In roots,
it also elicits the activation of defense genes while restricting organ growth. Nonetheless, it is
still unclear which root cell type(s) initiate the first burst of hormone production in response to
environmental stimuli such as mechanical damage or osmotic shock. Epidermal and root cap
cells are in direct contact with the surrounding root environment and are thus intuitive
candidates for initial JA production. However, in contrast to this simple expectation, we found
that Arabidopsis enzymes catalysing the first steps of root JA biosynthesis are basally
expressed in vascular tissues. As expected, their expression domain then expands to other
root cell types in response to a JA-inducing stimulus, thus coordinating root JA biosynthesis.
For example, among the four Arabidopsis 13-LIPOXIGENASE (13-LOX) enzymes catalysing
the oxygenation of the JA precursor alpha-linolenic acid, LOX6 is essential for root JA
production as lox6 mutants cannot synthesise JA in their roots and its basal expression domain
is confined to plastids in vascular tissues. Driving LOX2 expression under the LOX6 promoter
did not complement the lox6 mutant phenotype, suggesting that both enzyme localization and
regulation are critical for hormone synthesis. Ongoing experiments are thus addressing both
aspects with the analysis of extensive promoter swap lines and electron microscopy. Overall,
these preliminary experiments suggest that vascular tissues might be the first site of root JA
biosynthesis, raising profound implications for plant stress acclimation. Furthermore,
understanding the cell type specific architecture of JA biosynthesis and the regulation of its
biosynthetic enzymes may provide novel strategies for the future harnessing of plant defense
responses.

Keywords: root architecture, jasmonate, 13-LOX, plastids
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Hormonal control of mediolateral growth and vein proliferation in the maize leaf

Janlo Robil, Paula McSteen
University of Missouri, United States of America

Parallel veins are characteristic of monocot leaves, including grasses (Poaceae). Therefore,
how parallel veins proliferate as the blade grows in the medial-lateral (ML) dimension is a key
question in leaf development. While the genetic regulation of ML patterning in the leaf has
been investigated, hormonal mechanisms in the control of ML growth and vein proliferation
have not been resolved.
Using fluorescent protein (FP) reporters, we mapped the spatial-temporal response patterns
of auxin, cytokinin (CK), and gibberellic acid (GA) in maize (Zea mays) leaf primordia. We
further investigated genetic interactions through analyses of hormone single and double
mutants, and measurement of hormone concentrations.
We identified previously uncharacterized, tissue- and stage- specific auxin response patterns
that correlate with ML growth and vein formation in early plastochrons. We found CK response
patterns specific to developing provascular strands in early plastochrons and GA response
patterns in ground tissues in later plastochrons. Our genetic and hormone profile analyses
support the regulation of GA and CK by auxin in regulating ML growth.
We provide a spatial-temporal map and propose a conceptual model for hormonal control of
ML growth and vein proliferation in the maize leaf, providing new insights into leaf
development in grasses.

Keywords: vein development, auxin, maize, cytokinin
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Is autophagy always a death sentence? A case study of cytoplasmic degradation
during the development of sieve elements
Kornel M. Michalak1, Natalia Wojciechowska1, Julia Minicka2, Agnieszka BagniewskaZadworna1
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Autophagy is a degradation pathway with three types distinguished: 1) microautophagy, which begins
with tonoplast invagination incorporating cytoplasmic fragment into the vacuole for degradation; 2)
macroautophagy, with sequestered cargo in a double-membrane vesicle called autophagosome, which
is subsequently delivered to vacuole; 3) mega-autophagy that involves enlargement of vacuole with
hydrolytic enzymes and tonoplast rupturing, which leads to protoplast lysis. All of these processes occur
during programmed cell death (PCD) of xylem tracheary elements (TEs), which, as dead cells, are able
to transport water with nutrients. The second type of conductive cells are phloem sieve elements (SEs)
transporting assimilates. SEs differentiate from meristematic cells that contain a large nucleus and
dense cytoplasm, but mature SEs are poor in organelles. The mechanism of that organelle degradation
is still not completely understood. To date, microautophagy was believed to be responsible for cellular
component degradation, but there are some misconceptions in this theory. Here, we hypothesized that
the SE protoplast impoverishment is regulated by various, selective and relatively sophisticated
mechanisms.
All experiments were performed using pioneer roots of Populus trichocarpa as a model. Plants were
cultivated in rhizotrons, which allowed observation of the root system and appropriate collecting of
material. Anatomical analyzes (LM) were carried out to identify coordinated temporal changes of tissue
during phloemogenesis. Three development stages were distinguished: differentiation, early
development and maturation. Then, the event cascade of protoplast degradation during the
development of SEs was documented at the ultrastructural level (TEM). Additionally, immunochemical
detection was used (CLSM). A tyramide signal amplification (TSA) technique was chosen due to its
higher sensitivity than the standard protocol for immunolocalization.
From the beginning of SE development, progressive vacuolization is noticed, with numerous new
vacuoles, which cause the peripheral position of the nucleus soon. Next, many autophagic bodies were
detected, initiated throughout both microautophagy and macroautophagy. Thus, this work reveals that
also macroautophagy is involved in phloemogenesis process, which has been confirmed using
immunolocalization of its molecular marker - ATG8 protein. Soon after, tonoplast disintegrates, but it
does not result in protoplast lysis. This confirms that these degradation processes are strictly selective,
they can occur simultaneously and quite early, even before the enucleation. It is possible that the
rupturing vacuoles provide widening cell lumen, necessary for the flow of substances. Furthermore,
specific system of membranes was observed, which is responsible for the compartmentation and
separation of various phases of the cytoplasm. Undoubtedly, the protoplast is protected from the total
destruction, a large central vacuole is not formed, the disintegration of which could lead to lysis, as in
the case of TEs during xylogenesis. The only cell components observed close to the wall of mature SE
are mitochondria, a few cysterns of endoplasmic reticulum, sparse plastids and specific vesicles.
Several lines of evidence for the different types of degradation enable new viewpoints to be proposed,
which will be challenged for deepening our fundamental understanding of the dynamic process of
phloemogenesis.
Keywords: sieve elements, phloemogenesis, autophagy, Populus trichocarpa
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Unraveling tissue specific cytokinin response in the Arabidopsis root at single cell
resolution

Max Minne, Baojun Yang, Thomas Eekhout, Bert De Rybel
VIB Center for Plant Systems Biology, Belgium

During plant development, a precise balance of cytokinin is crucial for correct growth and
patterning, but it remains unclear how this is achieved across different cell types and in the
context of a growing organ. To understand the tissue-specific responses of increased cytokinin
levels, we profiled the transcriptional effect of a cytokinin treatment on root meristem cells at
single-cell resolution. Clear transcriptional changes were observed for most cell types, while
some subpopulations remained largely unaffected, suggesting tissue-specific responses. As
expected, primary response genes of the cytokinin signaling pathway, such as A-type
ARABIDOPSIS RESPONSE REGULATORS (ARR), were recovered as cytokinin inducible in
all cell clusters. By focusing on the cluster of procambium cells responding to cytokinin to
promote vascular cell proliferation, we previously showed that CYTOKININ OXIDASE3 (CKX3)
is an indirect target of the bHLH transcription factor complex formed by TARGET OF
MONOPTEROS 5 (TMO5) and LONESOME HIGHWAY (LHW) through SHORTROOT (SHR)
as mobile intermediate. These results indicate that our dataset can reliably predict tissue
specific transcriptional responses to increased cytokinin levels. Importantly, our dataset
uncovered many genes regulated by cytokinin in a highly specific spatiotemporal way that are
not differentially expressed in bulk RNA-seq datasets. We have selected nineteen such genes
with a vascular specific cytokinin response and report on their potential role in the cytokinindependent vascular proliferation.

Keywords: Arabidopsis, single cell RNA sequencing, cytokinin
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The potential role of phloem Cold Shock Proteins in RNA mobility
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Besides transporting metabolites and hormones, the plant phloem also delivers specific
proteins and RNAs from shoots to roots. In several distantly related plant species it was shown
that the phloem exudate harbors many RNA binding proteins (RBPs) and distinct RNAs.
Grafting experiments confirmed that both RBPs and RNAs are delivered from shoot to roots.
The process through which RNAs acquire mobility is still not fully understood, but it most likely
involves phloem RBPs binding to specific RNAs. RNA mobility is thought to be mediated by
structural features of RNA molecules, such as the presence of 5-methylcytosine (m5C)
modification. In human, proteins containing a Cold Shock Domain (CSD) have been found to
act as m5C readers. The Arabidopsis genome encodes four CSD-containing COLD SHOCK
PROTEINS (CSPs): CSP1, CSP2, CPS3 and CSP4. An ortholog of either CSP2 or CSP4 was
detected in the phloem exudate of B. napus. In line, we are currently investigating the RNA
binding profile of CSPs and addressing their potential role in plant development and RNA
transport, through the analysis of double and quadruple CSP knockout (CRISPR/Cas9)
mutants and fluorescent fusion constructs expressed under the control of the endogenous
promoter. Arabidopsis CSP2 and CSP3 are mainly expressed in shoot and root meristems,
whereas CSP1 and CSP4 show low and high expression in the vasculature, respectively.
Notably we found that CSP4 fluorescent fusion protein is able to move from shoot-to-root in
grafted plants. Currently we are phenotyping the mutants and performing RNA immunoprecipitation (RIP) assays to gain insights into the role of CSPs in phloem RNA transport.
Keywords: Phloem, RBPs, CSPs, RNA mobility, methylation
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Ectopic vascular tissue induced by overexpression of an AP2-domain transcription
factor in the model legume, Medicago truncatula
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AP2-domain transcription factors are plant-specific transcription factors, known to regulate
several plant development programs. We discovered two isoforms of an AP2-domain
transcription factor in Medicago truncatula that are upregulated within 24 hours post rhizobia
inoculation. Overexpression of one of the isoforms via hairy root transformation resulted in
ectopic vascular differentiation in the transgenic roots of Medicago. The transgenic roots were
also observed to form ectopic meristematic tissue in the epidermis that canalised towards the
central vasculature. These phenotypes were not observed on hairy roots overexpressing the
other isoform. Therefore, these phenotypes suggest the differences in transcriptional activities
of these two transcription factor isoforms to regulate nodule development .
Keywords: vascular differentiation, nitrogen-fixing nodules, transcription factor
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Deciphering the role of vascular brassinosteroid receptors in Arabidopsis and
sorghum.

Andrés Rico-Medina, Aditi Gupta, Fidel Lozano-Elena, Juan B. Fontanet-Manzaneque,
David Blasco, Ana I. Caño-Delgado
Centre of Research in Agricultural Genomics (CSIC-IRTA-UAB-UB), Barcelona, Spain

Brassinosteroids (BRs) are plant steroid hormones essential for plant growth and
development. They play key roles in cell division, elongation and differentiation of different cell
types and different organs along the plant life cycle. Such understanding is gained from studies
using mainly Arabidopsis primary root as a model system that have started to expand in crops.
The plant dwarfism associated to BR deficiency led to the identification of BR signaling
components controlling plant growth. In growing cells, the membrane steroid receptor BRI1
binding to the ligand triggers a signal cascade in the cytoplasm that will let the transcription of
BR-responsive genes in the nuclei driving major cellular responses in the plant. In special
cells, such as the vascular tissues, BRI1-like receptors BRL1 and BRL3 confer cell-specificity
to the BR pathway. Our lab has just started to elucidate how the BRL3 signaling contribute to
plant adaptation to drought by translating these findings into crops. We identified and
characterized Sorghum bicolor (sorghum) BR receptors with a focus on vascular function,
development, and overall plant resilience to climate stress. Our findings present a new picture
on BR signaling and open different tools and strategies for scientists to couple vascular
function and plant resilience.
Link to publications:
https://pubmed.ncbi.nlm.nih.gov/?term=caño-delgado&sort=pubdate
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Metabolite compartmentation plays a major role in long-distance phloem transport
into the storage root and drought tolerance of cassava

David Rüscher, Uwe Sonnewald, Wolfgang Zierer
Friedrich-Alexander Universität Erlangen-Nürnberg, Germany

Cassava (Manihot esculenta) is a woody, perennial shrub. Its starchy storage roots (SR) feed
millions of people worldwide. The plant is grown in a (sub-)tropical climate, experiencing rainy
and dry seasons. It readily sheds its leaves upon drought stress and regrows them after the
onset of rain. Therefore, the plant’s physiology is primed to store carbon and water effectively.
In a previous study, we were able to show that the cassava SR grows through the activity of
a single vascular cambium, producing large amounts of parenchyma cells. These cells are
filled with starch, but also surprisingly high levels of free amino acids, sucrose, and hexoses.
Accumulation of these metabolites occurs rapidly after SR formation. To gain a deeper
understanding of the storage root filling process on a whole-plant level, a systems biology
approach was chosen to study the cassava stem, leaves and storage roots at different
developmental stages. Transcriptome- and metabolome profiles were generated, and
phylogenetic analyses were performed to annotate genes relevant for the analysis of
carbohydrate transport processes.
Surprisingly, we found no expression of sucrose transporting SWEETs in leaf samples,
supporting a symplasmic way of phloem loading, as observed in other woody species.
Differences over the timecourse in the stem phloem were minor in comparison to the SR.
Phloem sap flow is accomplished through a concentration gradient within the phloem between
source and sink tissues, which is especially important in large – supposedly - symplastic
loaders like cassava. Without need for major changes in the stem, trapping of osmolytes in the
vacuoles could increase this gradient specifically to increase carbon flow into the SR during
the initial growth and filling phase. Appropriately, changes in vacuolar transporters within the
storage root was very apparent. Vacuolar importers – TST1-3, VGT1 and TDT – were
upregulated, while exporters – SUT4, ERD6, EDL4/ERDL6 and INT2 – were strongly
downregulated in the adult SR. Furthermore, expression of genes encoding for subunits of the
Vacuolar ATPase and AVP1 orthologues increased indicating higher energization of SR
vacuoles. Accumulation of metabolites in the vacuole is associated with drought tolerance
through higher cellular water content. Accordingly, most TIP and PIP genes were strongly
upregulated in SR and downregulated in the other tissues. The data implies that vacuolar
osmolyte content of the SR has an important role in not only long-distance sugar transport, but
also water storage. Furthermore, it highlights the importance of the SR – in addition to is wellknown role as starch storing organ - as an important water store to overcome severe drought
stress as occurs regularly during the dry season.
Keywords: cassava, storage root, omics, transporters, vacuole
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Barley rachis vasculature

Twan Rutten
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The vascular organization of the barley rachis in relation to spikelet number was investigated
by serial transversal internode sectioning of mature rachises from multiple lines and cultivars.
The complement of main vascular strands declines acropetally along the rachis. Vein number
appears correlated to the size of the spike. Comparing cv. Bowman with its mutant Bw-tst2.b
this observation could be refined to vein number being correlated to the number of spikelet
initials present at the stage of maximum yield potential (MYP). Vein diameter on the other hand
is clearly correlated to the number of mature spikelets near anthesis. An evaluation of two- row
cv. Golden Promise and the isogenetic six-row GP-vrs1a revealed that floret fertility has no
influence on vein diameter. Total vascular area shows a gradual acropetal decline. At the level
of the individual veins, however, this decrease is mainly accounted for by a serial succession
of fast declining veins in the middle of the rachis. Veins lying towards the periphery of the rachis
maintain a rather constant diameter. These results are mimicked by the dynamics of the large
metaxylem vessels and probably serve to reduce the costs for long distance transportion by
minimizing transport resistance. Barley rachis vasculature can thus be seen as the result of
two variable factors, the first being the vascular lay-out which is fixed at or before the MYP
stage, the second being the increase in vascular diameter which is concluded before anthesis.
Whereas the former appears related to the total number of spikelet initials, the latter is
correlated to the number of spikelets reaching maturity.

Keywords: internode, rachis, rachis vasculature, spikelet, vascular dynamics
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Metaxylem vasculature size as a predictor of freezing survival in winter barley
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The inability of current winter barley cultivars grown in the Upper Midwest to survive
temperatures that routinely reach -20°C or lower limits the prospects of diversifying local
cropping systems and providing ecosystem services arising from deploying winter cover crops.
Resolving this bottleneck requires the identification of new barley accessions with superior
ability to survive such continental winters and candidate traits associated with superior
performance to inform breeding. In this investigation, we first identified two groups of 4
landraces that exhibited sharply contrasted winter survival abilities in field trials conducted
across six U.S. Midwestern states over 3 years, out of an initial set of 268 accessions. We then
examined the hypothesis that superior freezing survival ability is associated with smaller xylem
vessel diameters as a mechanism that minimizes the likelihood of freezing-induced embolisms
or vessel collapse in the crown due to intracellular ice formation. Using leaf vasculature as a
proxy trait, we conducted xylem diameter measurements on the first three leaves on all
genotypes in two independent experiments based on 1,188 images. The analyses of these
images revealed that freezing-tolerant genotypes consistently exhibited significantly smaller
metaxylem vessel diameters irrespective of leaf rank, and that this difference was not
influenced by cold acclimation, indicating that this trait is highly heritable. In addition, exposure
to a freezing stress showed that xylem vessels were damaged in a way consistent with our
hypothesis while revealing complex patterns of vessel rupture. Finally, we tested the
hypothesis that such differences in metaxylem vessel size could be themselves proxied
through non-destructive measurements of gas exchange given evidence showing coordination
between water loss through the stomata and water supply through the xylem. Genotypes with
smaller vasculature tended to exhibit lower stomatal conductance and transpiration rates,
consistent with this hypothesis. Overall, our findings indicate that landraces equipped with leaf
metaxylem diameters smaller than 30 µm are prime donor parents and could be identified
using gas exchange measurements, pointing to new phenotyping approaches to accelerate
breeding for freezing survival.

Keywords: Freezing stress, embolism, phenotyping, plant hydraulics, xylem anatomy
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Long-distance transport of mRNAs: Transgene-free genome editing by TLS motifmediated transport of CRISPR/Cas9
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Plants exchange long-distance systemic signals in the form of micro- and macromolecules via
the vasculature. Messenger RNAs have been repeatedly found mobile in multiple species
raising questions about their function and selectivity. A motif regulating mRNA mobility could
be hidden in primary sequences, in secondary RNA structures and/or in secondary base
modifications.
Interestingly, specific tRNA-like structure (TLS) motifs have been shown to trigger transport of
non-mobile GUS transcripts over graft junctions bidirectionally. In line, TLS motifs are
predicted to be present in >11% of mobile mRNAs. As tRNAs are a target of many
ribonucleotide modification enzymes, we analysed the role of a post-transcriptional RNA
modification, namely 5-cytosine methylation (m5C). By comparing the m5C transcripts with
the graft-mobile mRNAs, a highly significant overlap was observed (64.4%, p < 2.1e-209).
Mobility of specific GUS:TLS fusion constructs and their variants is diminished in juvenile
dnmt2 nsun2b mutants, deficient in m5C RNA methylation. However, GUS:tRNAMet transport
over graft junctions to roots was not affected by substitution of methylated TLS nucleotides
predicted to stabilize their stem loop structure. We also found evidence for a dynamic
involvement of m5C methylation in mRNA transport. Transcript transport seems to depend on
the developmental stage independent of predicted TLS m5C modifications. These findings
point to an unexpected complex regulation of mRNA long-distance transport.
To analyse the extent of TLS-mediated transport, two TLS motif variants, shown to mediate
GUS mRNA transport, were fused to Cas9 and guide RNA (gRNA) transcripts to induce
mobility from transgenic rootstocks to grafted wild-type shoots (scions). Notably, both
transported RNAs are functional in the recipient tissues causing detectable gene edits in the
non-transgenic scions. Subsequently, the scions produce transgene-free seeds with edited
genomes. This graft-mobile gene editing system significantly accelerates the production of
edited plants – by removing the outcrossing step for transgene elimination – and can be
adjusted and used for a wide variety of graft-compatible species, including crop plants.
Summarized our results suggest that the capacity to form a predicted stable tRNA-like structure
is central for its function as a long-distance transport motif and that it can be used to promote
transcript mobility, as demonstrated here with CRISPR/Cas9 and the graft-mobile gene editing
system.
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Secondary wall formation in xylem as a model system to uncover principles of
cytoskeletal patterning in Arabidopsis thaliana

Annika Saß, René Schneider
Universität Potsdam, Germany

The vascular tissue is crucial for plant development as it conducts water and nutrients, and
provides structural support to grow. During its development, cells within the vascular bundle
reinforce their primary walls with an additional, exceptionally stiff secondary wall layer before
undergoing programmed cell death, leaving behind a cell wall container through which water
can be drawn. One of the main structural components of secondary walls is cellulose, which
is produced by membrane-spanning cellulose synthase complexes that move within the plane
of the plasma membrane guided by cortical microtubules. Similar to primary walls, the spatial
arrangement of microtubules thus dictates where and in which direction cellulose is
incorporated into the cell wall, which in turn determines the mechanical properties of the wall.
The early vascular tissue comprises proto- and metaxylem cells that show striking differences
in their secondary wall patterns. Metaxylem has a homogeneously thickened wall interspersed
with holes (pits), whereas protoxylem displays band and spiral patterns. The molecular
mechanisms that cause these different patterns, both at the cell wall and microtubule level,
are partly known for the metaxylem, but remain elusive for the protoxylem.
The differentiation into protoxylem is triggered by the VASCULAR-RELATED NAC-DOMAIN 7
(VND7) transcription factor. We use VND7-inducible Arabidopsis plants to induce synchronous
protoxylem development in all cells of the seedling, thereby rendering this process easily
accessible to genetic, biochemical, and microscopic analyses. We further use co-expression
network analyses based on transcriptome data to uncover genes involved in secondary wall
patterning. We identified a number of ‘novel’ candidate genes with a so far unknown role in
xylem wall patterning. We currently investigate knock-out mutants of those candidate genes to
study their role in xylem patterning by 1) phenotyping the secondary wall patterns in ‘native’
roots, and 2) observing the formation of induced secondary wall microtubule patterns with subcellular resolution in epidermal cells. We expect this research to provide insights in the
relationship of cytoskeletal regulation and cell wall development, thus offering us a novel
perspective at the molecular principles underlying plant water transport.
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Modelling drought responses of Eucalyptus using photosynthetic gain and hydraulic
risk
Alta Saunders
Stellenbosch University, South Africa

Plants are constantly trying to balance the trade-off between carbon gain through CO2 uptake
and the cost of water loss through stomata. Recently, more focus has been given to modelling
this interaction, with the idea that a plant will control its stomatal response in such a way to
make the maximum profit between carbon gain and hydraulic cost. The gain-risk model
proposes that plants will maximize production (photosynthetic gain) with increased water loss
(hydraulic cost) when water is readily available. Sperry et al. (2017) further developed the
model proposing that the hydraulic cost should be defined as the risk of hydraulic failure due
to embolism formation during drought. The gain-risk model has been tested on multiple
species; however, this model has not been tested on Eucalyptus, a commercially significant
species, at plant scale during drought and drought recovery. A wide range of water-use and
drought strategies has been observed within Eucalyptus, including hydraulic recovery postdrought. This study, therefore, tested the gain-risk model on Eucalyptus hybrids during drought
and drought recovery. The gain-risk model performed well in both E. grandis X camaldulensis
(GC) and E. urophylla X grandis (UG). Two distinct strategies were, however, observed
between the two hybrids based on their stomatal and hydraulic responses. UG showed a more
resilient strategy where stomatal conductance was maintained during drought, with
maintenance of carbon uptake but increased risk of hydraulic failure. GC utilized a resistant
strategy, tightly regulating stomatal conductance reducing water loss, however sacrificing
carbon gain through CO2 uptake. The gain-risk model performed better at predicting stomatal
responses for GC during short periods of drought, compared to UG. This highlighted the
importance of understanding water use strategies, as plants utilizing a resilient strategy can
maintain gas exchange regardless of the risk of hydraulic failure on which the gain-risk model
is based. It is clear that the water-use strategies of plants should be considered when
modelling stomatal responses. Given that the intensity and frequency of drought events are
likely to shift due to climate change, modelling plant responses to a changing climate is vital,
and the gain-risk model shows promise as a process-based approach in this context.
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Auxin induces cambium stem cell identity during radial shoot growth

Theresa Schlamp1, Klaus Brackmann2, Dongbo Shi3, Thomas Greb1
1

Centre for Organismal Studies (COS), Heidelberg University, Heidelberg, Germany; 2Department of
Cell and Molecular Biology, Science for Life Laboratory, Uppsala University, Uppsala, Sweden;
3
Institute for Biochemistry and Biology (IBB), Potsdam University, Potsdam, Germany

Growth and development of plants is highly plastic, a feature which is based on the
extraordinary flexibility of their cell identities. Radial thickening of plant shoots and roots is
driven by the vascular cambium, a stem cell niche which produces tissues specialized for long
distance transport in a bifacial manner. In shoots, cambium cells are initially only found in the
center of vascular bundles. During the onset of radial growth, cambium cell identity expands
into the area between vascular bundles – the so-called interfascicular region – thereby
establishing a closed cylinder of stem cell activity. Interfascicular cambium formation has
therefore the potential to serve as a showcase for induced trans-differentiation of cells and the
re-establishment of stem cell attributes in a differentiated cellular context.
By using a linage tracing system, we identified starch sheath cells as the origin of the
interfascicular cambium demonstrating an endogenously induced cell fate change. During
cambium initiation, these cells carried identity markers of both starch sheath and cambium
cells indicating a direct transition between both cell identities. Strikingly, induction of auxin
biosynthesis specifically in starch sheath cells was sufficient for provoking this cell fate
change and provided an experimental switch to analyze the sequence of events during the
de novo initiation of cambium identity. Interestingly, genome-wide transcriptional profiling
upon auxin-induction revealed similarities between the molecular signatures of cambium
initiation and the auxin-dependent formation of lateral roots. These signatures included the
induction of similar auxin signaling components and cell wall remodeling factors. Indeed,
histological analysis of arf7;arf19 double mutants which are affected in the formation of
lateral roots showed impaired induction of interfascicular cambium suggesting comparable
mechanisms within both processes.
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A novel phenotyping tool for secondary walls of proto- and meta-xylem

René Schneider
University of Potsdam, Germany

Plants are the tallest organisms on Earth - a feature that is supported by the watertransporting xylem vessels in their vascular system. The xylem vessels are fitted with a
particularly stiff secondary wall layer that protects against collapse due to the immense
negative pressure that prevails within them. Interestingly, the various vessel types differ
considerably in their secondary wall patterns, but little is known about the genes that underlie
specific patterns. To gain insight into the genetic basis of secondary wall pattern formation, a
novel phenotyping platform is proposed to record the entire three-dimensional geometry of
proto- and meta-xylem walls, which subsequently allows the application of mathematical
methods to quantify the patterns. With this strategy, screening mutant libraries for subtle
proto- and meta-xylem cell wall defects appears to be within reach, providing a strategy to
decipher the function that a particular cell wall pattern may serve.

Keywords: secondary cell wall, proto-xylem, meta-xylem, pattern formation
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Characterization of cambium stem cells using nuclear RNA-seq analysis identifies
stem cell-specific signatures
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Radial growth of plant shoots and roots is a stem cell-driven process fundamental for the
mechanical and physiological support of enlarging plant bodies. In most dicotyledonous
species, the underlying stem cell niche, the cambium, generates xylem toward the organ centre
and phloem toward the organ periphery. Here, we use the hypocotyl of Arabidopsis thaliana to
characterize stem cell activity in the proliferating cambium. Using pulse-labelling and
genetically encoded lineage tracing, we have shown that a single bifacial stem cell generates
xylem and phloem cell lineages (Shi et al., 2019). However, how bifacial stem cell homeostasis
and related cell fate decisions are regulated is largely unknown. To uncover cambium
organization, we revealed gene activities in different cambium domains, leveraging our
recently established analysis pipeline combining fluorescence activated nucleus sorting
(FANS) and RNA-seq (Shi et al., 2021). We specifically revealed the transcriptome of bifacial
cambium stem cells and differentiating xylem and phloem cells using bulk RNA-seq, made by
thousands of nuclei, and single nucleus RNA-seq. Our analysis revealed that cambium stem
cells have unique transcriptional status which is different from differentiating cells.
Furthermore, our analysis also detected heterogeneity in cambium stem cells which might
represent the differentiation trajectory. Our method enabled us to analyse not only the noisy
gene expression data of each nucleus, but also the relatively stable fluorescent signals
representing specific gene expression of interest, as well as the ploidy of each nucleus at a
single nucleus resolution.
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An endodermal barrier to oxygen diffusion and its consequences for root secondary
development.

Vinay Shukla
University of Oxford, United Kingdom

Oxygen availability inside plant tissues depends on its diffusion from photosynthesizing organs
or uptake from surrounding environment. Reduced oxygen diffusion induces the formation
chronic hypoxic niches, even when plants grow under aerobic conditions. Oxygen diffusion is
affected by metabolic rates, cell proliferation, and physical barriers. The latter consists of
secondary cell walls in which gas-impermeable polymers are secreted outside of the plasma
membrane or primary cell wall. For example, in the root, endodermal cell walls are
characterized by suberin lamellae that control the passage of nutrients and pathogens inside
the vasculature. Endodermal suberin is regulated independently by developmental and
exogenous signals to fine-tune suberin deposition in roots. We found a set of four MYB
transcription factors (MYB41, MYB53, MYB92, and MYB93), each of which is individually
regulated by these two signals and is sufficient to promote endodermal suberin. Mutation of
these four transcription factors simultaneously through genome editing leads to a dramatic
reduction in suberin formation in response to both developmental and environmental signals.
Additionally, my observations indicate that this suberin deposition during the primary growth
of plant in fact affects the oxygen in endodermis and the tissues surrounded by the
endodermis. Therefore, I have set out to characterize the establishment of such chronic
hypoxia in the root and investigate the effect of active hypoxia signalling components on the
molecular regulation of suberin biosynthesis and deposition. Moreover, during root
development, suberin deposition in endodermis appears to be followed closely by the initiation
of cambium development from the pericycle and procambium, and transcriptome analyses
reveal that hypoxia responses are active during cambium development. I am combining
genetic tools and microelectrodes to define the relationship between endodermis suberization,
the generation of oxygen gradients and vascular cambium development.

Keywords: Oxygen sensing, Secondary root growth, Cambium development, Root endodermal
barriers, Suberin, Root development, Oxygen transport
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Beyond air-seeding pressure: xylem embolism propagation depends also on time,
temperature, and vessel dimensions

Luciano de Melo Silva, Luciano Pereira, Lucian Kaack, Steven Jansen
Universität Ulm, Germany

Embolism formation in xylem conduits has been given considerable attention as potential
mechanism behind drought-induced tree mortality. Yet, we lack a mechanistic understanding
of how embolism spreads among vessels. While the Young-Laplace equation has been used
to predict the pressure to induce embolism, this approach is rather simplistic and incomplete.
Indeed, there is growing evidence suggesting that embolism formation is not only pressuredriven, but also depends on the speed of gas movement, and thus on the proximity to a gas
source and vessel anatomy. For a given pressure and water potential gradient, we
hypothesized that time, temperature, and vessel volume could affect the amount of embolism
in a ChinaTron flow-centrifuge, and that the location and amount of embolised conduits could
change over time.
We applied constant rotational speeds and temperatures with the ChinaTron, and measured
changes in hydraulic conductivity (Kh) over one hour for three tree species (Corylus avellana,
Fagus sylvatica, and Prunus avium). We also located the distribution of embolised vessels
along the 27 cm stem segments. We conducted our experiments at three temperatures (5, 22,
and 35oC) and four rotational speeds close to 0, 12, 50, and 88% loss of conductivity (P0,
P12, P50, and P88, respectively). We also spun different samples for 1, 15, and 30 minutes
at P88, and a temperature of 22 oC to identify embolism location. For this, we excised the
stems into short segments and measured the loss of conductivity before and after flushing.
Our results revealed that Kh changed logarithmically over time, decreasing at P50 and P88,
but increasing at P0 and P12 for temperatures of 22 and 35 oC. The most significant changes
in Kh occurred in the first 15 minutes. The higher the temperature and the rotational speed,
the greater the temporal changes in Kh. After one hour of spinning at P88 and 35 o C, Kh
decreased up to 28, 29, and 67% for C. avellana, F. sylvatica, and P. avium, respectively,
which was related to the mean vessel volume (1.09x10-11, 1.11x10-11 and 2.14x10-11 m3).
Embolism started in xylem segments near the stem ends, increased over time in the centre,
and became low at the ends after 30 minutes.
Our results revealed that xylem embolism propagation in ChinaTron experiments is a relatively
slow process, and confirms our hypothesis that it is not only pressure-driven. We believe that
embolism propagation can be explained by gas movement, including both diffusions of
dissolved gas and bulk flow. The rate of gas movement across cell walls and pit membranes
is relatively slow, affected by the proximity to atmospheric gas, and also determined by
temperature. Moreover, embolism propagation is likely related to its vessel volume, with a
larger vessel volume requiring more gas to fill long and wide vessels near the centre of
centrifuge samples. These findings raise questions about the traditional assumption that
embolism is exclusively pressure-driven, and also contribute to our understanding that
embolism resistance of plant xylem represents a relative trait that cannot be easily quantified
in a standardized way.
Keywords: embolism formation, flow-centrifuge, gas diffusion, hydraulic conductance, angiosperm xylem
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Involvement of PEAR transcription factors in increased phloem complexity within
galls of Clubroot-infected Arabidopsis
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Plasmodiophora brassicae is an infamous soilborne biotrophic protist which attacks
Brassicaceae plants, including oilseed rape and the model Arabidopsis thaliana. Infection
leads to gall formation on underground parts of an infected plant. During disease progression,
pathogen triggers numerous responses in host to acquire nutrients and secure space for
completion of its lifecycle. In our previous research, we found that infection causes increase
in phloem complexity and here we would like to present results of our recent work that shows
that this reprogramming occurs at a very early stage and at least four members of PEAR
transcription factor family are involved in this process.
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Studying the roles of viral movement in disease and immunity
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Plant viruses are among the most economically significant pathogens for vegetable crops. To
achieve systemic infection, plant viruses evolved the capacity to move from cell to cell, via
plasmodesmata, and long-distance, through the phloem transport pathway. We study multiple
aspects of viral movement during disease and immune responses. Our goal is to utilize our
gained knowledge for the development of novel strategies to cope with plant viruses. Our work
is divided into three different research themes:
1. A resistance-breaking movement protein at the leading edge of a tomato pandemic:
Tomato brown rugose fruit virus is a new species in the Tobamovirus genus, causing an
emerging global epidemic in tomato crops. ToBRFV overcomes all tobamovirus genetic
resistances in tomato, including the durable Tm-22 resistance gene. We have recently found
that the ToBRFV movement protein (MP) enables the virus to evade Tm-22 resistance.
Interestingly, the ToBRFV MP moves less effectively compared with the other tobamovirus
MPs, suggesting a trade-off between viral movement and activation of Tm-22 resistance. We
are currently investigating the precise elements underlying this movement-immunity interplay.
2. Role of the plant root system during viral infection:
The systemic accumulation of viruses in the root system has been documented by Samuel
over than 90 years ago. However, little is known as to how viruses affect root development
and function. We examine how Tobamoviruses alter root development in tomato. We find that
tobamoviruses invade root systems during the first week after foliar infection. Quantitative
analysis of root development reveled that infection results in marked suppression of root
branching. Currently, we are exploring the molecular mechanisms underlying these virusmediated changes in root development.
3. Induction of host resistance to suppress viral movement:
Induced resistance is an environmentally friendly approach for reducing pathogen damage in
crop plants. We find that that the commercial resistance inducer acibenzolar-S-methyl (ASM)
significantly delays viral movement by up-regulating the biosynthesis of the polysaccharide β1,3-glucan (callose), which blocks plasmodesmatal transport. These results provide insights
into the mechanisms of antiviral induced resistance.
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In order to gain something, sometimes we have to lose something. This is true in our lives, and
it is also true for cells to gain special functions. The individual component of the phloem sieve
tube, the sieve element (SE), loses the cytoplasm, organelles, and even part of the cell wall to
transport photosynthetic products over long distance. However, the molecular mechanisms
behind these dramatic changes have been unknown for more than 60 years since the
discovery. The main reason for this is the small size of SEs and their deep location in the
tissue, making them extremely difficult to observe with confocal live imaging. In this study, we
aim to reveal autolytic mechanisms of SEs by establishing a novel SE induction system that
overcomes such technical hurdles. We found that a technique called VISUAL can be applied
to Arabidopsis hypocotyls to produce large and easily observable SEs. Using this technique,
We will visualise organelle degradation during SE differentiation in details and find key factors
to reveal the molecular mechanisms.
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Coordination of circadian rhythm via phloem-delivered GRP7 transcript

András Székely, Eleftheria Saplaoura, Friedrich Kragler
Max Planck Institute of Molecular Plant Physiology, Germany

The circadian clock is needed to adjust plant growth to diurnal and seasonal light changes.
Key components of the circadian clock seem to act non-cell autonomously coordinating the
diurnal rhythm of tissues. A candidate protein potentially guiding the circadian rhythm of
hundreds of transcripts is the GLYCIN-RICH RNA-BINDING PROTEIN 7 (GRP7), found
enriched in the phloem exudates of many species. GRP7 is upregulated at the end of day and
downregulates its own transcript via a negative feedback loop to maintain its own diurnal
oscillation. It was reported that, in Arabidopsis, distinct tissues have a significant difference in
their circadian phase. We propose that GRP7 produced in light-sensing leaves can be
transported to the roots via the phloem where it can guide in part the diurnal rhythm of
transcripts. We created phloem-mobile and non-mobile GRP7-LUC+ fusion and control
constructs to address whether GRP7 protein and/or mRNA is delivered to roots and guides the
diurnal root cycle. We detected that GRP7 rhythm in the root tip is delayed by approx. 1 hour
compared to the shoots. Notably, using grafted plants we observed that not the GRP7 fusion
protein but its mRNA is delivered from shoot-to-root and translated in recipient root tips. Thus,
mobile GRP7 mRNA has the potential to play a key role in coordinating the circadian rhythms
between shoot and root.
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Covering all Bayes’: Quantifying mRNA mobility over graft junctions
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Many mRNA transcripts have been shown to be mobile across graft junctions. Moreover,
disruptions to mRNA transport have been shown to affect plant development and function,
suggesting that mRNA could be functioning as a signalling molecule. However, neither the
methods of transport nor the mechanisms by which these often low numbers of transported
mRNA can influence overall plant development have as yet been clearly elucidated. The first
step towards understanding mRNA transport processes is to accurately identify those mRNA
that are graft mobile. One commonly used method for identifying mobile transcripts involves
performing RNA-Seq on heterografts constructed from two different plant species or plant
ecotypes, to identify SNPs in one ecotype that have originated from transcripts in the second
ecotype. This approach is reliant on the ability to accurately assign the provenance of each
transcript through the identification of specific SNPs that are known to differ between otherwise
identical species or ecotypes. However, this process is complicated by the difficulties in
differentiating potential sequencing errors from genuine SNPs.
Here, I present results from an analytical pipeline designed to distinguish sequencing errors
from putative candidates for mobile mRNA, applied both to simulated and previously published
data. The pipeline infers SNP-specific error probabilities from homograft datasets, from which
it builds a full probabilistic model from which we infer the number of reads likely to be from the
other ecotype in heterograft datasets and compute the Bayes factor of each transcript being
mobile over non-mobile. The simulated datasets allow us to fully test the pipeline, and show
that, unlike mobile classifications based on absolute read numbers, this method does not result
in an increased false positive rate (FPR) with increasing read depths. Furthermore, this
approach shows remarkable sensitivity and specificity in identifying mobile mRNA transcripts
in simulated datasets. When we apply the method to a previously published dataset, our
approach identifies significantly fewer mobile transcripts than previously reported.
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Physiological and molecular function of nitrogen in wood formation

Hannele Tuominen
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Nitrogen is often considered as the most important growth-limiting nutrient especially in the
boreal forests. Increased availability of nitrogen in forest trees typically stimulate secondary
growth of the stem but the effect on wood properties, such as xylem cell expansion and
secondary wall chemistry, is less clear and shows some variation in different experimental
systems. We demonstrated in hybrid aspen (Populus tremula x P. tremuloides) tree stems
that increased availability of both inorganic and organic sources of nitrogen stimulated the
activity of the cambium, reduced wood density, and modified the diameter of the vessels and
the chemistry of the secondary cell walls. The underlying molecular mechanism was
elucidated by transcriptomic studies. In particular, we focused on a Populus Ethylene
Response Factor (ERF) that was induced by increased nitrogen availability. The expression
of the ERF was high in the cambium and the expanding xylem cells, but low in maturing
xylem cells. Extending the ERF expression into SCW forming zones of woody tissues
through ectopic expression reduced wood density and SCW thickness of xylem fibers but
increased cell diameter. These changes are similar to those induced by increased nitrogen
availability, supporting the function of this ERF in nitrogen signaling in the cambial growth.
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Modeling sucrose efflux-mitigation in potato by the FT-like StSP6A uncovers
increased transport efficiency and preferentially enhanced tuber resource partitioning
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Yield of harvestable plant organs depends on overall photosynthetic output and the
subsequent distribution of the produced sucrose from source leaves across different sink
organs. Interestingly, a recent potato study demonstrated that the tuberigen StSP6A binds to
and reduces activity of the StSWEET11 sucrose exporter in the phloem. While the study
suggested that reducing phloem sucrose efflux enhances tuber yield, the precise physiological
relevance and its effect on phloem transport properties remained an open question. To answer
these questions, we developed the first (multi-sink) mechanistic model for sucrose transport
parameterized for potato plants, including SWEET-mediated sucrose export and the StSP6AStSWEET11 interaction.
Starting with a single-sink model setup we demonstrated how the StSP6A-StSWEET11
interaction contributes in a non-linear manner to phloem transport efficiency. Next, expanding
to a two-sink model setup we investigated resource partitioning between sinks. Our model
shows that in addition to sink properties (strength and affinity) also transport pathway
properties (resistance/length) determine sucrose partitioning. Additionally, we uncovered that
xylem flow, through its hydraulic coupling to the phloem, as well as SWEET-mediated sucrose
efflux also significantly affected sucrose partitioning. For potato tubers, it is the cumulative
disadvantage compared to developing sink leaves (source-sink distance, xylem flow direction
and how sucrose efflux ties into this) that enables an undirected SP6A-mediated reduction of
sucrose-efflux to preferentially benefit tuber resource partitioning. The targeted effect of SP6A
on tuber yield thus arises as an emergent property of plant architecture and physiology.
Combined with the SP6A-mediated increase in tuber sink strength, this enables SP6A to
significantly enhance tuber resource partitioning.
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Does phloem turgor pressure change play a role in electrical signal propagation?

Jing Wang, Edward Farmer
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Plants in nature are constantly touched or wounded by insects, which causes a rapid
collapse in plant membrane potential that can induce jasmonate biosynthesis to regulate
plant growth and defense (Farmer et al., 2020; Sukhov, 2016.). Slow wave potentials (SWP)
as typical electrical signals are induced by severe wounding. Despite extensive studies, the
mechanism of SWP remains unidentified. Electrical signals that can be induced by the same
stimuli are specifically generated in sieve elements and can be monitored by using an aphid
electrode in electrical penetration graph (EPG) system. How phloem signals correlate with
the SWP remains unstudied. Combination of a surface electrode and an aphid electrode
shows that phloem responds earlier than the SWP to crush wounding. This highlights the role
of phloem in response to insect attacks. The SWP can travel over long distances to initiate
jasmonate biosynthesis in distal leaves. While little is known about the propagation
mechanism of electrical signals, this project focuses on testing whether there is rapid change
in phloem turgor pressure induced by wounding, and whether this potential turgor pressure
change contributes to the propagation of electrical signals. Stylectomy will be used to test if
any turgor pressure change in Arabidopsis phloem after wounding. After wounding, larger or
smaller sap droplets are expected from stylet compared to those in unwounded treatments.
The size of sap droplets will be quantified. Pressure changes in the phloem are hypothesized
to travel over long distances in waves (Thompson, 2005). The travel speed seems consistent
with that of the SWP. The project will investigate the pressure-concentration wave theory in
the context of wounding.

Keywords: EPG, SWP, pressure-concentration wave, phloem
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The emergent complexity of systemic mRNA transport by m5C-methylation

Ying Xu1, Saurabh Gupta1, Lei Yang1, Federico Apelt1, Eleni Mavrothalassiti1,
Eleftheria Saplaoura1, Steffen Ostendorp2, Julia Kehr2, Richard Morris3, Friedrich
Kragler1
1

Max-Planck-Institute of Molecular Plant Physiology, Wissenschaftspark Golm, Germany; 2Universität
Hamburg, Institute for Plant Science and Microbiology, Hamburg, Germany; 3Computational and
Systems Biology, John Innes Centre, Norwich, UK

In Arabidopsis, hundreds of mRNAs move across graft junction to distant tissues and
potentially act as systemic signals to regulate plant development and growth. Specific proteinencoding mRNAs can move to distant tissues and their mobility depends on RNA motif(s)
which are most likely recognised by endogenous RNA binding proteins. We have shown that
5-methylcytosine (m5C) RNA modification is crucial for the systemic transport of TCTP1 and
HSC70.1 transcripts in juvenile Arabidopsis thaliana plants and that their mobility is necessary
for proper flowering and root growth. The m5C methyltransferases targeting mobile mRNAs
were identified but little is known about RNA-binding proteins recognizing m5C methylated
mRNAs and their role in long distance transport. To address this, we analysed an ALY-related
nuclear export factor found in the phloem exudate as a potential m5C reader. We show that
ALY is necessary for mRNA long-distance mobility in juvenile plants. Surprisingly and in
contrast to juvenile grafts, TCTP1 and HSC70.1 mRNAs move independent of DNMT2
NSUN2B methyltransferases and ALY activity in adult plants. To gain further insights in
mRNAs transport and its dependency on methylation in juvenile versus adult plants, we
analysed the mobile transcriptome of grafted juvenile and adult dnmt2 nsun2b / Ler-1 and aly
/ Ler-1 plants by deep sequencing. In summary, our results suggest a complex role of m5C
methylation in regulating mRNA mobility at different developmental phases.
TCTP1: TRANSLATIONALLY CONTROLLED TUMOR PROTEIN 1
HSC70.1: HEATSHOCK COGNATE 70.1
DNMT2 and NSUN2B: methyltransferases
References
Thieme, Christoph J, et al. 2015. Endogenous Arabidopsis messenger RNAs transported to distant
tissues. Nature Plants 1(4):15025.
Yang, Lei, et al. 2019. m5C Methylation Guides Systemic Transport of Messenger RNA over Graft
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Potential roles of vascular proton pumps in touch-induced electrical signalling

Tsu-Hao Yang, Aurore Chételat, Edward E. Farmer
University of Lausanne, Switzerland

Jasmonate (JA) is a major regulator that activates plant defense mechanisms and helps plants
to fight against aggressors like herbivores. The activation of the JA biosynthesis pathway
depends on membrane depolarization in vascular tissues. For instance, wound-induced
electrical signals propagate from wounded leaves through the vascular tissues to activate the
JA pathway in undamaged distal leaves. But the mechanism of initiation of touch- and woundinduced electrical signals is unclear. Are mechanostimulation-induced pressure changes in the
vascular tissues associated with the initiation of electrical signalling? Or does the initiation of
the electrical signal only require damage-associated molecular patterns released from the
wound? To investigate such questions, I characterized mechanostimulation-induced electrical
signals in leaves of Arabidopsis thaliana. The surface electrical signal in the stimulated leaf
was successfully measured using non-invasive electrophysiology. This signal propagated
through the midvein bi-directionally with a velocity similar to wound-associated electrical
signals. Comparing the signal at multiple positions on a leaf, the most pronounced signal
appeared near the midvein. Furthermore, the signals in the vascular tissues were investigated
using the electrical penetration graph system, i.e. using aphids as living electrodes. We found
the mechanostimulation-induced electrical signal was correlated to the time of day and was
likely associated with the activity of plasma membrane proton pump (AHAs). To explore this,
we mutated the AHAs which were highly expressed in the phloem using CRISPR-Cas9 geneediting. Our quantitative mechanostimulation assay is now being combined with genetic
approaches aimed at finding genes that underlie the production of mechanostimulationinduced electrical signals.
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CUCUME: A Cucurbitaceae RNA methylation database
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RNA methylation describes an internal modification of transcripts that is thought to determine
RNA fate by changing the RNA–protein binding affinity. In plants, RNA methylation is
ubiquitous and is involved in all aspects of RNA post-transcriptional regulation. For instance,
RNA acts as a long-distance signal influencing plant growth, development, and environmental
adaptation, and RNA transport is strongly influenced by methylation status. To facilitate the
study of RNA methylation in cucumber (Cucumis sativus L.) and pumpkin (Cucurbita
moschata), two important vegetables with high productivity in China, we developed the
Cucume (Cucurbit RNA methylation) database. We identified mRNA harboring 5methylcytosine (m5C) and N6-methyladenosine (m6A) sites in pumpkin and cucumber by
analyzing RNA methylation sites at the genome level via Methylated RNA Immunoprecipitation
sequencing (MeRIP-seq) of different tissues, including mixed tissues and vascular exudates
of flowering plants. In addition to RNA methylation sites, the Cucume database integrates grafttransmissible systemic mRNAs identified in previous studies using pumpkin and cucumber
heterografts. The further integration of cucumber genome-wide association analysis (GWAS)
and QTL information allows the study of RNA methylation-related genetic regulation and
epigenetics in cucurbits. Thus, Cucume provides the basis for studying RNA long-distance
transport, genetic regulation, and epigenetics related to RNA methylation. Cucume (available
at http://cucume.cn/) is a user-friendly tool that will be useful in understanding the role of
cucurbit RNA methylation in RNA mobility and QTLs, ultimately benefitting future agronomic
crop germplasm breeding efforts.
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Targeted cell ablation reveals undifferentiated xylem cells as reservoirs for cambium
stem cells

Xixi Zhang1, Jing Zhang2, Ondřej Smetana1, Ari Pekka Mähönen1
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Vascular cambium contains bifacial stem cells producing secondary xylem inwards and
secondary phloem outwards. Stem cell division results in formation of another stem cell and a
cell either with phloem or xylem identity. Previous studies have shown that molecular signals
originating from differentiating xylem and phloem regulate stem cell position and activity. To
understand the overall role of the signals emanating from the differentiating cell types and stem
cell, we genetically ablated cells located in different domains within cambium and followed
consequences of this action in cambial cell dynamics. Ablation of xylem identity cells led to
transient over-proliferation of stem cells, followed by re-establishment of functional cambium.
However, when cells with primary xylem identity in root apical meristem were ablated, cambium
failed to establish in the cells adjacent to the ablated cells, in the original location of stem cells.
Rather, new stem cells were regenerated in scattered manner in ectopic location. Ablation of
stem cells led to the regeneration of new cambium stem cells from xylem parenchyma. This
regeneration required functional polar auxin transport. Overall, these findings highlight the
importance of xylem identity as an organizer of vascular cambium, in accordance with the
earlier molecular and lineage tracing studies.

Keywords: vascular cambium, xylem, stem cell, auxin, arabidopsis
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Viral RNA methylation and intercellular mobility

Yuan Zhou, Eleftheria Saplaoura, Friedrich Kragler
Max-Planck-Institute of Molecular Plant Physiology, Wissenschaftspark Golm, Am
Mühlenberg 1, 14476 Golm, Germany

Viruses systemically infect plants by their capacity to move locally between cells and via the
vasculature to non-infected tissue. Long-distance movement takes place via the phloem
transport system while short-distance movement depends on intercellular transport via
intercellular pores named plasmodesmata (PD). RNA viruses produce so-called movement
proteins which bind to the viral RNA (vRNA) and mediate their transport through PD. Numerous
RNA viruses harbour viral tRNA-like sequence (vTLS) motifs at the 3’ end of their genomic
RNA. These vTLS motifs can be amino-acylated and, similar TLS motifs mediate long-distance
transport of distinct mRNAs. Based on our previous findings that both m5C methylation and
TLS sequences play a role in mRNA transport from shoot to root we ask whether vTLS
sequences and/or methylation might facilitate viral RNA transport to distant cells. Our
preliminary findings indicate that vRNAs can be m5C modified and m5C modification play an
unexpected role in viral spread. To further substantiate this relationship, we are currently
analysing i) the potential of distinct viral TLS motifs found in different viruses to mediate RNA
transport in grafted plants, and ii) the effect of m5C modifications on viral RNA replication and
transport.
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USING (13)C ISOTOPE TRACER TO STUDY HOW SINK LIMITATION AFFECTS
BETULA PENDULA CARBON TRANSLOCATION

Xin Zhuang1, Teemu Paljakka1, Morgane Merlin1,2, Teemu Hölttä1, Yann Salmon1
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INAR, University of Helsinki, Finland; 2Present address: NIBIO Norwegian Institute of Bioeconomy
Research

In plants, photoassimilates are produced by leaf mesophyll, and translocated through phloem.
The driving force of phloem mass flow is mainly hypothesised to result from an osmotically
generated pressure gradient, caused by sugar loading at the carbon source and unloading at
the sink. However, mechanistic understanding of loading-transport-unloading processes and
particularly the influence of carbon sink strength on phloem transport remains understudied.
We aim to test that reduced sink activity would limit canopy photosynthesis and phloem
transport. Under controlled greenhouse condition, we applied 4°C cooling treatment to silver
birch (Betula pendula) sapling root systems to decrease sink activity, with untreated saplings
as controls. After measuring a decrease in stomatal conductance to half of the control values,
we pulse-labelled the canopy with (13)C-CO(2), to track the newly assimilated sugars from
photosynthesis. To calculate phloem transport velocity and lateral leakage along the stem, we
monitored ^(13)C enrichment in-situ from stem respiration at different axial positions with an
isotope analyzer (Picarro G2201-i). Meanwhile, we sampled leaf and bark phloem exudate for
(13)C isotope-ratio mass spectrometry analyses ex-situ. CO_(2) exchange rate, water
potential, and osmolality were measured on healthy mature leaves, to reveal how the treatment
affected source functioning. Stem measurements as sap flow sensors and psychrometers
were also installed on the saplings. The study provides insights into phloem carbon
translocation and plant stem water status with reduced carbon sink activity. Our results show
that belowground sink limitation is associated with slower phloem transport velocity and
weaker canopy gas exchange, presumably by slowing down the unloading process and by
reducing root hydraulic conductance. In control saplings, (13)CO(2) from stem respiration peak
around 24 hours after the canopy (13)C pulse, and delays more than 12 hours on the soilcooled saplings, indicating a slower carbon transport velocity from reduced sink activity.
Meanwhile, on both control and treated saplings, the time lag of ^(13)C peak in phloem sap
and in stem respired CO_(2) reach over 10 hours, suggesting a considerable delay for phloem
transported sugar to get respired.

Keywords: phloem, ^(13)C, stable isotope, carbon translocation, sink limitation
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