Cytokinin-promoted secondary growth and storage
of high molecular weight carbon compounds in the

perennial stem zone of Arabis alpina

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Anna Sergeeva

aus Neustrelitz

Diisseldorf, September 2020



aus dem Institut fir Botanik

der Heinrich-Heine-Universitit Diisseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultét der

Heinrich-Heine-Universitit Diisseldorf

Berichterstatter:

1. Prof. Dr. Petra Bauer

2. apl. Prof. Dr. Nicole Linka

Tag der miindlichen Priifung: 20.10.2020



Eidesstattliche Erklarung

Ich versichere an Eides Statt, dass die Dissertation von mir selbstindig und ohne unzuléssige fremde
Hilfe unter Beachtung der ,,Grundsitze zur Sicherung guter wissenschaftlicher Praxis an der Heinrich-

Heine-Universitat Diisseldorf™ erstellt worden ist.

Ich habe die Dissertation in dieser oder dhnlicher Form bisher keiner anderen Fakultdt vorgelegt.

Ich habe bisher keine erfolglosen Promotionsversuche unternommen.

Anna Sergeeva

Diisseldorf, 01.09.2020



Acknowledgements

First of all, I would like to thank Prof. Dr. Petra Bauer for giving me the opportunity to work on a
project which was part of a bigger network of interesting researchers. Thank you, Petra, for supporting
me during this time. Thank you for all the detailed discussions and all the help. I learned a lot during
this time. Also, my personality changed a lot. My personal growing and development during this time

could only happen because you gave me this opportunity to be part of your group.

I'would like to thank apl. Prof. Dr. Nicole Linka for reviewing my thesis and being the second examiner.

Thank you, a lot, for accepting this task that shortly before submission of my thesis.

Thank you, Prof. Dr. Stanislav Kopriva, for being my mentor during the CEPLAS time of my project.

I would like to thank you for your valuable input during my yearly meetings.

I am really thankful to Dr. Tabea Mettler-Altmann. Thank you, Tabea, for your great ideas, support,
help, your time, and long discussions. Thank you for providing me the opportunity to perform some of
the experiments and to analyze my data in your laboratory. I learned a lot from you and I am really
happy that I could get to know you. I was always impressed how great you manage this huge amount
of work and how you can keep and combine all these details of that many projects in your head. I would
also like to thank Maria, Katrin, and Elisabeth for their immensely friendly way of support. I always
felt really comfortable in your laboratory.

I would like to thank Dr. Hans-J6rg Mai for analyzing the data that fast when there was not that much
time left. Also, thank you, Hansi, for your valuable great input and of course technical support. I really

appreciate the fact that you invest a lot of time in helping when help is needed. Thank you for that.

Thank you, Dani, for accompanying me, starting from the first year of this whole period. Thank you for
morally supporting me and for sharing the good and the bad moments with me. I am really thankful to
you for being there for me, especially during these harsh times with my “knee issue”. Thank you for

being my best friend.

I would like to thank all the members of our laboratory. It was a pleasure to work together with all of
you. Thank you, Birte, for all the conversations we had. Especially with you and Dani, we could share
this sometimes-heavy weight of the “package”. I am thankful to Ksenia, Moni, Aron, Jannik, Inga,
Tzvetina, Rumen, Ginte, Elke, and all the previous members for creating a pleasant working
atmosphere. Thank you, Hongjiu, for helping me with some of the experiments during your stay in our

laboratory.

Thank you Sieglinde, Meng-Ying, and Kumari. I am happy that I could get to know you and thankful

to you for the wonderful time we spent together.



Thank you, Sohail. I am really happy that you accompany me now in my life. Thank you for your

support, long conversations, and wonderful time together full of harmony. Dher sara pyar.

Und natiirlich mochte ich den wohl wichtigsten Menschen in meinem Leben danken, meinen Eltern.
Danke euch fiir eure Liebe und Unterstiitzung in den ganzen Jahren. Ohne euch wiirde ich
wahrscheinlich nicht so viel Kraft haben, alles zu bewiéltigen. Weiterhin wiirde ich mich gerne bei
meinem Bruder bedanken. Trotz allem weill ich, dass ich mich immer auf dich verlassen kann.
SchlieBlich mdchte ich mich bei dem kleinsten Mitglied unserer Familie bedanken, meiner Nichte. Du
bist noch ziemlich jung und verstehst vieles noch nicht, aber du gibst jetzt schon sehr viel Kraft und

positive Energie. Cnacu6o Bam!

II



Table of Contents

| o (< ¢ 1o OO TSRO PR PRSP v
2 SUIMIMIATY .oeieitiieeiieeetie et et e ettt e et e e et e e sateeestaeeebeeesteeeassaeasseeasssaeassaeassseesssaeasssaeasseesnssesssasansseesssenns A"
3 ZUSAMMENTASSUNG......eiiviiiieeiieeiiereereeteesteesreebeebeesteesteesesessseasseesseessaesssessseasseesseessaesssesseessensees VI
T N o o) (ST T Y (o) ] TSRS VI
5 IITOAUCTION ...ttt ettt ettt b ettt b et s bt e st e bt eht et e s bt e st et e eteebe et e sbeeneebens 1
5.1 Perennial and annual life CyCle StrateZies ........cvecvverierierieiieeieeieereeseesee e see e eeeeseeeaens 1
5.2 Perennial model plant Arabis QIPDiNG.............ccoevveveviecieciieciiesiecie e 2
53 Primary and secondary Srowth ...........ccoeoiiiieiieiieiie ettt 5
5.4  Influence of phytohormones on secondary growth..........ccecceevveiiierieniiniienieeieere e 6
54.1 {07470 11 11 RS UPRUPRR 7
54.2 F N 3D <1 FO OO SO PUPROTSRRSRRN 8
543 (€ 11010753 (11§14 LTSRS 9
544 Other NOTIMOMNES .......coeiiieiieiieeiee ettt ettt ettt et e s e aeseeeneeeeas 10

5.5 Storage organs, storage tissues and, Storage COmMPOUNAS.........cccvverveereereerverienienreeseenieens 11
5.5.1 STATCR L.ttt ettt b ettt sttt et st 13
5.5.1.1  Starch DIOSYNtIESIS.....eciuierierieriirieeiiee et steste e s ebe e e e e e ssaessaessnessnesnsenns 13

5.5.1.2  Starch MODIlIZAtION ....ccoueieiieiieiieieece ettt st 14

552 LPIAS eeeniitieiieieet ettt ettt ettt ettt et e te et et et e e st e b e seenaeeseentensesseenseseennenseas 16
5.52.1  LIPIAd DOGIES ..evvieiiieiiieeiie ettt ettt ettt e e tve e sv e e e teeetbaesbaeeaaeesnsaeensreenaneas 16

5.5.2.2 Biosynthesis of glycerolipids ........ccccevviiiiiiiiiiieciie it 17

5.5.2.3  Fatty acid B-OXIdatiON .....cccvevveeiieiierieieeieesieeseestesreereesveesreesseeseesesessnessnessneassaans 20

6 THESIS ODJECIIVES .veivieiiesiieereiteetieteeteesteesteestaeeaeesseesseesseesssesssesssessseasseasseesseesssasssessssassensssessees 22
A\ - 110 T | oL PSSP 39
8 MANUSCTIPE 2 o.vvveeiieiieeieeieeieeseesteestaeetessbeesbeesseessaesseesssessseasseasseesseesseesssesssesssessseenseenssesssennsessseens 80
O Concluding reMATKS .........ceeciiiriieiieiiecie ettt e e re ettt e essbessseenseesseesaessaessnesnnesnsennns 124

III



1 Preface

This thesis is divided into three parts. The overview is provided by a short summary in English and
German. The first part comprises the introduction, subdivided into three sections. The first section
describes perennial and annual life cycle strategies, including the description of the used perennial
model species Arabis alpina. The second section provides an overview about primary and secondary
growth and reflects on the influence of phytohormones on secondary growth. The third section informs
about storage in perennial plants, whereat starch and lipid metabolism are depicted in more detail. The

first part is completed by presenting the thesis objectives. The second part includes two manuscripts:

1. Cytokinin-promoted secondary growth and nutrient storage in the perennial stem zone of
Arabis alpina

Anna Sergeeva, Hongjiu Liu, Hans-Jorg Mai, Tabea Mettler-Altmann, Christiane Kiefer, George

Coupland, Petra Bauer

- in press - The Plant Journal (online ahead of print. DOI: https://doi.org/10.1111/tpj.15123)
In this study, we identify that the vegetative lateral stem zone of 4. alpina exhibits secondary growth
and accumulation of starch and triacylglycerol (TAG) in cambium and cambium derivatives (termed
perennial growth zone (PZ)). By contrast, the inflorescence of lateral stems is marked by primary
growth (termed annual growth zone (AZ)). Storage characteristics of starch and TAG differ here from
the PZ. We provide evidence that cytokinin promotes secondary growth in stems of A. alpina. Cytokinin
application enhanced cambium activity and formation of secondary phloem parenchyma in the PZ and
even in the AZ. Cytokinin-related gene ontology terms were enriched in the PZ. Concomitantly,
cytokinin biosynthesis and signaling genes were expressed at a higher level in the PZ than in the AZ.
With these findings we provide novel factors important for studies regarding the perennial growth of 4.

alpina.

2. Lipid metabolism distinguishes perennial and annual stem zones in the perennial model plant

Arabis alpina

Anna Sergeeva, Tabea Mettler-Altmann, Hongjiu Liu, Hans-J6rg Mai, Petra Bauer

- in press - Plant Direct
This study provides a detailed analysis of lipid metabolism in lateral stems of 4. alpina. We demonstrate
that glycerolipids, including neutral lipids, phospholipids, and glycolipids, are present at higher levels
in the PZ as compared to the AZ. In addition, evidence is provided that glycerolipid-related genes may
be involved in the development of the PZ. We suggest lipid metabolism genes to be targets of regulatory

mechanisms specifying the PZ differentiation in 4. alpina.

The third part, containing concluding remarks, completes the thesis by stating the answers to the major
research questions, summarizing the most important findings, reflecting on the outcome, and providing

several starting points for future analyses.
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2 Summary

Based on the reproductive strategy, plants can be classified into two groups, annuals and
perennials. Monocarpic annual plants reproduce once during their life cycle and finally senesce.
Polycarpic perennial plants grow for several seasons and cycle between vegetative and reproductive
mode. Growth is maintained through vegetative behavior of meristems, while senescence is restricted
only to reproductive branches. One characteristic trait of perennial species is the efficient use of
nutrients that are partitioned between sustained plant organs and developing seeds. Resources, stored
in vegetative plant structures, are used to re-initiate growth after unfavorable growth periods. Thus,
persistence of perennial plants is marked by a high above-ground and below-ground tissue density.
Vegetative above-ground shoots of perennial plants may increase in diameter with development. This
increase in girth is termed secondary growth and is initiated by two secondary lateral meristems, the
vascular and cork cambium. Cambial activity in stems is influenced by a diverse set of phytohormones.
Here, cytokinin is claimed to be a key regulator in cambium establishment and activity. Secondary
growth is linked to nutrient storage. Various storage compounds are known to be present in stem tissues
of perennial herbaceous plant species and trees.

Nutrient allocation to storage tissues is fundamental for perennial life cycle and must be
precisely regulated. We used perennial Brassicaceae model species Arabis alpina to study perennial
trait of nutrient storage. 4. alpina Pajares (Paj), the accession requiring vernalization for flowering, has
a complex stem architecture. Lateral stems of Paj and its vernalization-independent mutant derivative
A. alpina perpetual flowering 1-1 (pepl-1) have a proximal vegetative zone, that is retained after
flowering, and a distal senescing inflorescence zone. We investigated this zonation pattern on
anatomical and biochemical level and identified the vegetative zone to be marked by secondary growth
(termed perennial growth zone (PZ)). Starch and triacylglycerol (TAG)-containing lipid bodies
accumulated in cambium and cambium derivatives in the PZ. In addition to TAG, glycolipids and
phospholipids were present at higher levels in the PZ. Secondary growth and storage were independent
from vernalization or flowering. By contrast, primary growth was characteristic for the inflorescence
zone (termed annual growth zone (AZ)). The AZ and roots exhibited different storage characteristics.
Application of cytokinin enhanced cambial activity and secondary phloem parenchyma formation in
the PZ and in the AZ. Transcriptome analysis revealed cytokinin and lipid metabolism-related gene
ontology terms to be enriched in the PZ. Cytokinin biosynthesis and signaling genes were expressed at
a higher level in the PZ in comparison to the AZ. In addition, a set of glycerolipid metabolism-related
genes had higher expression levels during development of the PZ. These genes strongly correlated with
single fatty acids of each investigated glycerolipid fraction of the PZ.

With this study we show that nutrient storage is coupled to cytokinin-promoted secondary
growth in the vegetative PZ of 4. alpina. Moreover, we identify lipid metabolism genes that might be

potential targets of regulatory mechanisms specifying the PZ development.



3 Zusammenfassung

Pflanzen koénnen anhand der Fortpflanzungsstrategie in zwei Gruppen, die einjdhrigen und die
mehrjéhrigen, unterteilt werden. Monokarpe einjdhrige Pflanzen pflanzen sich einmal wihrend ihres
Lebenszykluses fort und seneszieren schlie8lich. Polykarpe mehrjdhrige Pflanzen {iberdauern mehrere
Jahre und wechseln dabei zwischen dem vegetativen und reproduktiven Lebensmodus. Das Wachstum
wird durch das vegetative Verhalten der Meristeme aufrechterhalten, wéahrend die Seneszenz sich nur
auf die reproduktiven Aste beschriinkt. Ein charakteristisches Merkmal der mehrjéhrigen Spezies ist die
effiziente Nahrstoffnutzung. Die Néhrstoffe werden dabei zwischen den iiberdauernden
Pflanzenorganen und den sich entwickelnden Samen aufgeteilt. Ressourcen, die in den vegetativen
Pflanzenstrukturen gespeichert werden, werden nach den ungiinstigen Wachstumsperioden fiir die
erneute Wachstumsaufnahme genutzt. Die Langlebigkeit der mehrjéhrigen Pflanzen ist daher durch eine
hohe oberirdische und unterirdische Gewebedichte gekennzeichnet. Vegetative oberirdische Sprosse
der mehrjéhrigen Pflanzen kdnnen mit fortschreitender Entwicklung im Durchmesser zunehmen. Diese
Zunahme im Umfang wird als sekundéres Dickenwachstum bezeichnet, und wird durch die Aktivitit
der zwei sekunddrer Lateralmeristeme, des Kambiums und des Korkkambiums, ausgelost.
Kambiumaktivitdt in Stimmen wird durch eine Reihe unterschiedlicher Phytohormone beeinflusst.
Hierbei wird Cytokinin als ein Hauptregulator der Kambiumetablierung und -aktivitit angesehen.
Sekundéres Dickenwachstum ist an die Nahrstoffspeicherung gekoppelt. Das Vorkommen zahlreicher
Speicherstoffe in Geweben der Stimme der mehrjdhrigen krautigen Pflanzen und Baume ist bekannt.

Nahrstoffallokation zu den Speichergeweben ist grundlegend fiir den Lebenszyklus der
mehrjdhrigen Pflanzen und muss prizise reguliert werden. Um das mehrjdhrige Merkmal der
Nihrstoffspeicherung zu untersuchen, wurde die mehrjahrige Modellspezies Arabis alpina, die zur
Familie der Brassicaceae gehort, genutzt. 4. alpina Pajares (Paj), die Akzession, die Vernalisation zur
Forderung der Bliitenbildung bendtigt, weist eine komplexe Stammarchitektur auf. Die lateralen
Stimme von Paj konnen in eine proximale vegetative Zone, welche nach der Bliitenbildung
aufrechterhalten wird, und in eine distale seneszierende Infloreszenz-Zone unterteilt werden. Die
gleiche Struktur ist auch beim mutierten Abkémmling von Paj, A. alpina perpetual flowering 1-1 (pep1-
1), die keine Vernalisation zur Bliitenbildung braucht, zu finden. Dieses Zonierungsmuster wurde auf
anatomischer und biochemischer Ebene untersucht. Dabei wurde festgestellt, dass die vegetative Zone
durch das sekundére Dickenwachstum gekennzeichnet ist (benannt als mehrjdhrige Wachstumszone
(engl., PZ)), und Stirke sowie Triacylglycerol (TAG) in den Lipidkorperchen im Kambium und in den
Kambiumderivaten dieser Zone akkumulieren. Zudem wurden hdéhere Mengen an Glyko- und
Phospholipiden in der PZ ermittelt. Sekundéires Dickenwachstum und Speicherung waren dabei nicht
von der Vernalisation oder der Bliitenbildung abhéngig. Im Gegensatz dazu war das primére
Dickenwachstum charakteristisch fiir die Infloreszenz-Zone (benannt als einjahrige Zone (engl., AZ)).

Die AZ und die Wurzeln wiesen andere Speichermerkmale auf. Die Anwendung von Cytokinin forderte

VI



die Kambiumaktivitdt und die Bildung des sekundidren Phloemparenchyms in der PZ und auch in der
AZ. Mit Hilfe der Transkriptomanalyse wurden die Genontologie-Begriffe, die sich auf Cytokinin und
den Lipidmetabolismus bezogen, als angereichert in der PZ nachgewiesen. Im Vergleich zu der AZ
waren Cytokinin Biosynthese- und Signalgene hoher exprimiert in der PZ. Zudem wies eine Reihe an
Genen des Glycerolipid-Metabolismus eine stirkere Expression wihrend der Entwicklung der PZ auf.
Diese Gene korrelierten mit den einzelnen Fettsduren jeder untersuchten Glycerolipid-Fraktion der PZ.

In der vorliegenden Arbeit wird gezeigt, dass die Néhrstoffspeicherung in der vegetativen PZ
von A. alpina in Verbindung mit dem sekundidren Dickenwachstum, welches durch Cytokinin
beeinflusst wird, steht. Dariiber hinaus werden in dieser Arbeit Gene des Lipidmetabolismus
identifiziert. Diese Gene stellen potentielle Ziele der regulatorischen Mechanismen, welche die

Entwicklung der PZ bestimmen konnten, dar.
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4 Abbreviation list

ACC
ACX
ADP
AGPase
AHK?2
AIM1
ANT
ARF5
AZ
BIL1

CKX
CLE41
CLV3
CRE1
DBE
DGAT
ECH2
ER
ERF
ETOLl
FA
FLC
FUL
GA
GA200x
GL
GO
GPAT
GWD
HPt
IPT

aminocyclopropane-1-carboxylate

acyl-CoA oxidase

adenosine diphosphate

adenosine diphosphate glucose pyrophosphorylase
ARABIDOPSIS HISTIDINE KINASE 2
ABNORMAL INFLORESCENCE MERISTEM 1
AINTEGUMENTA

AUXIN RESPONSE FACTOR 5

annual growth zone
BRASSINOSTEROID-INSENSITIVE 2-LIKE 1
carbon

CYTOKININ OXIDASE

EMBRYO SURROUNDING REGION RELATED 41

CLAVATA3

CYTOKININ RESPONSE 1
debranching enzyme

diacylglycerol acyltransferase
ENOYL-COA HYDRATASE 2
endoplasmic reticulum

ETHYLENE RESPONSE FACTOR
ETHYLENE OVERPRODUCER 1
fatty acid

FLOWERING LOCUS C
FRUITFULL

gibberellic acid

Gibberellin 20-oxidase

glycolipid

gene ontology

glycerol-3-phosphate acyltransferase
glucan, water dikinase

histidine phosphotransfer protein

Isopentenyltransferase
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ISA1 isoamylase 1

JA jasmonic acid

JAZ JASMONATE ZIM-DOMAIN

KAT 3-ketoacyl-CoA thiolase

LFY LEAFY

LB lipid body

LD lipid droplet

LDA limit dextrinase

LDAP LD-associated protein

LOG LONELY GUY

LPAAT lysophosphatidic acid acyltransferase

LRR-RLK leucine-rich repeat receptor-like kinase

MAX MORE AXILLARY BRANCHES

MFP multifunctional protein

miR156 microRNA156

MP MONOPTEROS

N nitrogen

NL neutral lipid

NSC non-structural carbohydrate

OB oil body

P phosphorus

Paj Pajares

PDAT phospholipid:diacylglycerol acyltransferase
PEP1 PERPETUAL FLOWERING 1

PGPP phosphatidylglycerol phosphate phosphatase
PGPS phosphatidylglycerol phosphate synthase
P; phosphate

PIN PIN-FORMED

PIS phosphatidylinositol synthases

PL phospholipid

PP phosphatidate phosphatase

PWD phosphoglucan, water dikinase

PXY PHLOEM INTERCALATED WITH XYLEM

PZ perennial growth zone



RAM Root apical meristem

RNA ribonucleic acid

RR response regulator

S sulfur

SAM Shoot apical meristem

SBE starch-branching enzyme

SDP1 SUGAR-DEPENDENT 1

SEX1 STARCH EXCESS 1

SOC1 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
SPL15 SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 15
SS starch synthase

TAG triacylglycerol

TDIF TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR
TDR TDIF RECEPTOR

TFL1 TERMINAL FLOWER 1

VLCFA very long-chain fatty acid

WOX4 WUSCHEL-RELATED HOMEOBOX 4



Introduction

5 Introduction

5.1 Perennial and annual life cycle strategies

Plants can be categorized into two general groups according to their reproductive strategy,
annuals and perennials. Annuals are usually monocarpic (semelparous) and reproduce only once during
their one-year life cycle prior to senescence and death of the plant (Thomas, 2013). Transition from
vegetative to reproductive growth occurs fast, generally following inductive seasonal cues. Energy is
predominantly invested into rapid seed production to maximize the reproductive effort (Pitelka, 1977;
Bazzaz et al., 1987). Many plants adopted this life cycle strategy in harsh environments to avoid stress
factors like drought, frost, and grazing, which is accomplished by rapid reproduction (Whyte, 1977;
Pettit et al., 1995; Evans et al., 2005; Cruz-Mazo et al., 2009).

By contrast, growth and development of perennial plants encompasses several growth seasons.
The majority of perennial plants is polycarpic (iteroparous) and characterized by repeated cycles
between vegetative and reproductive mode throughout their lifespan (Bergonzi and Albani, 2011). An
important factor that differentiates perennials from annuals is the distinctive behavior of meristems.
Some remain vegetative, while others are committed to reproductive development (Battey and Tooke,
2002; Amasino, 2009; Albani and Coupland, 2010). Senescence is confined only to reproductive
branches, while growth is sustained through vegetative axillary branches and dormant buds (Amasino,
2009; Albani and Coupland, 2010). The available resources are used efficiently by partitioning them
between the maintained plant organs and offspring production. Perennial plant species rely on stored
resources in vegetative structures in order to re-initiate growth after unfavorable growth periods, thus
maximizing persistence, defense, and stress tolerance (De Souza and Da Silva, 1987). Maximized
persistence is reflected in perennials by high above-ground and below-ground tissue density and
allocation of biomass predominantly into roots (De Souza and Da Silva, 1987; Garnier, 1992; Roumet
et al., 2006). Therefore, nutrient allocation either to persisting storage tissues/organs or to developing
seeds must be precisely regulated.

Perennial life strategy is usually regarded to be ancestral (Hu et al., 2003; Grillo et al., 2009).
Transitions from perennial to annual life histories are common among angiosperms and are generally
considered as an adaptive strategy to avoid seasonal stress factors, especially arid periods (Sherrard and
Mabherali, 2006; Cruz-Mazo et al., 2009; Friedman and Rubin, 2015). These switches between different
life strategies resulted in closely related annual and perennial species (Lowry et al., 2008; Grillo et al.,
2009; Lindberg et al., 2020). Mechanisms that regulate whether a plant is annual or perennial remain
unexplored to a great extent. However, the availability of closely related annual and perennial species
offers an opportunity to elucidate the molecular regulators conferring perennial or annual traits by a

direct comparison within the phylogenetic framework.
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Perennial plant species are marked by longer lifespan, greater biomass production, higher
nutrient storage capacity, and better performance in harsh environments (Glover, 2005). Nevertheless,
annual crops rather form the basis of human diet. Examples include wheat, barley, rye, maize, and rice.
To date, there are no perennial species that may produce grain harvests covering the needs of world
population. Remarkable differences between annuals and perennials involve mechanisms of
maintenance of dormant buds and vegetative structures (Amasino, 2009; Albani and Coupland, 2010;
Vayssiéres et al., 2020), spatiotemporal separation of flowering response (Zhou et al., 2013; Friedman
and Rubin, 2015; Lazaro et al., 2018), pronounced juvenile, adult vegetative, and reproductive phase
(Usami et al., 2009; Bergonzi and Albani, 2011; Willmann and Poethig, 2011), and resource allocation
to developed perennating storage tissues/organs (Hu et al., 2003; Wang et al., 2007; Hartmann et al.,
2011; Hartmann and Trumbore, 2016). Therefore, elucidation of these mechanisms may be beneficial

for the development of perennial grain cropping systems.

5.2 Perennial model plant Arabis alpina

Annuality has evolved multiple times independently from a perennial background in different
lineages of the tribe Arabideae within the Brassicaceae (Karl and Koch, 2013). Phylogenetic analysis
of the main branches of Arabideae showed that the annual Arabis montbretiana is a sister species of the
perennial Arabis alpina (Kiefer et al., 2017). In recent years, these two taxa have been established as a
model system to investigate perennial to annual transition. The sequenced genome (Willing et al.,
2015), and the techniques and tools developed for Arabidopsis thaliana and other Brassicaceae can be
directly employed to study 4. alpina.

According to the Raunkiaer's system of plant life forms, A. alpina is a herbaceous
hemicryptophyte with above-ground perennial vegetative branches. 4. alpina originates from
migrations out of Asia Minor and has a wide arctic-alpine distribution range (Koch et al., 2006; Ansell
etal., 2011; Karl et al., 2012). The perennial life-cycle of A. alpina was characterized using A. alpina
Pajares (Paj), an accession from Spain. In accordance with the polycarpic perennial life strategy, Paj
plants cycle between vegetative and reproductive development for several growth seasons (Wang et al.,
2009). While reproductive main and axillary stem segments senesce and finally die, vegetative stem
parts of the plant are retained. The developmental cycle of Paj comprises pronounced juvenile,
vegetative, and reproductive phase (Bergonzi and Albani, 2011; Hyun et al., 2017).

Stem architecture of A. alpina Paj is marked by varying positions of individual flowers, dormant
buds, non-flowering and flowering lateral branches (Lazaro et al., 2018). During and after vernalization,
three types of vegetative (V1, V2, V3) and two inflorescence (I1, 12) subzones are established from
bottom to top (Figure 1). Zonation pattern of V1 branches resembles this of the main shoot axis. V2
bears dormant axillary buds, while axillary vegetative branches are characteristic for the small V3
subzone. Lateral branches with inflorescences are formed in the 11 subzone. The terminal 12 subzone is

defined by individual flowers. Vayssicres et al. (2020) demonstrated that auxin polar transport is
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involved in the establishment of this complex stem architecture, especially regarding the maintenance

of the V2 dormant bud zone.

- Pe) Figure 1. Schematic representation of the stem

12 °g architecture of 4. alpina Pajares (Paj), established after

- N vernalization. Stems are divided into two zones,

Dormant bud P o p vegetative (with subzones V1, V2, and V3) and
o Flower i inflorescence (with subzones Il and 12). V1 zone is
Leaf characterized by reproductive axillary branches that retain
Senescent leaf V3 vegetative character after flowering. V2 bears dormant
Vegetative branch B axillary buds, while V3 zone is marked by branches with

o Reproductive branch  y?2 ° vegetative character. Lateral branches with inflorescences
Reproductive branch L Q are representative for I1 subzone. Individual flowers are

O with sustained Q © formed in the I2 subzone. The schematic plant
vegetative growth o representation was partially adopted from Wang et al.
Vil < (2009), Lazaro et al. (2018), and Vayssiéres et al. (2020).

An ecologically relevant adaptive trait of the requirement for vernalization prevents plants from
flowering before winter and permits flowering in the favorable conditions afterwards (Kim et a/., 2009).
Vernalization suppresses flowering in 4. alpina Paj until the action of repressors is released (Wang et
al., 2009). The A. alpina orthologue of Arabidopsis FLOWERING LOCUS C (FLC), PERPETUAL
FLOWERING 1 (PEPI), acts as a floral repressor and regulates flowering of A. alpina in response to
vernalization (Wang et al., 2009). FLC is a MADS box transcription factor with a well-known function
in flowering delay before vernalization (Michaels and Amasino, 1999). In Arabidopsis, FLC represses
transcription of genes involved in transition to reproductive development (Helliwell et al., 2006; Searle
et al., 2006; Deng et al., 2011). The stable repression of FLC transcription occurs due to the
trimethylation on lysine 27 of histone 3 (H3K27me3) at the FLC gene (Finnegan and Dennis, 2007;
Angel et al.,2011). In 4. alpina, PEP1 not only prevents flowering before vernalization, but also effects
reversion to vegetative growth after reproduction (Wang et al., 2009; Castaings et al., 2014). Contrary
to Arabidopsis and A. montbretiana, where FLC or FLC orthologue respectively is stably repressed by
vernalization (Kiefer et al., 2017), PEP] is temporarily repressed by the cold period in 4. alpina (Wang
et al., 2009). Expression levels of PEP] increase again when plants are returned to warm temperatures.
Contrary to FLC in A. thaliana, the H3K27me3 mark at the PEPI locus is not sustained after
vernalization, correlating with enhanced levels of PEP! (Finnegan and Dennis, 2007; Wang et al., 2009;
Angel et al., 2011). Moreover, flowering does not occur in axillary branches that are initiated during
vernalization due to high PEPI expression levels (Wang et al., 2009; Park et al., 2017). Flowering is
not dependent on vernalization and is induced simultaneously in all branches of the pepl-1 mutant, a
derivative of Paj, that carries lesions in PEPI (Wang et al., 2009; Albani et al., 2012). In comparison
to Paj, pepI-1 has lower longevity and an absent sub-zonation of the vegetative stem zone (Wang et al.,

2009; Hughes et al., 2019). Despite this, pepl-1 mutants still display perennial growth characteristics
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and repeatedly form new axillary branches with proximal vegetative and distal reproductive character
until the end of the growth season.

Further analyses of the obligate vernalization response in A. alpina demonstrated the
involvement of the microRNA156 (miR156) in regulating age-dependent competence to flower in
response to vernalization (Bergonzi et al., 2013). A. alpina responds to cold treatment only if a certain
age is reached (Wang et al., 2011; Bergonzi et al., 2013). This time span of gaining competence to
flower encompasses five weeks, stressing the presence of a pronounced juvenile phase in 4. alpina.
Vernalized younger plants remain vegetative. Older plants that were competent to induce flowering
after vernalization were characterized by lowest levels of miR156 (Bergonzi et al., 2013). Analyses of
transgenic plants supported the relationship between miR156 activity and the age-dependent
competence to flower in response to vernalization. Flowering in response to the prolonged cold
treatment was prevented in transgenic 4. alpina plants overexpressing miR156. Reduced miR156
activity resulted in plants responding to vernalization sooner after germination.

Hyun et al. (2019) demonstrated a link between PEP1 and miR156-dependent regulation of
flowering, involving the flowering promoting factor SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE 15 (SPL15). In 4. alpina, down-regulation of PEP] is not affected by age or miR156
(Wang et al., 2011; Bergonzi et al., 2013), indicating that the age-dependent competence to flower is
established downstream of PEPI (Hyun et al., 2019). PEP1 was shown to bind to certain regions of the
Arabis SPL15 promoter (Mateos et al., 2017). The importance of PEP1 binding for AaSPLI5
transcription was supported by high AaSPL15 mRNA levels in pepl-1 mutants and in older vernalized
Paj plants (Hyun et al., 2019). In addition, the majority of mutant plants with inactivated 4aSPL15 in
the background of Paj did not flower after cold treatment, supporting the involvement of 4aSPL15 in
vernalization. In 4. thaliana, miR156 targets SPL15 mRNA and flowering under short days is enhanced
by SPL15 (Hyun ef al., 2016; Xu et al., 2016). Shoot apical meristems (SAMs) of young 4. alpina
plants contained high levels of miR156 and prolonged cold treatment failed to promote AaSPL15
expression here (Bergonzi et al., 2013; Hyun et al, 2019). To test whether miR156 influences
vernalization through 4aSPL 15, transgenic Paj plants with a miR156-resistant form of 4aSPL15 mRNA
were generated (Hyun et al., 2019). Indeed, these plants accumulated AaSPL15 at the SAM of young
and old plants during vernalization. Furthermore, young plants with the resistant form of 4aSPL15
mRNA even flowered after vernalization. Therefore, Hyun et al. (2019) suggested AaSPLI5 to
coordinate vernalization and age-derived signals at the SAM of 4. alpina.

In addition, a role in the extension of the vegetative phase during which plants are not
responsive to inductive signals was demonstrated for the floral repressor TERMINAL FLOWER 1
(TFL1) (Wang et al., 2011). In Paj, transition to flowering is characterized by enhanced expression of
the floral meristem identity gene LEAFY (LFY) (Wang et al., 2009). LFY is blocked by TFL1 during

vernalization in young A. alpina plants. This effect was abolished in RNA interference lines with
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reduced TFLI expression and flowering occurred during vernalization in young plants (Wang et al.,
2011).

To date, perennial growth habit of A. alpina was extensively investigated regarding the non-
simultaneous development of meristems within the same plant. However, an important trait conferring
perennial growth habit was overlooked until now. In order to sustain growth after the cold season and
flowering, the resources are supposedly allocated not only to developing seeds in 4. alpina, but also to
putative storage tissues. 4. alpina plants do not form obvious perennating storage organs. Thus, putative

long-term storage tissues may occur in maintained vegetative stems and roots.

53 Primary and secondary growth

A unique feature of plants is the ability to grow indefinitely, resulting in the formation of new
tissues and organs. This process is driven by the mitotic activity of meristematic stem cell populations,
enabled of self-maintenance and production of daughter cells, which may differentiate into at least one
specialized cell type (Laux, 2003; Sablowski, 2004; Scheres, 2007). Primary growth or shoot, and root
elongation occur due to the activity of stem cell populations present in the SAM and the root apical
meristem (RAM). SAM and RAM can be found at the tips of the main and lateral shoots and roots.
SAM and RAM formation takes place during embryogenesis (Scheres et al., 1994; Long and Barton,
1998). The vascular system of the Arabidopsis embryo is marked by a continuous network consisting
of procambial cells spread along the hypocotyl-root axis and the cotyledons (Busse and Evert, 1999).
After seed germination, the activity of meristematic cells in the SAM and the RAM leads to the
establishment of the primary vasculature (Evert, 2006). The primary vasculature of dicot and
gymnosperm stems is composed of separate bundles arranged around the pith (Figure 2) (Fischer et al.,
2019). The vascular stem cells are contained in the procambium of each bundle. Primary xylem and
primary phloem, tissues involved in long-distance transport, are formed by the activity of procambium
cells toward the inner pith and outside of the stem respectively (Esau, 1960). Composition of xylem
includes tracheary elements, fibers, and parenchyma cells. Phloem tissue is composed of sieve elements,
companion cells, fibers, and parenchyma cells. The interfascicular cells between the vascular bundles

differentiate into parenchyma.

Epidermis Epidermis Periderm

Cortex Cortex Cork cambium
Primary xylem Xylem Secondary xylem
Pith Pith

Vascular cambium Vascular cambium

Procambium

Primary phloem Phloem Secondary phloem

Primary growth ‘ Generation of vascular cambium ‘ Secondary growth

Figure 2. Schematic representation of secondary growth progression in a stem from primary growth to generation
of vascular cambium and secondary growth tissues. Left: primary xylem (brown) and primary phloem (dark blue)
are formed by the activity of procambium cells (green) during primary growth. Middle: a closed ring of vascular
cambium (green) is formed during secondary growth. (legend continued on next page)
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Right: activity of vascular cambium results in the production of secondary xylem (brown) and secondary phloem
(dark blue). Periderm is generated by the activity of cork cambium (green), the second lateral meristem. The
schematic illustration was partially adopted from Fischer ez al. (2019).

With increasing apical growth new tissues are produced in the lateral dimension in stems and
roots in order to provide more structural support, water, and nutrients. (Larson, 1994; Evert, 2006). This
increase in girth is termed secondary growth and is initiated in stems by two secondary lateral
meristems, the vascular and cork cambium (Figure 2). Secondary growth is restricted to gymnosperms
and most dicotyledonous species and does not occur in monocotyledons and ferns (Baucher et al.,
2007). Secondary growth is initiated by reactivation of procambial cells of the vascular bundles.
Concurrently, meristematic activity is acquired by the parenchyma cells in the interfascicular region
between the vascular bundles, resulting in differentiation of these cells into interfascicular cambial cells.
Thus, a closed ring of vascular cambium is formed (Figure 2). Cell divisions in the vascular cambium
lead to the production of secondary xylem and secondary phloem with the corresponding parenchyma,
resulting in wood and bast formation. Periderm, the new protective outer tissue against water loss,
wounding, and pathogen attack, is generated by the cork cambium or phellogen. The cork cambium
produces inward phelloderm and outward cork.

Secondary growth may occur in annual plant species, including the model A. thaliana. Thus,
the current knowledge about the major molecular regulators of secondary growth mainly comes from
studies using Arabidopsis or Populus. In Arabidopsis, secondary growth takes place in the root,
hypocotyl, and stem region in close proximity to the rosette. Tips of Arabidopsis stems display only
primary growth characteristics (Dolan and Roberts, 1995; Altamura et al., 2001). Interestingly,
mechanical stress may influence cambial activity and thus the establishment of secondary rays in the
Arabidopsis stem (Ragni and Greb, 2018). Many regulators of secondary growth identified in
Arabidopsis are conserved in perennial woody species (Etchells et al., 2015; Barra-Jiménez and Ragni,
2017; Kucukoglu et al., 2017). Here, Populus represents the preferred perennial model organism to
study molecular mechanisms inducing secondary growth. The important signals and molecular
mechanisms influencing vascular cambium initiation, maintenance and activity, and development of

secondary growth tissues will be described in the following sections.

5.4 Influence of phytohormones on secondary growth

Phytohormones represent key regulators of plant growth and development and are generally
active at very low concentrations (Wani et al., 2016). They comprise a diverse set of chemical
compounds, including cytokinins, auxin, gibberellin (GA), ethylene, jasmonic acid (JA), strigolactones,
abscisic acid, brassinosteroids, and salicylic acid. Examples of their functions encompass regulation of
stem elongation, vegetative growth, flowering, cell division and elongation, apical dominance, axillary

bud growth, seed and bud dormancy, senescence, fruit ripening, and stomatal closure (Asami and
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Nakagawa, 2018). In addition, an array of studies demonstrated phytohormones to impact secondary

growth development. The major findings are represented in more detail in the following.

5.4.1 Cytokinin

In the past decades, cytokinin was demonstrated to be one of the most important regulators
positively influencing the establishment and the activity of the vascular cambium during secondary
growth (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008; Ohashi-Ito et al., 2014; Immanen et al.,
2016). Cytokinin homeostasis includes cytokinin biosynthetic enzymes
ISOPENTENYLTRANSFERASEs (IPTs), LONELY GUYs (LOGs), involved in the conversion of
inactive cytokinins to bioactive forms, and the cytokinin-degrading enzymes CY TOKININ OXIDASEs
(CKXs) (Sakakibara, 2006). The cytokinin signaling pathway consists of a multistep two-component
signal transduction pathway (Hwang ef al., 2002). The phosphorelay transduction pathway is initiated
by the binding of the hormone to the cytoplasmic CY TOKININ RESPONSE 1 (CRE1)-like receptors
which is followed by the phosphorylation of histidine phosphotransfer (HPt) proteins. HPts move from
the cytosol to the nucleus where they transfer a phosphoryl group to transcription factors type B
response regulators (RRs). Type B RRs trigger the activation of cytokinin primary response genes.
Cytokinin primary response genes include type A RRs that inhibit the activity of type B RRs, thus
participating in a negative feedback mechanism of the cytokinin phosphorelay transduction pathway.

Importance of cytokinin in the establishment of cambium was shown in Arabidopsis roots by
generation of mutants affected in [PTs (Matsumoto-Kitano et al., 2008). Cambium formation and
secondary growth were completely abolished in quadruple atipti,3;5;7 mutants. Transgenic hybrid
poplar trees, overexpressing CKX2 and thus having reduced cytokinin levels, exhibited decreased
cambial cell divisions and thinner stems in comparison to wild type trees (Nieminen et al., 2008).
Arabidopsis mutants with impaired function in cytokinin receptors ARABIDOPSIS HISTIDINE
KINASE 2 (AHK2) and AHK3 were marked by the absence of interfascicular cambium and
consequently secondary growth (Hejatko et al., 2009). Influence of increased cytokinin levels on the
vascular development in Populus trees was shown by overexpression of Arabidopsis AtIPT7 under the
PttLMXS5 promoter, enhancing the expression in the cambial and developing xylem region (Immanen
et al., 2016). In comparison to wild type plants, cambial cell files of transgenic lines were comprised of
increased number of meristematic cells, resulting in enhanced biomass production. Moreover, increased
cytokinin levels and cytokinin signaling response in the cambial and xylem region of the
pLMXS5:AtIPT7 lines enhanced cambial auxin levels and gene expression of auxin-responsive genes
(Immanen et al., 2016). This supported the already known observation of the connection of the
homeostasis of these two hormones (Jones et al., 2010; Simaskova et al., 2015). Hormonal profiling
across the Populus trichocarpa stem demonstrated a specific but interconnected distribution of
cytokinin, auxin, and GA (Immanen et al., 2016). Cytokinins had the highest concentrations in the

developing phloem. Auxin levels peaked in the actively dividing cambial zone and the developing
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xylem tissue was marked by bioactive GA. Furthermore, the concentration gradient of cytokinins was
supported by gene expression of cytokinin biosynthesis and signaling genes (Nieminen et al., 2008;
Immanen et al., 2016).

Downstream of the cytokinin signaling pathway, transcription factors AINTEGUMENTA
(ANT) and D-type cyclin CYCD?3;1 might be the important regulators of secondary growth (Randall et
al., 2015). In Arabidopsis, these transcription factors are expressed in the vascular cambium and
respond to cytokinin during root secondary growth. Single mutants displayed reduction in the number
of cambial cells and decreased secondary growth (Randall et al., 2015; Collins ef al., 2015). Another
example of the regulation of cambial development in Arabidopsis involves auxin-cytokinin signaling
and a glycogen synthase kinase 3, BRASSINOSTEROID-INSENSITIVE 2-LIKE 1 (BIL1) (Han et al.,
2018). BIL1 influences inhibition of cambial activity, by mediating phosphorylation of the auxin-
dependent transcription factor MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARFS5). The
inflorescence stems and hypocotyls of Arabidopsis bill mutants are marked by enhanced cambial
activity and formation of vascular tissues. The bi//l mutant phenotype was abolished, when a
phosphorylated version of MP/ARF5 was overexpressed, indicating the involvement of BIL1 in the
negative regulation of cambial activity. Moreover, BIL1 influences cambial activity acting via negative
regulators of cytokinin signaling, the A-type Arabidopsis RRs, ARR7 and ARR15. BIL1-induced
phosphorylation of MP/ARF5 leads to up-regulation of ARR7 and ARR15 and thus suppression of the

cytokinin response.

5.4.2 Auxin

In addition to cytokinin, evidence exists for auxin being an important positive regulator of
cambial activity and differentiation of secondary growth tissues. In fact, interfascicular cambium
formation is initiated in decapitated stems by exogenously applied auxin, while radial development is
inhibited in decapitated stems alone (Little et al., 2002). Interestingly, auxin may be required for
cambial identity maintenance, as cambial cells differentiate into parenchyma in explants of pine stems
without a source of auxin (Savidge, 1983). Basipetal auxin transport along the stem axis relies on the
activity of auxin efflux carriers of the PIN-FORMED (PIN) family (Okada et al., 1991). In inflorescence
stems of Arabidopsis, PIN1 is expressed in the procambial and cambial regions and in xylem
parenchyma with a localization toward the root apex (Gilweiler et al., 1998; Benkova et al., 2003;
Bennett et al., 2006; Sauer et al., 2006; Bennett et al., 2016). PIN2 and PIN3 accumulate mainly in
xylem parenchyma (Bennett et al., 2016). Consistently, Agusti et al. (2011) demonstrated in
Arabidopsis pin mutants that PIN1 and PIN3 and hence basipetal auxin transport are required for the
lateral growth initiated by the vascular cambium activity. The mutant plants displayed reduced
interfascicular cambium formation. In addition, an auxin gradient across the lateral dimension of stems
may be involved in the regulation of cambial activity and differentiation of cambium-derived tissues by

providing spatial information to cells of these tissues (Sundberg et al., 2000; Bhalerao and Fischer,
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2014). The highest auxin concentrations are present in the cambial region of poplar and spruce stems.
Auxin levels decrease gradually toward secondary phloem or xylem (Tuominen et al., 1997; Uggla et
al., 1996; Uggla et al., 1998; Bjorklund et al., 2007; Immanen et al., 2016). Thus, cells with a high
division rate are influenced by high auxin concentrations, expanding cells are exposed to intermediate
auxin levels, and cells experiencing low concentrations undergo differentiation processes including
secondary cell wall deposition (Fischer et al., 2019). Reduced cambial cell divisions took place in
transgenic hybrid aspen trees with ubiquitously reduced auxin responsiveness, supporting the role of
auxin to promote cambial activity (Nilsson et al., 2008).

The transcription factor WUSCHEL-RELATED HOMEOBOX 4 (WOX4) is required for
auxin-dependent cambium stimulation downstream of auxin signaling. WOX4 expression increases with
enhanced accumulation of auxin (Suer et al., 2011). Moreover, cambial cell divisions in fascicular and
interfascicular regions are reduced in Arabidopsis wox4 mutants, even with enhanced auxin
accumulation (Suer et al., 2011). WOX4 is a downstream target of the peptide-receptor signaling
module, TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR/EMBRYO
SURROUNDING REGION RELATED 41-PHLOEM INTERCALATED WITH XYLEM/TDIF
RECEPTOR (TDIF/CLE41-PXY/TDR) (Hirakawa et al., 2010; Etchells et al., 2013). In the
Arabidopsis genome, CLAVATA3 (CLV3)/CLE41 and CLE44 genes encode for TDIF which is a 12-
amino-acid-long mobile peptide ligand (Ito et al., 2006; Hirakawa et al., 2008; Ohyama et al., 2008;
Etchells and Turner, 2010). TDIF is bound by the plasma membrane-associated leucine-rich repeat
receptor-like kinase (LRR-RLK) PXY/TDR in the cambial region (Fischer and Turner, 2007; Hirakawa
et al., 2008; Etchells and Turner, 2010). Vascular development-associated processes are influenced in
several ways via interactions between TDIF/CLE41 and PXY/TDR. These include the regulation of
procambial/cambial cell division rate, inhibition of differentiation of xylem cells, and control of the
vascular patterning (Hirakawa et al., 2008; Whitford et al., 2008; Etchells and Turner, 2010; Hirakawa
et al., 2010). Positive regulation of WOX4 by the TDIF/CLE41-PXY/TDR signaling pathway was
supported by the enhanced expression of WOX4, when CLE41 was overexpressed and synthetic
TDIF/CLE41 peptide was applied. A similar regulation pattern was demonstrated for WOX14 that was
suggested to act redundantly with WOX4 (Etchells et al., 2013). Therefore, WOX transcription factors,
downstream of CLE peptide signaling, may have important regulatory effects on cambial activity
(Fischer et al., 2019). The described observations in Arabidopsis were supported with studies in which
hybrid aspen was used as model plant (Etchells ez al., 2015; Kucukoglu et al., 2017). Cambial activity
and wood formation were severely reduced in RNA interference lines with down-reguation of WOX4

homologs (Kucukoglu et al., 2017).

5.4.3 Gibberellin
In addition to cytokinin and auxin, an important role in secondary growth is attributed to GA.

However, while cytokinin and auxin rather influence cambial activity, GA acts in the xylem region
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where it promotes xylem cell differentiation and lignification (Denis et al., 2017). The highest levels of
bioactive GA are present in the developing xylem tissue of Populus, coinciding with its role in the
regulation of xylem development (Israelsson et al., 2005; Immanen et al., 2016). Longer xylem fibers
and an increased number of xylem fibers were produced in Populus trees, either overexpressing the
biosynthetic gene Gibberellin 20-oxidase (GA200x) or after exogenous treatment with GA (Eriksson et
al., 2000; Mauriat and Moritz, 2009; Johnsson et al., 2019). Moreover, shoot-derived GA was
demonstrated to promote xylem expansion in hypocotyls of Arabidopsis in grafting experiments (Ragni
et al., 2011). Upstream of GA, the transcription factor WOX14 may play an important role in vascular
cell differentiation and lignification (Denis et al., 2017). Thus, defects in Arabidopsis mutants with
impaired WOX14 function were eliminated by exogeneous GA application, and overexpression of

WOX14 resulted in enhanced GA biosynthesis.

5.4.4 Other hormones

The effects on cambium regulation and formation of secondary growth tissues were further
reported for ethylene, strigolactone and JA. Ethylene is involved in both, formation of tension wood
and promotion of cambial cell divisions (Andersson-Gunneras et al., 2003; Love et al., 2009; Etchells
et al., 2012). Ethylene, applied either as gaseous ethylene or in the form of the precursor
aminocyclopropane-1-carboxylate (ACC), stimulated cambial cell proliferation and wood formation in
Populus (Love et al., 2009). Furthermore, overexpression of ACC oxidase, encoding the enzyme
involved in the conversion of ACC to ethylene, resulted in transgenic Populus trees with enhanced
cambial cell divisions and secondary xylem formation. Etchells et al. (2012) demonstrated ethylene to
be involved in the regulation of cell divisions during vascular development using Arabidopsis as model
organism. Arabidopsis plants with a loss-of-function mutations in ETHYLENE RESPONSE FACTOR
(ERF) genes displayed reduced number of vascular cells during primary and secondary growth. In
addition, the ethylene overproducer 1 (etol) mutant exhibited an enhanced cambial proliferation in
hypocotyls and inflorescence stems.

In a study using Arabidopsis, strigolactone was reported to promote cambial activity and
secondary growth in inflorescence stems by local application of GR24, a synthetic strigolactone analog
(Agusti et al., 2011). Moreover, Arabidopsis mutants with impaired strigolactone signaling or
biosynthesis had reduced cambium-initiated secondary growth. Interestingly, auxin signaling may
influence the regulatory effect of strigolactone on meristematic activity of the vascular cambium.
Strigolactone activity is tightly linked to the auxin signaling pathway and the expression of strigolactone
biosynthesis genes, MORE AXILLARY BRANCHES 3 (MAX3) and (MAX4), is up-regulated by auxin
(Hayward et al., 2009; Waldie et al., 2014).

Sehr et al. (2010) demonstrated a stimulatory role for JA signaling in secondary growth, using
histological, molecular and genetic approaches. In Arabidopsis, JA application resulted in an increase

of interfascicular cambium, cell wall thickening of xylem tissues and production of phloem fibers.
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Furthermore, mutants with impaired function of the JASMONATE ZIM-DOMAIN10 (JAZ10) and JAZ7
genes, the repressors of JA signaling, exhibited a significant increase in longitudinal interfascicular
cambium extension. Interestingly, JA biosynthesis and signaling genes were up-regulated in a
transcriptome analysis during secondary growth in the woody genotype of Arabidopsis, suppressor of
overexpression of constans 1 (socl) fruitfull (ful) loss-of-function double mutant (Melzer et al., 2008;
Davin et al., 2016). Both genes, SOC! and FUL, encode MADS-box flowering time transcription
factors. Knock-out of these genes in Arabidopsis results in a shrubby phenotype, accompanied by

increased production of woody tissue.

5.5 Storage organs, storage tissues, and storage compounds

Secondary growth is coupled with nutrient allocation. Tissues produced during secondary
growth represent a potential storage site for directing a variety of diverse energy-rich compounds
therein. Due to the presence of remarkably advanced secondary growth in stems and clearly traceable
seasonal cycling of stored resources, extensive investigations regarding storage were performed using
different tree species in the past decades. A special feature of deciduous trees is the nutrient allocation
from senescing leaves and subsequent storage in stems for rapid production of new tissues in spring,
independent from available resources and nutrient uptake (Millard and Grelet, 2010; Rennenberg and
Schmidt, 2010). Here, small branches are used for seasonal storage, while large branches and tree stems
serve as decadal storage sites (Hartmann and Trumbore, 2016). Nutrients transported from senescing
leaves are stored in bark parenchyma, wood ray, and pith cells as carbon (C)-containing metabolites,
such as carbohydrates and lipids (Sauter and Kloth, 1987; Sauter and van Cleve, 1989, Sauter and van
Cleve, 1994; Sauter and Wellenkamp, 1998), nitrogen (N)-containing compounds, including mainly
proteins and amino acids (Coleman et al., 1991; Gessler et al., 1998; Cooke and Weih, 2005; Millard
and Grelet, 2010; Wildhagen et al., 2010), glutathione and sulfate for sulfur (S) (Herschbach and
Rennenberg, 1996; Diirr et al., 2010; Herschbach et al., 2012; Malcheska et al., 2013), and phosphorus
(P), represented by phosphate (P;) and organic-bound P; (Netzer ef al., 2017; Netzer et al., 2018).

Among the above-described storage compounds, C-containing metabolites, such as sugars,
starch, and lipids, comprise probably the greatest pool of stored resources in plants. Principal
metabolites involved in carbohydrate storage in vegetative tissues are either starch, sucrose or sucrose
derivatives (Scofield et al., 2009). Sugars and starch are summarized under the term non-structural
carbohydrates (NSCs) and are present in the cytosol of cells, plastids, vacuoles, and apoplast (Secchi
and Zwieniecki, 2016). In woody plants, long-term storage of extensive amounts of NSCs occurs in
amyloplasts of ray and axial parenchyma cells (Furze et al., 2018). Seasonal variation was present for
NSC levels in stems of several tree species excluding poplar, with higher concentrations in the growing
season and lower in the dormant period (Richardson et al., 2013). Contrary to that, NSC amounts
increased during dormancy in wood and bark tissues of poplar (Sauter and van Cleve, 1994; Sauter and

Wellenkamp, 1998; Watanabe et al., 2018). In addition, the C storage pool of deciduous trees was
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reported to contain triacylglycerol (TAG) in lipid bodies (LBs) accumulated in bark and wood (Sauter
and van Cleve, 1994; Watanabe ef al., 2018). Here, amounts of lipids were enhanced in autumn and
during dormancy and declined in spring.

N and S storage in the form of proteins, amino acids arginine, histidine, tyrosine and ornithine,
sulfate, and glutathione occurred in poplar plants in bark and wood of stems during dormancy, while
remobilization of both nutrients for leaf development took place in spring after bud break (Diirr ef al.,
2010; Wildhagen et al., 2010; Malcheska et al., 2013; Watanabe et al., 2018). Interestingly, N
availability strongly influences C metabolism. N deficiency is known to induce accumulation of C-
containing metabolites in plants, generally in the form of starch, fructan, and other soluble
carbohydrates (Wang and Tillberg, 1996; Scheible et al., 1997; Wang et al., 2000; Ruuska et al., 2008).

Beside N and S, P represents another essential nutrient involved in plant growth and
development (Lambers and Plaxton, 2018; Lang ef al., 2016). Plants rely on the stored P-containing
resources under growth-limiting conditions, such as P-impoverished soils. Beech trees of Tuttlingen
forest, which are exposed to growing conditions on P-depleted soil, provide an example of an efficient
P storage in stems (Netzer ef al., 2018). Here, P storage pools in bark were marked by enhanced
accumulation of phospholipids and glucosamine-6-phosphate, while N-acetyl-D-glucosamine-6-
phosphate was stored in wood tissues. P stored in this way in tree stems contributed to P cycling during
annual growth. P accumulation in bark and wood tissues occurred during dormancy, while its
mobilization took place in spring (Netzer ef al., 2017).

The above-described examples regarding storage tissues and storage compounds relate to tree
species. But how do storage pools look like in the case of perennial herbaceous plant species and which
storage tissues/organs are involved? Many reports exist also here.

In order to sustain perennial life cycle, herbaceous plants evolved a diversity of perennating
storage structures. These include specialized carbohydrate and N-storing underground organs, such as
xylopodia, rhizophores, rhizomes, tubers, bulbs, and tuberous roots (de Moraes et al., 2016). Potato
tubers accumulating starch and storage proteins are probably one of the most prominent examples
regarding such underground organs (Visser et al., 1994; Hartmann et al., 2011). Furthermore,
parenchyma tissues of rhizophores and tuberous roots store starch and fructans in some herbaceous
species of Asteraceae, Dioscoreaceae, Smilacaceae, Amaranthaceae, and Bixaceae (Isejima et al.,
1991; Vieira and Figueiredo-Ribeiro, 1993; Carvalho and Dietrich, 1996; Hayashi and Appezzato-da-
Gloria, 2005; Carvalho et al., 2007; Appezzato-da-Gloria et al., 2008; Silva et al., 2013). Interestingly,
high levels of lipids accumulate in the underground tubers of yellow nutsedge, the only plant species
known so far to accumulate high amounts of oils in tubers (Linssen et al., 1989). In addition, N storage
in the form of proteins occurs in the underground reserve organs of several Fabaceae species
(Figueiredo-Ribeiro et al., 1986).

However, long-term storage tissues in herbaceous species occur not only in the underground

organs, but also in the above-ground vegetative plant segments. Here, Tetraena mongolica, an endemic
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species from western Mongolia, represents an example of starch and TAG-containing LB storage in
phloem and xylem parenchyma of stems, which is considered to be a C supply for the development of
new shoots in the next growth period (Wang et al., 2007). Another example includes Oxytropis sericea.
Branches of this alpine perennial leguminous herb accumulate NSCs in the fall (Wyka, 1999). Levels
of accumulated NSCs decrease during winter and reach minimal amounts after growth initiation in
spring.

In general, plants store resources to support growth after the dormant period/for the next growth
cycle (Cyr et al., 1990; Millard and Grelet, 2010; Wildhagen ef al., 2010), to recover from damage
(Wyka, 1999; Scheidel and Bruelheide, 2004), and to integrate compounds that are in excess (Servaites
et al., 1989; Li et al., 1992). Various tissues serve as long-term storage sites for a diverse set of
metabolites. However, the prominent role of long-term storage in plants is attributed to high-energy C

compounds, starch and lipids, which will be described in more detail in the following sections.

5.5.1 Starch

Generally, starch in plant cells functions as a dense, osmotically inert sugar reserve for growth
and development when photosynthesis is absent or limited (Smith and Zeeman, 2020). Plants are
prevented from photosynthesis at night, after damage, during seed germination, and during bud
outgrowth following the dormant period. Based on its biological function, this non-structural
carbohydrate is defined as transitory starch or storage starch.

Semi-crystalline starch granules with diameters between 1-100 pm are composed of two
glucose polymers, amylopectin and amylose (Pérez and Bertoft, 2010). The branched molecule
amylopectin consists of groups of linear chains of a-1,4-linked glucose residues connected to branch
regions by a-1,6 linkages. Amylose is composed of long a-1,4-linked glucose units with few branch
points. In general, amylose fraction in starches of leaves amounts to 10 %, while starch in storage organs
may contain 20-30 % (Smith and Zeeman, 2020). While amylopectin forms the structural framework

of the granule, amylose is considered to fill spaces within the amylopectin-shaped matrix.

5.5.1.1 Starch biosynthesis

The pathway of starch biosynthesis is initiated by the plastid-localized enzyme adenosine
diphosphate (ADP) glucose pyrophosphorylase (AGPase), catalyzing production of the glucose donor
ADP-glucose (Figure 3) (Smith and Zeeman, 2020). Glucose 1-phosphate, the substrate for AGPase,
derives from the Calvin-Benson cycle in chloroplasts (Fettke et al., 2011; Stitt and Zeeman, 2012). In
amyloplasts of non-photosynthetic tissues, hexose phosphates have to be first imported from the cytosol
(Fliigge et al., 2011). Synthesis of starch polymers from ADP-glucose includes the cooperative and
simultaneous action of three enzymes, starch synthases (SSs), starch-branching enzymes (SBEs), and
debranching enzymes (DBEs) (Figure 3). SSs transfer the glucosyl moiety from ADP-glucose to non-
reducing ends of glucose chains at the surface of the starch granule, creating an a-1,4 glucosidic bond.

Branching and thus generation of an a-1,6 linkage within the structure of glucose chains is introduced
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by SBEs. SBEs transfer terminal parts consisting of several glucoses to the same or a neighboring chain.
The importance of SBEs for the branching structure of amylopectin was confirmed in studies using
potato, maize, and rice (Schwall et al., 2000; Blauth et al., 2002; Satoh et al., 2003). Impaired function
of SBE isoforms severely altered amylopectin structure affecting the chain length of branches in mutant
plants. DBEs are involved in the selective removal of extraneous branches of the synthesized molecules
via hydrolysis of a-1,6 linkages (Smith and Zeeman, 2020). Significance of debranching in amylopectin
synthesis was supported in studies with Arabidopsis, potato, cereals, and Chlamydomonas mutants
deficient in isoforms of isoamylase 1 (ISA1) type (James et al., 1995; Delrue and Ball, 1996; Bustos et
al.,2004; Delatte et al., 2005). Impaired function of DBE ISA1 resulted in formation of highly branched

glucans. This fraction remained soluble and lost competency to crystallize into a granular form.

Plant cell Figure 3. Pathway of starch biosynthesis. In a
/ / Plastid \ photosynthetic cell, fructose 6-P, deriving from the
Calvin- Calvin-Benson cycle, is converted to glucose 1-P

Benson in the plastid. In non-photosynthetic cells, hexose-

sl Ps are imported into the plastid from the cytosol.
The AGPase catalyzes conversion of glucose 1-P

Starch
granule

v to ADP-glucose. Starch is synthesized from ADP-

Hexose-P - - + »Glucose 1-P glucose via simultaneous activity of three
AGPase¢ enzymes, SSs, SBEs, and DBEs. Steps that are not

ADP-glucose shown are indicated by dashed lines.

Abbreviations: ADP, adenosine diphosphate;
AGPase, ADP glucose pyrophosphorylase; DBE,
debranching enzyme; P, phosphate; SBE, starch-

SBEs
DBEs branching enzyme; SS, starch synthase. The
schematic illustration was partially adopted from

Smith and Zeeman (2020).

The described pathway of starch biosynthesis is well conserved among plant species, indicating
a common origin (Deschamps et al., 2008). Differences among species and organs may rather be related
to starch mobilization. Starch mobilization and the mechanism behind starch turnover is well studied in

Arabidopsis leaves, but poorly investigated until now in other species and in diverse organs.

5.5.1.2 Starch mobilization

In Arabidopsis leaves, biosynthesis of transitory starch and mobilization follow a diurnal cycle
and involve the circadian clock. Sucrose and starch are synthesized during the day. During the night,
almost all starch is converted to sucrose to maintain metabolism in the absence of photosynthesis.
Hydrolytic enzymes, exoamylase f-amylase and DBE isoamylase, are involved in starch degradation
predominantly yielding the disaccharide maltose (Figure 4) (Smith and Zeeman, 2020). B-amylase
cleaves a-1,4 linkages, while isoamylase is responsible for cleavage of a-1,6 linkages. Knockout
mutants in isoforms of B-amylase had elevated starch levels in comparison to wild type (Fulton et al.,
2008). DBEs involved in starch mobilization, ISOAMYLASE 3 (ISA3) and limit dextrinase (LDA),
differ from debranching enzymes participating in starch biosynthesis (Delatte et al., 2006). Similar to
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reports regarding B-amylase, starch contents and soluble branched glucans were increased in isa3 lda
double mutants. In addition, the organization of amylopectin molecules at the surface of the granule is
essential for starch degradation. Two sets of enzymes, glucan, water dikinase (GWD/STARCH
EXCESS 1 (SEX1)) and phosphoglucan, water dikinase (PWD), alter organization of amylopectin by
phosphorylation and dephosphorylation of glucose units, thus enabling hydrolytic enzymes to access
the granule (Figure 4) (Yu et al., 2001; Baunsgaard et al., 2005; Koétting et al., 2005; Edner et al., 2007;
Blennow and Engelsen, 2010).

Leaf cell -
/ / Plastid

Starch
granule

Figure 4. Pathway of starch mobilization. GWD
\ and PWD alter organization of amylopectin by
phosphorylation and dephosphorylation events.
Thus, hydrolytic enzymes, B-amylase and DBE

isoamylase, are enabled to access the granule.

Glucose ¢ 1 - - Maltose
Maltotriose Hydrolysis, catalyzed by pB-amylase and DBE
¢ isoamylase, results in production of maltose and
Hexose-P maltotriose. Maltotriose is further metabolized to
[ yield glucose. Maltose and glucose are transported
v .
B-amylase to the cytosol, where they are converted in several
Sucrose

DBE isoamylase steps to sucrose. Steps that are not shown are

indicated by dashed lines. Abbreviations: AMP,
adenosine monophosphate; ATP, adenosine
FWD triphosphate; DBE, debranching enzyme; GWD,

glucan, water dikinase; P, phosphate; P;, inorganic

phosphate; PWD, phosphoglucan, water dikinase.

The schematic illustration was partially adopted
from Smith and Zeeman (2020).

Despite photosynthetically active leaves, accumulation and mobilization of starch occurs in
many non-photosynthetic plant tissues, as already described above for trees and several perennial
herbaceous species. This accumulation of starch is regarded as long-term storage starch. In annual
Arabidopsis, the corresponding storage tissues comprise embryos, testas, stems, root columella, petals,
anthers, and pollen (Caspar ef al., 1991). Studies with mutants in components of the starch metabolism
mechanism, described above, revealed alterations in starch levels in non-photosynthetic tissues of
Arabidopsis (Caspar et al., 1985; Andriotis et al., 2010; Feike et al., 2016). This indicates that enzymes
of starch metabolism playing a role in leaves may also be involved in other compartments of the plant
(Smith and Zeeman, 2020). However, the mechanism of starch degradation described for Arabidopsis
leaves may indeed also function in reserves laid down in other plant species. This is supported by the
presence of transcripts corresponding to elements of the leaf starch mobilization pathway of
Arabidopsis in cambium and wood of tree stems (Hoffman ef al., 2010; Resman et al., 2010; Berrocal-
Lobo et al., 2011). However, the difference between the annual Arabidopsis and perennial plant species

may concern here the regulation occurring not only in a diurnal but also in a seasonal manner.
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5.5.2 Lipids

Starch is an efficient and compact form of stored energy in plants. However, lipids represent
another alternative. In comparison to starch, lipid reserves provide more than twice the energy per
weight (Pfister et al., 2020). Plants store lipids predominantly as TAG in specialized compartments, the
so-called LBs/lipid droplets (LDs). LBs were reported to be present in oilseeds of diverse plant species
(Cao and Huang, 1986; Loer and Herman, 1993; Lee et al., 1995; Lacey et al., 1999; Shockey et al.,
2006; Cai et al., 2017), but also in vegetative tissues, such as roots (Nasted et al., 2000; Chinnasamy
et al., 2003), stems (Sauter and Cleve, 1994; Madey et al., 2002; Wang et al., 2007), and leaves (Pyc et
al., 2017; Brocard et al., 2017). In addition to the storage function, lipids play key roles in the general
plant metabolism, including membrane remodeling and lipid signaling. Lipid composition is a key for
membrane identity of cells and cellular organelles. Here, predominant constituents of the plasma
membrane are phosphoglycerolipids (Simon, 1974; Wewer et al., 2011), while chloroplast thylakoid
membranes contain primarily galactoglycerolipids (Hurlock et al., 2014; LaBrant et al., 2018; Karki et
al., 2019). In order to produce energy, fatty acids (FAs) from both, storage and membrane lipids, are

subjected to catabolic processes occurring in peroxisomal f-oxidation pathway.

5.5.2.1 Lipid bodies

LBs are composed of a core of neutral lipids (NLs) (mainly TAG, but also steryl/wax esters)
surrounded by a phospholipid (PL) monolayer with various surface-associated proteins (Thiam et al.,
2013; Ohsaki et al., 2014; Huang, 2018). Thus, key functions of these cell compartments are energy
and C supply for plant metabolism, as well as lipid provision for membrane biosynthesis. Formation
and budding of LBs occurs on the endoplasmic reticulum (ER), which is promoted here by enzymes
involved in TAG biosynthesis (Walther et al., 2017). Synthesized TAG is sequestered in the
hydrophobic area of the PL bilayer, finally resulting in budding. Depending on the cell type,
developmental stage, and growth conditions, L.Bs released into the cytoplasm may differ in size, shape,
and mobility (Pyc et al., 2017).

Current knowledge on LBs mainly derives from studies on oilseeds. However, investigations
using vegetative tissues from various plant species and green algae hint to their additional involvement
in diverse physiological processes, which mainly occurs due to the presence of a group of proteins
within the LB structure. LB proteins can be categorized depending on their single, dual or multiple
functions (Huang, 2018). These comprise structural, enzymatic, membrane protein trafficking, and
signaling roles, as well as use of LB surface as a platform for other cellular processes. In plant seeds,
oleosin represents the most abundant structural protein involved in stabilization, formation, and
turnover of LBs (Huang, 1996; Schmidt and Herman, 2008; Shimada et al., 2008; Miquel et al., 2014).
LBs are predominantly involved in metabolic processes due to enzymatic activities and binding
characteristics of two sets of proteins, caleosin/dioxygenase/steroleosin and LD-associated proteins

(LDAPs)/oil body (OB)-associated proteins. Enzymatic activity of caleosin, dioxygenase, and
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steroleosin results in products which are related to stress responses. Caleosin has a peroxygenase
activity and catalyzes conversion of hydroperoxides of a-linolenic acid to different oxylipins
functioning as phytoalexins (Hanano et al., 2006; Blée et al., 2014). Dioxygenase was extensively
studied in relation to pathogen and senescence-induced response (Sanz et al., 1998; Marcos et al., 2015).
Dioxygenase may catalyze production of oxylipins for defense of abiotic and biotic stresses together
with caleosin (Shimada and Hara-Nishimura, 2015). Steroleosin belongs to the family of hydroxysteroid
dehydrogenases and is involved in the production of brassinosteroids from sterol substrates (Lin et al.,
2002; Zhang et al., 2016).

An abundant occurrence in non-seed cell types was recently reported for LDAPs (Gidda et al.,
2016). LDAPs appear to be involved in drought stress in Arabidopsis (Kim et al., 2016). Moreover,
LDAP3 influences LB morphology and contents of NLs in seeds through an interaction with a plant-
specific protein of unknown function, exhibiting an LB targeting signal (Pyc et a/., 2017). LB amounts
are enhanced under N-deprived conditions in green algae and in leaves of higher plants (Tsai et al.,
2015; Brocard et al., 2017). Furthermore, plastoglobuli, a specific type of LBs deriving from plastids,
were proposed to be involved in abiotic stress response and developmental transitions (van Wijk and
Kessler, 2017). In addition, LBs were reported to function in cytoplasmic signaling (van der Schoot et
al.,2011).

Catabolism of LBs is driven by two major mechanisms (Poxleitner et al., 2006; Barbosa and
Siniossoglou, 2017; Walther et al., 2017). The first includes lipolysis catalyzed by a lipase on the
surface of LBs. In the second pathway, LBs are recycled via autophagy or by vacuoles. SUGAR-
DEPENDENT 1 (SDP1) and its related SDP1-LIKE are lipases involved in hydrolysis of LB-derived
TAG (Eastmond, 2006). In Arabidopsis, SDP1 exhibits a broad substrate specificity regarding different
FAs and its transcript is ubiquitously present in various organs (Eastmond, 2006; Kelly et al., 2013).

Taken together, LBs represent not solely inert energy stores, but additionally have a broad range

of functions in diverse physiological processes.

5.5.2.2 Biosynthesis of glycerolipids

Glycerolipids play key roles in plant metabolism. As mentioned above, TAG, consisting of a
glycerol backbone and three FAs, functions as a source of energy stored in LBs in plants. Further
examples for glycerolipids include phosphoglycerolipids and galactoglycerolipids, which are major
constituents of plant membranes. The plasma membrane contains primarily phosphoglycerolipids, such
as phosphatidylcholine and phosphatidylethanolamine (Simon, 1974; Wewer et al., 2011). Predominant
constituents of the chloroplast thylakoid membranes are galactoglycerolipids (hereafter termed
glycolipids (GLs)), monogalactosyldiacylglycerol and digalactosyldiacylglycerol (Hurlock et al., 2014;
LaBrant et al., 2018; Karki et al., 2019). Similar to PLs, digalactosyldiacylglycerol is a bilayer-forming

lipid. Therefore, digalactosyldiacylglycerol can replace PLs in membranes during P-limited conditions,
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thus ensuring membrane homeostasis (Hértel ez al., 2000; Andersson et al., 2003; Jouhet et al., 2004;
Andersson et al., 2005).

Biosynthesis pathways of different lipid classes are interconnected. In plant tissues, lipids are
synthesized in the prokaryotic pathway in the chloroplast and in the eukaryotic pathway in the ER
(Figure 5) (Li-Beisson et al., 2013; Jayawardhane et al., 2018). Chloroplast lipid synthesis relies on
diacylglycerol backbones that derive from both, prokaryotic and eukaryotic pathway (Ohlrogge and
Browse, 1995; Li-Beisson et al., 2013). Phosphatidic acid, the precursor of GLs and also PLs, is
transformed to phosphatidylglycerol on the inner chloroplast envelope (Li-Beisson et al., 2013) or
dephosphorylated to diacylglycerol by phosphatidate phosphatase (PP) (Figure 5) (Carman, 1997;
Ohlrogge and Browse, 1995). The transfer of a galactose moiety from UDP-galactose to diacylglycerol
or monogalactosyldiacylglycerol, catalyzed by two distinct galactosyltransferases in the inner or outer

envelope, results in the synthesis of GLs (Kelly and Dérmann, 2004; Andersson and Dérmann, 2008).
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Figure 5. Overview of prokaryotic and eukaryotic glycerolipid biosynthesis pathways in the plastid and in the
endoplasmic reticulum. Abbreviations: A-CoA: acyl-CoA; B-K-CoA: B-ketoacyl-CoA; BE-PSS: base-exchange-
type phosphatidylserine synthase; CDP-DAGS: CDP-DAG synthase; CoA: coenzyme A; DAG: diacylglycerol;
DAGTA: diacylglycerol transacylase; DAG-CPT: CDP-choline:diacylglycerol cholinephosphotransferase; DAG-
EPT: CDP-ethanolamine:diacylglycerol cholinephosphotransferase; DGAT: diacylglycerol acyltransferase;
DGDG: digalactosyldiacylglycerol; DGDGS: digalactosyldiacylglycerol transferase; E-CoA: enoyl-CoA; ECR:
enoyl-CoA reductase; FAS: fatty acid synthase; FAs: fatty acids; G3P: glycerol 3-phosphate; GPAT: glycerol-3-
phosphate acyltransferase; HACD: hydroxyacyl-CoA dehydratase; KCR: ketoacyl-CoA reductase; KCS: 3-
ketoacyl-CoA synthase; LACS: long-chain acyl-CoA synthetase; LPA: lysophosphatidic acid, LPAAT:
lysophosphatidic acid acyltransferase; LPC: lysophosphatidylcholine; LPCAT: lysophosphatidylcholine
acyltransferase; MGDG: monogalactosyldiacylglycerol; MGDGS: monogalactosyldiacylglycerol transferase;
PA: phosphatidic acid; PC: phosphatidylcholine; PDAT: phospholipid:diacylglycerol acyltransferase; PE:
phosphatidylethanolamine; PG: phosphatidylglycerol; PGP: phosphatidylglycerol phosphate; PGPP:
phosphatidylglycerol phosphate phosphatase; PGPS: phosphatidylglycerol phosphate synthase; PI:
phosphatidylinositol; PIS: PI synthase; PP: phosphatidate phosphatase; PS: phosphatidylserine; PSD:
phosphatidylserine decarboxylae; SLS: sulfolipid synthase; SQDG: sulfoquinovosyldiacylglycerol; TAG:
triacylglycerol; VLCFAs: very long-chain fatty acids. Steps that are not shown are indicated by dashed lines.
Adopted from Li-Beisson et al. (2013).

PL synthesis takes place in the ER (Li-Beisson et al., 2013). Phosphatidic acid is produced in
the reactions involving acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT) and acyl-
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CoA:lysophosphatidic acid acyltransferase (LPAAT) (Figure 5). Phosphatidylinositol is further
synthesized from myo-inositol and CDP-diacylglycerol, the conversion product of phosphatidic acid,
via phosphatidylinositol synthases (PIS) (Xue et al., 2000; Loftke et al., 2008). Phosphatidylglycerol
synthesis occurs via phosphatidylglycerol phosphate synthase (PGPS) and phosphatidylglycerol
phosphate phosphatase (PGPP). PGPS catalyzes the conversion of CDP-diacylglycerol and glycerol-3-
phosphate to phosphatidylglycerol phosphate. Subsequently, PGPP participates in dephosphorylation
of phosphatidylglycerol phosphate to produce phosphatidylglycerol (Miiller and Frentzen, 2001; Hagio
et al., 2002; Xu et al., 2002).Diacylglycerol, deriving from phosphatidic acid, can be used for TAG
biosynthesis (Han et al., 2006) or converted to phosphatidylcholine and phosphatidylethanolamine in
the reactions with CDP-choline and CDP-ethanolamine respectively. In  addition,
phosphatidylethanolamine can be synthesized via phosphatidylserine decarboxylation pathway (Li-
Beisson et al., 2013).

Biosynthesis of TAG takes place in the ER in the Kennedy or glycerol phosphate pathway.
Some of its steps are common to the already described synthesis of membrane lipids (Figure 5) (Li-
Beisson et al., 2013). A GPAT is involved in the acylation of glycerol-3-phosphate in the first step
(Zheng et al., 2003; Beisson et al., 2007), followed by a second acylation catalyzed by an LPAAT (Kim
and Huang, 2004; Kim et al., 2005). The second acylation results in the formation of phosphatidic acid.
To produce diacylglycerol, phosphatidic acid is dephosphorylated by PP (Nakamura et al., 2009;
Eastmond et al., 2010). Therefore, diacylglycerol is an important intermediate for the synthesis of
storage and membrane lipids. A third acylation reaction is specific for TAG biosynthesis and three
processes, varying in the acyl donor origin identified so far, are involved in this step (Li-Beisson et al.,
2013). In one of these reactions, an acyl-CoA molecule is acylated to diacylglycerol via the activity of
a diacylglycerol acyltransferase (DGAT) (Katavic et al., 1995; Routaboul et al., 1999; Zou et al., 1999;
Saha et al., 2006; Yen et al., 2008). Acyl moieties also derive from phosphatidylcholine in order to
acylate diacylglycerol via the activity of a phospholipid:diacylglycerol acyltransferase (PDAT)
(Dahlqvist et al., 2000; Stahl et al., 2004; Zhang et al., 2009). Moreover, the importance of
phosphatidylcholine in TAG biosynthesis is stressed by the additional desaturation of FAs on
phosphatidylcholine itself (Ohlrogge and Jaworski, 1997). Dependency between the
phosphatidylcholine pool and the TAG synthesis was supported in studies using Arabidopsis mutants
impaired in PDAT function (Zhang et al., 2009). The TAG content decreased dramatically in seeds of
mutant plants. According to investigations with safflower seeds, the third possible mechanism of the
last acylation reaction of diacylglycerol was hypothesized to involve a diacylglycerol:diacylglycerol
transacylase (Stobart ef al., 1997).

The nature of FAs of glycerolipids is indicative for their function and for the lipid species. For
example, GLs of chloroplasts consist to a large extent of trienoic FAs (Moreau ef al., 1998; Andersson
and Dormann, 2008). The abundant FAs of TAG have chain lengths of 18 and 20 carbons with one to
three double bonds (Chapman and Ohlrogge, 2012; Bates et al., 2013). Interestingly, senescing
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Arabidopsis leaves accumulate TAG enriched in 16:3 and 18:3 FAs. These FAs usually occur in GLs
of thylakoids (Kaup et al., 2002). The observed TAG accumulation was suggested to be related to
sequestration of free FAs deriving from the breakdown of thylakoid membranes.

The De novo FA synthesis takes place in the plastid in reactions catalyzed by enzymes of the
FA synthase complex (Figure 5) (Li-Beisson et al., 2013). FAs produced in the plastid are transported
to the ER. In the ER, they can be either subjected to the FA elongase complex or to the esterification of
glycerol-3-phosphate to form glycerolipids. The FA elongase complex involves four enzymatic

activities in order to produce very long-chain fatty acids (VLCFAs) (Figure 5) (Joubés et al., 2008).

5.5.2.3 Fatty acid pB-oxidation

Mobilization of glycerolipid-derived FAs is required to provide building blocks and energy for
plant metabolic processes. FAs are subjected to peroxisomal B-oxidation in order to be degraded (Figure
6) (Li-Beisson et al., 2013). FA B-oxidation consists of a repetitive oxidation spiral. In each cycle, one
acetyl-CoA unit (C,) is cleaved from an acyl-CoA chain (C,) and the oxidation spiral is repeated
resulting in acyl-CoA (C,-2). This four-step process comprises reactions catalyzed by three enzymes,
acyl-CoA oxidase (ACX), multifunctional protein (MFP), and 3-ketoacyl-CoA thiolase (KAT). Two
different strategies had evolved in order to enable the enzymes to convert substrates with decreasing
chain length in each round of the core B-oxidation pathway. These include multiple isoforms specific

to differing chain length and enzymes accepting a broad range of substrates.
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Figure 6. Overview of fatty acid B-oxidation in the peroxisome. Degradation of FAs deriving from the hydrolysis
of TAG contained in the lipid body is represented. Abbreviations: A-CoA: acyl-CoA; ACX: acyl-CoA
thioesterase; 3R/3S-H-CoA: 3R/3S-hydroxyacyl-CoA; 3-K-CoA: 3-ketoacyl-CoA; CoA: coenzyme A; DAG:
diacylglycerol; E-CoA: enoyl-CoA; FAs: fatty acids; Isom: isomerase; KAT: 3-ketothiolase; LACS: long-chain
acyl-CoA synthetase; MAG: monoacylglycerol; MAGL: monoacylglycerol lipase; MFP: multifunctional protein;
TAG: triacylglycerol; TAGL: triacylglycerol lipase; Acyl-CoA chains with a cis double bond on an even-
numbered carbon are exemplified by A6c¢is, while fatty acids with cis double bonds at odd-numbered positions
are exemplified by A9cis. Steps that are not shown are indicated by small dashed arrows. The repetitive oxidation
spiral is indicated by the big dashed arrow. Adopted from Li-Beisson et al. (2013).
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In the first step of B-oxidation, ACXs catalyze the conversion of activated acyl-CoA to 2-trans-
enoyl-CoA (Figure 6). In Arabidopsis, six ACX genes have been identified (Adham et al., 2005;
Graham, 2008). Thus, rapid catabolism of TAG-derived FAs during seed germination and early
postgerminative development in Arabidopsis was reported to correlate with upregulated gene
expression of ACX1, ACX2, ACX3 and ACX4 (Rylott et al., 2001).

Second and third reaction of the core B-oxidation pathway, 2-trans-enoyl-CoA hydratase and
L-3-hydroxyacyl-CoA dehydrogenase, involve MFP (Figure 6) (Graham, 2008). Two isoforms of MFP
are present in Arabidopsis, ABNORMAL INFLORESCENCE MERISTEM 1 (AIM1) and MFP2
(Richmond and Bleecker, 1999; Eastmond and Graham, 2000). MFP2 involvement in storage oil
breakdown was supported in studies with 4. thaliana T-DNA insertion mutants (Rylott ez al., 2006).
Catabolism of storage lipids occurred more slowly in mfp2 mutant seedlings than in wild type.

The final reaction of the oxidation cycle is catalyzed by KAT (Figure 6). KAT is involved in
the thiolytic cleavage of 3-ketoacyl-CoA to acyl-CoA and acetyl-CoA (Li-Beisson ef al., 2013). Three
loci encode KAT enzymes, KAT1, KAT2, and KATS, in the genome of Arabidopsis (Carrie et al.,
2007). LB-derived TAG breakdown was hindered in kat2 mutant Arabidopsis seedlings (Germain et
al.,2001).

Unsaturated FAs with cis double bonds at even-numbered or odd-numbered positions on the
carbon chain have to undergo conversion reactions in the auxiliary B-oxidation pathway before they can
enter the core oxidation spiral (Figure 6) (Li-Beisson et al., 2013). FAs with a cis double bond on an
even-numbered carbon can be processed either by an epimerase or ENOYL-COA HYDRATASE 2
(ECH2/hydratase) to 2-trans-enoyl-CoA, which then enters the core B-oxidation pathway (Schulz and
Kunau, 1987; Goepfert et al., 2006). FAs with cis double bonds at odd-numbered carbons are subjected

to the auxiliary pathway involving isomerases (Goepfert et al., 2005; Goepfert et al., 2008).

Taken together, nutrient allocation to perennating storage tissues was not investigated so far in
the perennial model species A. alpina. Thus, elucidation of the development of such tissues,
examination of the accumulation and turnover of high-energy C compounds, starch and lipids, in these
tissues, and uncovering of the regulation behind these processes will contribute greatly to the already
obtained knowledge about the perennial growth habit of 4. alpina. The development of perennial grain

cropping systems may profit from these findings in the future.
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6 Thesis Objectives

In recent years, Arabis alpina has been established as a model Brassicaceae species to study
perennial traits. In previous studies, the perennial life-cycle of 4. alpina was characterized using the
vernalization-dependent accession Pajares (Paj) (Wang ef al., 2009; Wang et al., 2011; Bergonzi et al.,
2013; Park et al., 2017; Lazaro et al., 2018; Hyun et al., 2019; Vayssicres et al., 2020). The preceding
research generally concentrated on non-simultaneous development of meristems regarding vegetative
and reproductive growth. However, the resource allocation to putative perennating organs/tissues was
not investigated in 4. alpina so far. Lateral stems of Paj, which are formed prior to vernalization, can
be subdivided into two different zones, when flowering occurs. The proximal vegetative zone with a
dormant bud region and newly formed axillary branches is maintained after reproduction, while the
distal seed-producing inflorescence zone senesces. The observed zonation pattern of lateral stems raised
the following questions: (i) is this zonation related to the long-term nutrient storage, (ii) which signals
affect this zonation, and (iii) do these signals confer perennial traits to 4. alpina? In order to answer

these questions, the following objectives of the thesis were formulated:

1. Identify long-term nutrient storage tissues and determine the abundant accumulated carbon (C)

storage biopolymers in lateral stems of perennial 4. alpina.

The anatomy of internode stem cross sections is inspected in vegetative and inflorescence zones at
different growth stages with and without the prolonged cold treatment to identify long-term nutrient
storage. In order to perform a detailed analysis of the development of stem tissues, the selected growth
stages are distributed along a developmental gradient. To investigate the dependency on vernalization,
the vernalization-independent mutant A. alpina perpetual flowering 1-1 (pepl-1), a derivative of Paj, is
included. Perennial lines, Paj and pep-1, are compared to the annual sister species A. montbretiana.
Deposition of C storage biopolymers, starch and lipids, is investigated in stem internodes by staining
of tissue sections. Microscopic observations are supported by biochemical quantification. Fatty acid
profiles, deriving from storage and membrane glycerolipids, are analyzed in more detail. Qualitative
and quantitative analyses are performed to identify striking development and storage-related
dissimilarities between the different stem zones as well as between perennial and annual species. The
vegetative stem zone of perennial 4. alpina is expected to accumulate high amounts of C-containing

compounds in specified storage tissues.

2. Identify signals that differentiate between the vegetative and the inflorescence lateral stem zone and

potentially confer perennial traits to 4. alpina

Secondary growth-related formation of pronounced storage tissues in vegetative lateral stem internodes
is identified in perennial Paj and pepi-1. The pepi-1 mutant is used for further analyses, as the trait of

secondary growth and nutrient storage occurs irrespective of differential flowering behavior. The

22



Thesis Objectives

influence of hormones (cytokinin, auxin, gibberellin, and ethylene) on vascular cambium activity is
tested by direct application either to juvenile vegetative or developing inflorescence stem internodes.
To identify gene expression differences related to secondary growth and nutrient deposition between
the vegetative and the inflorescence stem internodes, a gene expression profiling experiment using RNA
sequencing is performed with pepI-1. To cover a broad range of possible developmental processes, the
investigated stages comprise a juvenile, an adult vegetative, and an adult reproductive phase. Gene
ontology enrichment analysis is performed to narrow down the search for putative candidate genes,
demarcating the vegetative stem zone from the inflorescence. Candidates, which may represent targets
of regulatory mechanisms specifying differentiation of the vegetative stem zone in 4. alpina, are
extracted for downstream analyses. The potential candidate genes are expected to be expressed at higher

levels during development of the vegetative stem zone in comparison to the inflorescence.
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Secondary growth and nutrient storage in Arabis alpina

Highlight
Arabis alpina stems have a perennial zone with secondary growth, where cambium and derivatives store
high molecular weight compounds independent of vernalization. Cytokinins are signals for the

perennial secondary growth zone.
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Abstract

Perennial plants maintain their life span through several growth seasons. Arabis alpina serves as model
Brassicaceae species to study perennial traits. 4. alpina lateral stems have a proximal vegetative zone
with a dormant bud zone, and a distal senescing seed-producing inflorescence zone. We addressed the
questions of how this zonation is distinguished at the anatomical level, whether it is related to nutrient
storage, and which signals affect the zonation. We found that the vegetative zone exhibits secondary
growth, which we termed the perennial growth zone (PZ). High molecular weight carbon compounds
accumulate there in cambium and cambium derivatives. Neither vernalization nor flowering were
requirements for secondary growth and sequestration of storage compounds. The inflorescence zone
with only primary growth, termed annual growth zone (AZ), or roots exhibited different storage
characteristics. Following cytokinin application, cambium activity was enhanced and secondary phloem
parenchyma was formed in the PZ and also in the AZ. In transcriptome analysis, cytokinin-related genes
represented enriched gene ontology terms and were expressed at higher level in the PZ than the AZ.
Thus, A. alpina uses primarily the vegetative PZ for nutrient storage, coupled to cytokinin-promoted
secondary growth. This finding lays a foundation for future studies addressing signals for perennial

growth.
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Introduction

Perennial plants sustain their life span through several growth seasons and many of these plants
are polycarpic and reproduce multiple times (Bergonzi and Albani, 2011). This allows plants to
maintain space in their environment, to exploit and defend light and soil resources, and to survive harsh
conditions. In contrast, annual plants are usually monocarpic and reproduce only once before they die
(Thomas, 2013), a life style of advantage in lowland dry habitats with animal foraging and agriculture
in favor of juvenile survival.

Vegetative above-ground shoots of perennial plants may grow in diameter over the years. This
production of new tissues in the lateral dimension is termed secondary growth and is initiated by two
secondary meristems. The fascicular and interfascicular cambium produces new vasculature in the form
of secondary xylem and secondary phloem and corresponding parenchyma, leading to the formation of
wood and bast. The cork cambium or phellogen produces outward cork and inward phelloderm to
generate new protective outer layers, periderm, with increasing stem diameter. A diverse set of
phytohormones and signals influences cambial activity in stems (Fischer et al., 2019). Hormonal
profiling across the Populus trichocarpa stem identified a specific but interconnected distribution of
hormones (Immanen ef al., 2016). Cytokinins peaked in the developing phloem tissue, while auxin had
its maximum in the dividing cambial cells, and developing xylem tissue was marked by bioactive
gibberellin (Immanen et al., 2016). Cytokinins are key regulators of cambium initiation, and cambial
activity is affected in cytokinin biosynthetic mutants and by cytokinin supply (Matsumoto-Kitano et
al., 2008; Nieminen et al., 2008). Cambial auxin concentration is relevant for activity and maintenance
of cambium (Immanen et al., 2016), for example through homeobox transcription factors regulating
auxin-dependent cambium proliferation (Suer et al., 2011; Kucukoglu et al., 2017). Gibberellins act in
the xylem region promoting xylem cell differentiation and lignification (Denis et al., 2017). Secondary
growth is coupled with nutrient allocation. In Populus, carbon storage, in the form of triacylglycerols
(TAGs), galactose and raffinose, is present in the stem bark and wood tissues (Sauter and van Cleve,
1994; Sauter and Wellenkamp, 1998; Watanabe ef al., 2018). Nutrient deposition in storage organs is
also affected by plant hormones, and cytokinins may play a dual role in some perennials to direct
secondary growth and nutrient storage therein (Hartmann et al., 2011; Eviatar-Ribak et al., 2013).

The perennial life strategy is usually regarded to be ancestral (Hu et al., 2003; Grillo ef al.,
2009) which is also true for the tribe Arabideae within the Brassicaceae. Interestingly, in this tribe
annuality has evolved multiple times independently from a perennial background in different lineages
(Karl and Koch, 2013). This suggests that this complex life style decision may be determined by a
limited set of regulatory events. Phylogenetic reconstruction has shown that perennial Arabis alpina
and annual Arabis montbretiana are sister species. Hence, these two taxa have been established as a

model system to study the perennial-annual transition (Kiefer et al., 2017; Heidel et al., 2016).
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A. alpina Pajares (Paj), an accession from Spain, was used to characterize the perennial life
cycle of the species. These plants have above-ground vegetative perennial parts and stems as well as
reproductive ones that senesce and die during the growth season (Wang et al., 2009). A characteristic
of perennial vegetative stems is the transition from juvenile to adult phase, which results in flowering
(Bergonzi and Albani, 2011; Hyun et al., 2017). Competence to flower in perennial 4. alpina like in
annual Arabidopsis thaliana can be conferred by the ecologically relevant adaptive trait of vernalization
during a cold winter period which suppresses flowering until the action of repressors is released (Kim
et al., 2009; Wang et al., 2009). The positions of individual flowers, dormant buds, non-flowering and
flowering lateral branches vary along the stems of A. alpina. From bottom to top, three types of
vegetative (V1, V2, V3) and two inflorescence (I1, 12) subzones are distinguished, established during
and after vernalization (Lazaro ef al., 2018). V1 has full lateral branches resembling the main shoot axis
in terms of the zonation pattern. V2 has dormant axillary buds, and the short V3 subzone axillary
vegetative branches. 11 has lateral branches forming inflorescences, while 12 is an inflorescence and
forms individual flowers (Lazaro et al., 2018). The signals and genetic networks triggering the
differentiation of V and I zones are not fully understood. A. alpina PERPETUAL FLOWERING 1
(PEPI) similar to its orthologue in Arabidopsis, FLOWERING LOCUS C (FLC), is a regulator of
flowering in response to vernalization and acts as floral repressor (Wang et al., 2009). The pepl-1
mutant, a derivative of the wild-type accession Paj, shows constant reproduction. Despite lower
longevity and the absence of the sub-zonation of the vegetative stem zone, pep /-1 plants show perennial
growth characteristics and have the ability to form continuously new lateral branches until the end of
the growth season (Wang et al., 2009; Hughes et al., 2019). Thus, flowering control pathways are
regulated by the age control systems to maintain the perennial life style (Hyun ef al., 2019). Besides
vernalization auxin signals are also involved (Vayssieres et al., 2020).

The regulation of nutrient allocation is fundamental for the perennial life cycle to re-initiate
growth. In this study, we provide evidence that the proximal vegetative stem zone is characterized by
secondary growth where nutrient storage takes place (termed here perennial zone, PZ), irrespective of
flowering control by PEPI. In contrast, the distal reproductive zone has primary growth (here annual
zone, AZ). We furthermore show that cytokinin is effective in initiating secondary growth and we

propose a heterochronic model for PZ-AZ transitioning.

Materials and Methods

Plant material, growth conditions and plant harvesting

Perennial Arabis alpina wild type Pajares (Paj) accession, perpetual flowering mutant pepl-1
(Wang et al., 2009) and annual 4. montbretiana (Kiefer et al., 2017) plants were grown on potting soil
(Vermehrungssubstrat, Stender GmbH, Schermbeck, Germany) with a humidity of 70 % in a plant
growth chamber (Percival Scientific, CLF Plant Climatics) under controlled long-day (16 h light and 8
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h dark, at 20 °C) or short-day (8 h light and 16 h dark, at 4 °C for vernalization) conditions and harvested
at stages I, II, III, and II’, as described in the Result section and corresponding figures. Plants were
fertilized every second week using universal Wuxal (Aglukon, Germany). All experiments were
performed with 3-7 biological replicate plants, as indicated in the text. For anatomical analysis, 4-11
internode cross sections were prepared per lateral stem sample and stored in 70 % ethanol
(Supplemental Figure S1).

Biochemical analysis was conducted with lateral stems from nodes 1 to 5 of the main axis in
the case of Paj and pep -1 or all lateral stems of A. montbretiana. Internodes of one plant were dissected
and pooled as one biological replicate, deep-frozen in liquid nitrogen, and stored at -80 °C. Entire root
systems of single plants were harvested as one root sample and residual soil was removed. Plant samples
were freeze-dried using a lyophilizer and ground to fine powder in a mixer mill (Mixer Mill MM 200,
Retsch, Haan, Germany). All biochemical measurements were conducted with the same plant samples
(Supplemental Figure S1).

For hormone treatments, pep -1 plants were grown as above under long-day conditions for 4
to 5 weeks. The two lateral branches with one elongated internode in a juvenile PZ stage were treated
with 300 pl of either 2 mM 6-benzylaminopurine (BAP), 0.5 mM 1-naphthaleneacetic acid (NAA), 4
mM gibberellin GA3; (GA) or 2 mM 1-aminocyclopropane-1-carboxylic acid (ACC) solution (or mock-
treated, in 50 % ethanol, mixed with 10 mg lanolin and pasted with a brush along the first internode).
The treatment was repeated after 4 days, and internodes were harvested after eight days. AZ treatment
was initiated when the plants were 18 weeks old and two elongated internodes of the AZ were formed.
Both internodes of five replicate plants were treated with 2 mM BAP solution, as described above. The
treatment was performed for 46 days until siliques and uppermost part of the AZ of the control plants
started to senesce. Every newly formed and already present internodes were treated every fourth day.
Harvested AZs were divided into three regions (“top”, “middle”, and “bottom”) comprising two to three
internodes.

For RNA-sequencing (RNA-seq), 12 pepI-1 plants were grown per biological replicate. Three
biological replicates were used for each examined sampling stage, as described in the text and
corresponding figures. Plant samples were immediately deep-frozen in liquid nitrogen, stored at -80 °C

and ground to fine powder before use.

Microscopic analysis

50-100 pm hand-made cross internode sections were incubated for 5-8 minutes in 1 mg/ml
fuchsine, 1 mg/ml chrysoidine, 1 mg/ml astra blue, 0.025 ml/ml acetic acid staining (= FCA staining)
solution, washed in water and alcohol solutions and mounted. For starch staining, sections were
incubated for 5 minutes in 50 % Lugol solution (Sigma-Aldrich GmbH), rinsed in water and mounted.
For lipid staining, sections were incubated for 30 minutes in a filtered solution of 0.5 % Sudan IV in 50

% isopropanol, rinsed in water and mounted. Pictures were taken with an Axio Imager 2 microscope
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(Carl Zeiss Microscopy, Jena, Germany), equipped with an Axiocam 105 color camera (Carl Zeiss
Microscopy, Jena, Germany) using bright-field illumination. Images were processed and tissue width

quantified via ZEN 2 (blue edition) software (Carl Zeiss Microscopy, Jena, Germany).

Starch quantification

Starch was quantified enzymatically according to Smith and Zeeman (2006). Briefly, starch
was extracted by boiling 10 mg lyophilized plant material in 80 % ethanol. Extracted starch granules
were gelatinized at 100 °C. After incubation with a-amyloglucosidase and a-amylase the samples were
assayed for glucose in a microplate reader (Tecan Group, Mannedorf, Switzerland) using hexokinase
and glucose 6-phosphate dehydrogenase to monitor reduction of NAD™ at 340 nm (extinction coefficient

6220 I/mol cm).

Triacylglycerol (TAG) quantification

TAGs were obtained by fractionation of glycerolipids and quantified based on their fatty acid
contents, normalized to plant sample dry weight (Sergeeva et al., Manuscript 2). Briefly, lipids were
isolated from dried plant samples according to a modified acidic chloroform/methanol extraction
method for glycerolipids (Hajra et al., 1974; Wewer et al., 2011). TAGs were separated from glycolipid
and phospholipid fractions by successive elution with chloroform, acetone/isopropanol, methanol. Fatty
acid methylesters (FAMEs) of the TAG fatty acids or of the total fatty acids from plant samples were
analyzed by gas chromatography-mass spectrometry (GC-MS) and resulting peaks integrated for

quantification (Sergeeva et al., Manuscript 2).

Protein content determination

10 mg lyophilized plant material was taken up in 200 pl (for stems) or 300 pl (for roots) of
Laemmli buffer (2 % SDS, 10 % glycerol, 60 mM Tris-HCI pH 6.8, 0.005 % bromphenol blue, 0.1 M
DTT) and heated at 95 °C for 10 minutes. Total protein contents were assayed using the 2-D Quant Kit
(GE Healthcare, Little Chalfont, UK), measuring OD4go in a microplate reader (Tecan Group,

Mainnedorf, Switzerland) using a bovine serum albumin mass standard curve.

Determination of carbon (C) and nitrogen (IN)
For C and N quantification, 2 mg of lyophilized plant material, packed into tin containers, was
applied to elemental analysis isotope ratio mass spectrometry (EA-IRMS) (Elementar

Analysensysteme, Germany). C/N ratios were calculated from C and N values.

RNA isolation
Total RNA from plant samples was isolated using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany), including DNase I digestion via the RNase-Free DNase Set to remove traces of genomic

DNA (Qiagen, Hilden, Germany). Quality and quantity of the isolated RNA was examined with the
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Fragment Analyzer (Advanced Analytical Technologies GmbH, Heidelberg, Germany). All samples
had a suitable RNA quality number above 7.0 (RQN mean = 8.9).

RNA sequencing and analysis

RNA-seq analysis was conducted for three biological replicates per sample. For gene
expression profiling, libraries were prepared using the [llumina TruSeq® Stranded mRNA Library Prep
kit. Prepared libraries were sequenced on the HiSeq3000 system (Illumina Inc. San Diego, CA, USA)
with a read setup of 1 x 150 bp and an expected number of 28 Mio reads.

Using the latest publicly available versions of the A. alpina genome assembly
(Arabis_alpina.MPIPZ.V5.chr.all.fasta and Arabis_alpina.MPIPZ.V5.chr.all.liftOverV4.v3.gff3, both
downloaded from arabis-alpina.org), 34.220 coding sequences (CDS) were assembled. Closest A.
thaliana orthologues were determined by blasting A. alpina CDS assemblies against the most recent
version of the A. thaliana proteome sequences (TAIR10 pep 20101214 updated; downloaded from
TAIR) using the blastx algorithm of the Blast+ suite (Altschul et al., 1990) with an E-value threshold
of < 1ES5. Among multiple resulting hits, the Arabidopsis proteins with the highest bit score followed
by the lowest E value were accepted as the closest orthologues if the percentage of identity was > 25 %
of the aligned amino acids (Doolittle, 1986) and the E-value was < 1E-15. Single end reads were
trimmed with trimmomatic (Bolger et al., 2014) and the quality of the trimmed reads was evaluated
with fastgc (Andrews, 2010). Using kallisto (Bray et al., 2016), the trimmed reads were mapped to the
A. alpina CDS assemblies and quantified, which resulted in estimated counts and transcripts per million
(TPM) values per gene. As a control, the trimmed reads were mapped to the genome assembly with
hisat?2 (Kim et al., 2015) and transcripts were quantified with Atseq-count (Anders et al., 2015) using a
gene transfer format (*.gtf) file that was generated from the general feature format (*.gff3) file. The
resulting counts were transformed to TPM and used for Principal Component Analysis (PCA, R:
prcomp) and hierarchical clustering (HC, R: dist, hclust). Estimated counts were used for statistical
analysis using edgeR (Robinson ef al., 2010; McCarthy et al., 2012). Resulting p-values were adjusted
with the Bonferroni method. Fold-change values of gene expression were calculated in pairwise
comparisons between samples and pooled PZ and AZ samples. The above-described calculations were
performed with the values obtained from kallisto and with those obtained from Aisat2 and htseq-count.
Genes were accepted as differentially regulated if P < 0.01 with both mapping and quantification
methods. Graphs were produced with TPMs obtained by kallisto.

Gene ontology (GO) analysis was carried out using topGO (Alexa and Rahnenfuhrer, 2010)
with the closest 4. thaliana ortholog Locus ID’s (AGI code) using the latest publicly available A.
thaliana GO annotations (go_ensembl arabidopsis_thaliana.gaf; downloaded from Gramene) applying
Fisher’s exact test. GO terms were enriched with P < 0.05.

The full transcriptome data set is available under the GEO no. GSE152417.
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Gene expression by reverse transcription-qPCR

Total RNA was reverse-transcribed into cDNA using oligo dT primer and diluted cDNA used
for qPCR, as described (Ben Abdallah and Bauer, 2016). Absolute normalized gene expression values
were calculated based on mass standard curve analysis and reference gene normalization (Stephan et

al., 2019). Primers for qPCR are listed in Supplemental Table S1.

Statistical analysis
R software was used to perform statistical analyses by one-way analysis of variance (ANOVA)
in conjunction with Tukey’s HSD (honest significant difference) test (o = 0.05). Significant differences

with P < (.05 are indicated by different letters.

Results

Lateral stems of A. alpina plants have a perennial secondary growth and annual primary growth
zone

To investigate nutrient storage in A. alpina stems, we first inspected the anatomy of stem
internode cross sections. Since nutrient storage might be coupled with signals for vernalization, we
included besides vernalization-dependent wild-type Pajares (Paj) also its mutant derivative perpetual
flowering 1-1 (pepl-1), that flowers independently of vernalization. We performed comparisons of
perennial lines to annual sister species 4. montbretiana which does not require vernalization, either. We
focused on internodes of the lateral branches, formed in the V1 subzone of the main axis at the lower
first to fifth nodes. Sub-zonation into three V zones (V1, V2, and V3) is present in Paj, but absent in
pepl-1. Instead, pep!-1 has a single V zone, V1, and all axillary buds develop into flowering branches
(Wang et al., 2009; Vayssieres et al., 2020). Thus, by investigating lateral branches from V1 we were
able to study the role of PEPI in stem development and nutrient allocation.

The anatomy of these lateral branches changed from the vegetative (V) to inflorescence (I)
zone. Paj V internodes displayed secondary growth with cambium and cork cambium activities. Since
advanced secondary growth is a perennial trait, we termed this zone “perennial zone” (“PZ”, Figure 1).
I zone internodes had only primary growth characteristics in Paj, and accordingly, we termed this zone
“annual zone” (“AZ”, Figure 1). pepl-1 showed a PZ and an AZ as Paj, while 4. montbretiana lateral
stems displayed the AZ pattern (Figure 1).

Next, we inspected lateral stem anatomy more closely at specific growth stages during
development of the PZ and AZ, namely at stage I (after 8 weeks, before vernalization), at stages Il and
III (after 20 and 35 weeks including vernalization) and at stage II” (after 20 weeks without vernalization)
(Figure 2, see Supplemental Figure S2 for detailed descriptions of plant growth). At stages I and II,
lateral branches had vegetative character (Figure 2B) and all elongated internodes corresponded to PZ

with beginning secondary growth, similar in Paj and pepI-1 (PZ in Figure 3A, Figure 3B). At stage |
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Paj pep1-1 A. mont.

V2

PZ

V1

Figure 1. Overview of lateral stem internode anatomy of perennial and annual Arabis plants. 100 pm cross
sections of lateral stems formed at the lower nodes of main stems from perennial A. alpina Pajares (Paj, wild
type), its perpetual floweringl-1 (pepl-1) mutant derivative, and annual 4. montbretiana (A. mont.). Plants were
harvested at different growth stages (see Figure 2, red triangles indicate positions of cross sections). A ,,perennial
zone” (PZ) with secondary growth characteristics is found at the proximal side of lateral branches, corresponding
to the vegetative zone (V1, V2, described for main stems in Lazaro et al., 2018), while an ,,annual zone“ (AZ)
with primary growth overlaps with inflorescence zone (I1, 12, described in main stems in Lazaro et al., 2018). PZ
and AZ are separated by a transition zone (V3, described for main stems in Lazaro et al., 2018). Anatomy,
investigated following FCA staining, in blue, staining of non-lignified cell walls (parenchyma, phloem,
meristematic cells), in red, staining of lignified cell walls, and greenish, staining of suberized cell walls (xylem,
sclerenchyma, cork). Abbreviations used in microscopic images: ¢, cork; co, cortex; e, epidermis; ph, phloem
including primary phloem, secondary phloem, phloem parenchyma; pi, pith; pp, secondary phloem parenchyma;
s, sclerenchyma; x, xylem including primary xylem, secondary xylem, xylem parenchyma. Arrows point to
respective tissues. Scale bars, 200 um.

(Figure 3A), epidermis and cortex were separated from the central pith by a ring of vascular bundles.

Cambium was narrow, surrounded by few layers of secondary phloem. We noted a ring of cork
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cambium below the sclerenchyma cap in vascular bundles and below the outer cortex in the
interfascicular region. Cork cells were formed already in some regions (note that this tissue became
more evident at later stages). At stage II (Figure 3B), cork formation underneath the outer cortex had
progressed to a multi-cell-layer-thick ring in the PZ. Cortical and epidermal cells were compressed and
showed lignification (appeared reddish by FCA staining, Figure 3B). At stage III, lateral branches of
Paj flowered and formed green siliques, and those of pep -1 were in a more advanced reproductive state
and already senescent (Figure 2B). Secondary growth was further progressed in the PZ (PZ in Figure
3C). The lower lateral stem internodes of Paj and pep -1 had hardly any outer cortex left, and if present,
the cortex cells were compressed. Frequently, sclerenchyma, outer cortex and epidermis peeled off as
fibers during preparation. The cambium had formed a large ring of secondary phloem and secondary
xylem with parenchyma. The upper lateral stem internodes of the AZ showed the annual growth pattern
(AZ in Figure 3C). Interestingly, in the AZ, interfascicular cambium and a ring of phloem parenchyma
adjacent to the fascicular phloem were found in both, Paj and pep -1 (for Paj visible in stage III, Figure
3C, but for pepi-1 this was only visible between stages II and III as shown, Supplemental Figure S3A).
This interfascicular cambium and phloem parenchyma were no longer visible at later stages of the AZ
development, but instead sclerenchyma tissue had formed, suggesting that cambium and phloem
parenchyma had transformed into sclerenchyma in the AZ (for pepi-1 visible at stage III, Figure 3C,
but for Paj visible only later than stage III as shown in Supplemental Figure S3B). The pith regions
became hollow in the two lines, and upper stem regions began to senesce. The border of PZ and AZ
coincided with a transition region with short internodes. Phloem parenchyma and cork gradually
became narrower, until they were no longer apparent (Supplemental Figure S3C, S3D). At stage II’,
lateral branches of Paj retained vegetative character and consisted only of PZ internodes (Figure 2B).
Contrary to that, lateral branches of pepi-1 formed the AZ and flowered. Secondary growth was
advanced in the PZ, comparable to stage III (PZ, Figure 3D). The upper AZ (only present in pep-1 but
not in Paj) showed again primary growth (AZ, Figure 3D). A. montbretiana plants formed lateral
branches and were marked by green siliques (Figure 2B). Lateral stems of 4. montbretiana, only
available at stage II', showed primary growth (AZ in Figure 3D). Only in a very thin zone close to the
main stem secondary growth was apparent in the lateral stems of 4. montbretiana, presumably
necessary for stability (Supplemental Figure S3E).

Taken together, the characteristic zonation into an upper reproductive and senescent annual
growth zone, the AZ, and a lower vegetative perennial growth zone, the PZ, with secondary growth is
a property of perennial Arabis alpina Paj and pepl-I, not affected by perpetual flowering and

vernalization. This zonation was absent in the annual A. montbretiana.
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Figure 2. Plant growth and morphology (A) Plant growth scheme and harvesting stages. Time scale of plant
growth under, grey color, long-day conditions at 20 °C, blue color, short-day conditions at 4 °C (vernalization);
harvesting stages I, II, III or alternatively II’. (B) Lateral stem morphology at different growth stages.
Representative photos of lateral stems from lower nodes of the main axis at stage I, II, III, and II’; perennial A4.
alpina Pajares (Paj, wild type), its perpetual flowering-1 (pepl-1) mutant derivative and annual 4. montbretiana
(4. mont.); for whole plant morphology (Supplemental Figure S2). Red triangles, positions of cross sections in
Figure 3, similar as shown in Figure 1; white triangles, other regions examined by microscopy; n. a., lateral stems
not present at this stage. Scale bars, 5 cm.

Starch and lipids are stored in secondary growth tissues of the PZ
Secondary growth in the PZ of lateral stems might be linked to nutrient storage. We investigated
the deposition of C storage biopolymers starch and lipids (triacylglycerols, TAGs), by staining of tissue

sections and biochemical quantification (Figure 3, Figure 4).
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A Paj pep1-1

Stage |

C Paj pep1-1
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Stage II*

Figure 3. Anatomy, starch, and lipid body staining of lateral stem internodes. Representative lateral stem
internode cross sections at (A), stage [; (B), stage II; (C), stage I1I; (D), stage I, prepared from perennial 4. alpina
Pajares (Paj, wild type), its perpetual floweringl-1 (pepl-1) mutant derivative, and annual 4. montbretiana (A.
mont.) in the perennial zone (PZ) and annual zone (AZ). Anatomy, investigated following FCA staining, in blue,
staining of non-lignified cell walls (parenchyma, phloem, meristematic cells), in red, staining of lignified cell
walls, and greenish, staining of suberized cell walls (xylem, sclerenchyma, cork). Starch, visualized following
Lugol’s iodine staining, dark violet-black color. Lipids, detected by Sudan IV staining, orange pinkish color of
lipid bodies and yellowish color of suberized and lignified cell wall structures. (legend continued on next page)
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Black triangles, starch and lipid bodies. Abbreviations used in microscopic images: c, cork; ca, cambium; co,
cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem, secondary phloem,
phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem including primary
xylem, secondary xylem, xylem parenchyma. Arrows point to respective tissues. Scale bars, 50 pm.

Starch was hardly detectable at stage I in PZ in Paj and pep -1 (Figure 3A), confirmed by starch
contents below 5 mg/g dry matter (Figure 4A). At stage 11, starch was formed in the ring of secondary
phloem parenchyma in Paj and pep -1 (Figure 3B). Starch contents were between 20 and 30 mg/g dry
matter (Figure 4A). At stage IlI, starch was also present in secondary phloem parenchyma of the PZ in
Paj and pepi-1 and contents ranged between 7-12 mg/g dry weight (Figure 3C, 4A). In the AZ, starch
was detected in the outer cortex of Paj, but hardly in pepl-1 (Figure 3C). Indeed, starch contents were
higher in the AZ of Paj compared to pepl-1 (28 mg/g in Paj compared to 0.6 mg/g dry weight in pep -
1, Figure 4A). Since the AZ development was advanced in pepl-1 compared to Paj, we figured that
starch was consumed and degraded with progression of senescence in the AZ. In stage II', starch was
found deposited in the secondary phloem parenchyma ring of the PZ in Paj and pep!-1, while it was
confined to the outer cortex of the AZ in pepl-1 and A. montbretiana (Figure 3D). Starch contents were
high in stage II' samples ranging from 18 to 32 mg/g dry matter in pep -1 and A. montbretiana, and up
to even 54 mg/g dry matter in the PZ of Paj (Figure 4A). Significant differences with regard to starch
contents between PZs of Paj and pep -1 at stage 11’ and between PZs of Paj at stage I’ and III not only
support the storage property of PZ, but also indicate the active turnover of stored starch resources during

flowering.
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Figure 4. Contents of C-containing storage compounds in lateral stem internodes. Stem diagrams represent
contents per dry matter (DM) of (A), starch, and (B), triacylglycerols (TAGs). Lateral stem internodes were
harvested at stages 1, II, III, and II’, corresponding to perennial zone (PZ) and annual zone (AZ) of 4. alpina
Pajares (Paj, wild type), its perpetual floweringl-1 (pepl-1) mutant derivative, and annual 4. montbretiana (A.
mont.). Data are represented as mean +/- SD (n = 3-7). Different letters indicate statistically significant differences,
determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).

Lipid staining patterns were similar but not identical with starch staining. The main difference
was that in the PZ, lipid bodies were found in all stages in the secondary phloem parenchyma, and in

addition also in the secondary phloem, secondary xylem and in the cambium (Figure 3A-D). In the AZ,
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lipid bodies were present in the outer cortex and in addition in the phloem and cambium of vascular
bundles in Paj, pepi-1, and 4. montbretiana (Figure 3C, 3D). TAG contents did not vary significantly
between the PZs of different stages and lines, except at stage I in Paj, where it was lowest in accordance
with the presence of lipid bodies in the developing secondary parenchyma (Figure 4B). In all AZ
samples, TAG contents were lower than in the corresponding PZ samples, in agreement with anatomical
observations (Figure 4B).

In summary, the tissues derived from secondary growth play a predominant role in C storage in

the form of starch and TAGs in the PZ, irrespective of the flowering status and vernalization.

Carbon storage is reflected by carbon/nitrogen (C/N) ratio

An elevated C and C/N ratio is an indicator for carbon storage. Total C contents of all stem
samples ranged between 360 and 440 mg/g dry matter (Figure 5A). In the PZ, significant increases of
the C contents were noted from stage I to stages Il and II” and then remained rather constant. At stage
II1, a lower C content was found in the AZ compared to the PZ, which was significant in pepI-1 (Figure
5A). Total N contents developed in an opposite pattern to the C contents and decreased significantly
from 20-25 mg/g dry matter at stage I to 5-10 mg/g dry matter at stages Il and II’ and then remained at
a constant low level in stage III (Figure 5B). This finding speaks against usage of N storage compounds.
Total protein contents were highest with 110-140 mg/g dry matter in stages I and II and in the PZ of Paj
at stage 111, while they were lower and varied between the AZ and the PZ and between lines without
apparent pattern at stages III and II’ (Figure 5C). Perhaps the lower N contents indicate a lower
metabolic activity of the fully developed PZ. The C/N ratios were lowest at stage I and increased in
stages II, III and II’, however, a distinction of the PZ and the AZ was not possible and noticeable
differences between the lines were not observed (Figure 5D). The C storage capacity of the PZ and
possible turnover of C storage compounds during flowering is reflected by C/N ratio of the PZs of Paj
at stage III and II’. The C/N ratio of the PZ retaining vegetative character at stage II” was significantly
higher than that of the PZ corresponding to flowering at stage IIl. As a comparison to stems, roots may
also serve as a C storage reservoir, however, in this case TAGs would be primary C storage products
but not starch (Supplemental Figure S4).

Taken together, the total C content increased slightly with the progression of the development
of the PZ. This slight increase may reflect storage of starch and TAGs but also may comprise the

increases in cell walls.

Hormones affect secondary growth in lateral stems

We tested effects of hormone application to internodes in a juvenile PZ stage prior to visible
secondary growth. First, we applied synthetic 6-benzylaminopurine (BAP) for eight or 46 days to PZ
and AZ internodes respectively. In the PZ, cambium and phloem parenchyma regions were increased
in width (Figure 6A, 6B, “Anatomy”). The increase in width corresponded to a doubling of cambium

cells from two to about four cells and additional one or two cells of phloem parenchyma in the fascicular
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Figure 5. Carbon, nitrogen, and protein contents in lateral stem internodes. Stem diagrams represent contents per
dry matter (DM) of (A), carbon (C), (B), nitrogen (N), (C), protein, (D), C/N ratios. Lateral stem internodes were
harvested at stages 1, II, III, and II’, corresponding to perennial zone (PZ) and annual zone (AZ) of 4. alpina
Pajares (Paj, wild type), its perpetual floweringl-1 (pepl-1) mutant derivative, and annual 4. montbretiana (A.
mont.). Data are represented as mean +/- SD (n = 3-7). Different letters indicate statistically significant differences,
determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).

and interfascicular regions (Figure 6A-D). Interestingly, the increase in width was also found in the
newly developed second internode that had not been treated with BAP directly, showing that a
cytokinin-induced signal acted in the adjacent internode (Figure 6C, 6D). Similar to the control plants,
starch did not accumulate in the secondary phloem parenchyma of the treated plants. Patterns of lipid
bodies were similar in treated and control stems (Figure 6A, 6B, “Starch”, “Lipids”). After 46 days of
BAP treatment, the AZ internodes also increased in width (Supplemental Figure S5B). Additionally,
flowering was delayed and a second zone with short internodes, as found in the PZ-AZ transition zone,
was formed two to three internodes above the first (Supplemental Figure S5B). Cambium and phloem
parenchyma regions were considerably increased in width in the AZ (Figure 7A, 7B, “Anatomy”, 7C,
7D). Secondary phloem parenchyma was formed in the interfascicular regions of “Top” and “Middle”
areas of the AZ. In the control, the corresponding areas would differentiate into sclerenchyma (Figure
7B, “Anatomy”: “Top” and “Middle”, 7D). Furthermore, cork cambium and cork were formed in the
“Middle” area in the fascicular and interfascicular regions of the treated stems (Figure 7A, 7B). A

difference with regard to starch accumulation was observed only for the “Bottom” area (Figure 7A, 7B,
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“Starch”: “Bottom”). Starch accumulated in secondary phloem parenchyma in the treated AZ stems,
while starch was not observed in the corresponding tissue of the control. The observed starch
accumulation in the AZ supports the strong involvement of cytokinins in the development of the

perennial stem with a storing function. Patterns of lipid bodies in cambium and phloem parenchyma

were similar between the treated and the untreated stems (Figure 7A, 7B, “Lipids”).

A

Interfascicular
Control ) BAP

Fascicular

Starch

Lipids

C Fascicular D Interfascicular

140 Ocontrol m BAP 120 o control m BAP
E120 ¥ E100

£100 - g go . g
2 80 2

© © 60 -

8 80 8 40 :

S 40 - ° i

= = |

£ 20 - g 2

2 0 . 2 o0 ;

1st internode  2nd internode 1st internode  2nd internode

Figure 6. Effect of cytokinin treatment on cambium activity in the perennial zone (PZ). (A, B), Lateral stem first
internode cross sections of (A), the fascicular region, (B), the interfascicular region of A. alpina perpetual
flowering 1-1 (pep1-1), following treatment with cytokinin (2 mM 6-benzylaminopurine, BAP) or mock control
for eight days to the first internode. Representative images are shown. Anatomy, investigated following FCA
staining, in blue, staining of non-lignified cell walls (parenchyma, phloem, meristematic cells), in red, staining of
lignified cell walls, and in greenish, staining of suberized cell walls (xylem, sclerenchyma, cork). Starch,
visualized following Lugol’s iodine staining, dark violet-black color. Lipids, detected by Sudan IV staining,
orange pinkish color of lipid bodies and yellowish color of suberized and lignified cell wall structures. Black
triangles, lipid bodies; black brackets, responsive cambium and phloem/secondary phloem parenchyma; red
brackets, quantified tissue width in (C) and (D). Abbreviations used in microscopic images: ¢, cork; ca, cambium;
co, cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem, secondary phloem,
phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem including primary
xylem, secondary xylem, xylem parenchyma. Scale bars, 20 pm. (C, D) Quantified cambium and
phloem/secondary phloem width in, (C), fascicular, and (D), interfascicular internode regions for first and second
internodes. Data are represented as mean +/- SD (n = 3). Different letters indicate statistically significant
differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).
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Auxin (I-naphthaleneacetic acid, NAA), gibberellic acid (GA3) and ethylene precursor (1-
aminocyclopropane-1-carboxylic acid, ACC) also influenced cambial activity in the first internode of
the PZ upon application during eight days. Cambium and phloem parenchyma regions were increased
in width, but in contrast to BAP to a maximum of 30 % and only in the treated first internode but not
the second (Supplemental Figure S6, S7, S8). No changes with regard to starch and lipid body

accumulation were observed (Supplemental Figure S6, S7, S8).
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Figure 7. Effect of cytokinin treatment on cambium activity in the annual zone (AZ). (A, B), Lateral stem first
internode cross sections of top, middle, and bottom parts of the AZ (see also Supplemental Figure S5) in (A), the
fascicular region, (B), the interfascicular region of 4. alpina perpetual floweringl-1 (pepi-1) mutant, following
treatment with cytokinin (2 mM 6-benzylaminopurine, BAP) or mock control for 46 days to all developing
internodes of the AZ. Representative images are shown. Anatomy, investigated following FCA staining, in blue,
staining of non-lignified cell walls (parenchyma, phloem, meristematic cells), (legend continued on next page)
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in red, staining of lignified cell walls, and in greenish, staining of suberized cell walls (xylem, sclerenchyma,
cork). Starch, visualized following Lugol’s iodine staining, dark violet-black color. Lipids, detected by Sudan IV
staining, orange pinkish color of lipid bodies and yellowish color of suberized and lignified cell wall structures.
Black triangles, starch and lipid bodies; black brackets, responsive cambium and phloem/secondary phloem
parenchyma; red brackets, quantified tissue width in (C) and (D). Abbreviations used in microscopic images: c,
cork; ca, cambium; co, cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem,
secondary phloem, phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem
including primary xylem, secondary xylem, xylem parenchyma. Scale bars, 20 um. (C, D) Quantified cambium
and phloem/secondary phloem width in, (C), fascicular, and (D), interfascicular internode regions in top, middle,
and bottom parts of the AZ. Data are represented as mean +/- SD (n = 3). Different letters indicate statistically
significant differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).

Taken together, among all tested hormones, cytokinin had the highest effect in the PZ on
secondary growth. Cytokinin application to the AZ caused a shift in the zonation pattern and promoted
secondary growth in the AZ, indicating that cytokinins act as signals to induce secondary growth. At an

early growth stage, starch accumulation was not stimulated by cytokinins, whereas this was the case

upon a prolonged treatment.

Transcriptome analysis reflects cytokinin effects in the PZ

To provide support for PZ and AZ activities and obtain hints on signaling, we conducted a gene
expression profiling experiment with pep -1 lateral stem internodes using RNA-seq at 4- and 5-week-
old juvenile developmental PZ stages (stage I PZ and stage Il PZ), a 7-week-old PZ stage with
secondary growth and lipid bodies (stage IIl PZ) and a 30-week-old mature PZ stage (stage [V_PZ)
with advanced secondary growth and accumulated starch and lipid bodies, and AZ internodes either in
close proximity to the formed inflorescence (stage IV_AZ if) or in the region with short internodes of
the AZ (stage IV_AZ si) (Figure 8A; Supplemental Table S2). Hierarchical clustering (HC) and
Principal Component Analysis (PCA) confirmed the close relationships of three biological replicates of
each sample and quality of RNA-seq data (Supplemental Figure S9). In HC, four distinct clusters were
apparent, one cluster with stages [IV_AZ siand IV_AZ if, a second one with stages I PZ and Il PZ,
grouping closely with AZ samples. The third and fourth cluster were stages IIl PZ and IV_PZ, whereby
the latter was most distant from all other groups (Supplemental Figure S9A). PCA analysis confirmed
the expected variation between the samples. PC1 separated between the age of the internodes, similar

as the first clusters in HC, while PC2 grouped according to PZ and AZ (Supplemental Figure S9B).
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Figure 8. Transcriptome analysis of perennial (PZ) and annual (AZ) lateral stem zones. (A) Plant growth and
morphology. Upper part, plant growth scheme and harvesting stages I-IV for RNA-sequencing (RNA-seq), long-
day conditions at 20 °C, A. alpina perpetual floweringI-1 (pepI-1) mutant. Bottom part, lateral stem morphology
at each harvesting stage. Representative photos, white rectangles, harvested parts, stage I PZ and stage 1I_PZ,
PZs both prior to visible secondary growth in a juvenile phase, stage III PZ and stage IV_PZ, PZs with visible
secondary growth, stage [IV_AZ si, small internode region, stage IV_AZ if, (legend continued on next page)
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inflorescence region. Scale bars, 1 cm. (B) GO term enrichment analysis of PZ versus AZ. PZ comprised the sum
of stages I to IV_PZ, while AZ comprised stage IV_AZ si and _if combined. GO terms were assigned to the
indicated categories photosynthesis, carbohydrate metabolism, cell wall, hormones, nutrient response and
starvation, organ and shoot development. Enriched GO terms, P < 0.05, represented as —log 10 values. Further
information about the GO term enrichment analysis in Supplemental Table S18.

As we were seeking gene expression differences between the PZ and the AZ, we conducted
meaningful crosswise enrichment analysis of gene ontology (GO) terms (Supplemental Tables S3-S17).
Cytokinin terms were enriched in comparisons of stages Il PZ and IV_AZ if, lIl PZand IV_AZ sior
IV_AZ if (Supplemental Tables S11, S13, S14). By grouping the data and comparing all PZ with all
AZ stages, enrichment analysis resulted in a total of 48 PZ- and 89 AZ-enriched GO terms, among them
cytokinin-related terms (Figure 8B, Supplemental Table S18; confirmed by gene expression validation
in Fig. 9). Other PZ-enriched GO terms were related to organ and shoot development, nutrient response
and starvation genes, and other hormone responses (Figure 8B, Supplemental Table S18). AZ-enriched
terms were cell wall, carbohydrate metabolism, and photosynthesis categories (Figure 8B,
Supplemental Table S18). GA biosynthesis and response terms were enriched in the AZ (Figure 8B,
Supplemental Table S18).

In summary, the PZ shows a high responsiveness to cytokinins as compared to the AZ,

confirming that cytokinins play an important role in the differentiation of the PZ.

Discussion

The complex perennial lifestyle of 4. alpina comprises an allocation of nutrients and storage of
high-energy C compounds in the proximal vegetative perennial zone (PZ), characterized by secondary

growth. The distal inflorescence annual zone (AZ) remains in a primary growth stage.

A. alpina stems have proximal perennial (PZ) and distal annual zones (AZ) with C sequestration
in the cambium and derivatives in the PZ

The vegetative growth zone (V) coincided with the PZ characterized by secondary growth,
while the distal inflorescence zone (I) represented the AZ with primary growth. In the PZ-AZ transition
zone secondary growth gradually shifted to primary growth. At the beginning of stem development, the
anatomy of stem cross sections was similar in the PZ in 4. alpina and AZ of A. alpina and A.
montbretiana. With continuation of development, secondary growth was initiated by activities of
cambium at first and then cork cambium. At the bottom of annual stems in 4. montbretiana secondary
growth was also found, where it may serve for general stability of upright stems, as described in A.
thaliana (Agusti et al., 2011). Moreover, perennial life strategy is regarded to be ancestral (Hu et al.,
2003; Grillo et al., 2009). Secondary growth at the bottom of A. montbretiana stems may still occur to
some extent due to regulatory events retained from perennial to annual transition. In the AZ, the

interfascicular cambium and inner layer of the cortex differentiate into sclerenchyma during progression
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Figure 9. Gene expression of orthologues of Arabidopsis cytokinin signaling and response genes in lateral stem
internodes. Gene expression was tested at different stages of the development of the perennial zone (PZ) and the
annual zone (AZ) in A. alpina perpetual floweringl-1 (pepI-1) mutant derivative (see Figure 8A). Represented
are RNA-sequencing data (left; TPM, transcripts per million) and reverse transcription-qPCR data (right; Absolute
normalized expression). (A), IPT2, ISOPENTENYLTRANSFERASE 2; (B) IPT5, ISOPENTENYLTRANSFERASE
5;(C) ARR4, ARABIDOPSIS RESPONSE REGULATOR 4, (D) ARR7, ARABIDOPSIS RESPONSE REGULATOR
7, (E) AHPI, ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER 1; (F) AHP3,
ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER 3; (G) AHK4, ARABIDOPSIS
HISTIDINE KINASE 4. Data are represented as mean +/- SD (n = 3). Different letters indicate statistically
significant differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).

of development, perhaps for stabilization during flowering and silique production. The occurrence of
PZ and AZ regions in all stems in 4. alpina wild type Paj and pepl-1 suggests that the genetically
encoded signals for the PZ-AZ transition do not require vernalization treatment. Instead, we propose

that a heterochronic regulation might control it. In the PZ, cambium and its derivatives store high
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molecular weight C compounds in the form of starch and TAGs, in agreement with the rise in C contents
and C/N ratios. The GO terms related to cell wall were enriched in the AZ but not in the PZ, suggesting
that the elevated C content in the PZ was not primarily due to cell wall biosynthesis. The enrichment of
nutrient response and starvation GO terms in the PZ speaks in favor of a nutrient storage reservoir.
Starch is present in the secondary phloem parenchyma of the PZ and the outer cortex of the AZ. This
could be the reason why the GO term starch biosynthesis was not enriched in the PZ. Starch deposition
begins with the end of vegetative growth, usually coinciding with a cold treatment, however it is also
in place in the absence of the cold treatment and increases up to the flowering stage and also during the
senescence of leaves present in the PZ. C-containing compounds are presumably re-mobilized from
senescing leaves to be allocated to adjacent storage tissue in the PZ. Interestingly, sequestration of C to
phloem tissue of stems has been detected in trees, where functions are attributed to C supply during
stress and in early spring (reviewed by Furze et al., 2018). In tree species storage also occurs in pith
cells, wood ray and bark parenchyma (Netzer et al., 2018). Thus, it is not unusual that 4. alpina uses
different types of tissues for storage of different compounds. Lipid bodies occur in the cambium and
cambium derivatives of the PZ and in cortex and phloem of the AZ, and this parallels generally a trend
toward higher TAG content in the PZ than in the AZ. This suggests that lipids are used as storage
compounds in the PZ. The N pool in 4. alpina stems coincided with the protein pool, noteworthy in the
early PZ but decreasing with development. Thus, N utilization in storage is not likely. Roots acted
differently from stems and are not perennial starch storage organs in 4. alpina but might be involved in
lipid storage. In summary, C storage is more important than N storage, and the PZ of the stem has higher

storage capacity than roots in 4. alpina.

Cytokinins are signals for demarcation of annual and perennial growth zones

The open question is which events are responsible to demarcate the sharp PZ-AZ transition.
The PZ-AZ boundary separates besides secondary/primary growth and C storage also organ
differentiation at the nodes and in axils, such as bud outgrowth into fully developed lateral stems, bud
dormancy, bud differentiation into a singular flower or bud outgrowth into flowering secondary and
tertiary branches. The small PZ-AZ transition zone has short internodes and is marked by a gradual
shift from secondary to primary growth. Multiple signals could act in these differentiation processes in
the PZ and AZ.

One possible explanation is that the PZ state is an initial ground state. In this scenario, the
progression to the PZ becomes halted later in developmental time in the AZ. In this model, the PZ to
AZ transition is a heterochrony or developmental phase transition. Since regulation of bud fate is under
control of meristem identity genes, mutants in those genes affect developmental phase transitions. In
annuals, some progression to the PZ may take place in a rudimentary manner at the bottom of stems or
during senescence onset for stabilization reasons, however, a full progression to the PZ is prevented.

We exclude that flowering or vernalization emit signals for the PZ-AZ transition in Paj and pepi-1. The
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pepl-1 mutant has also the PZ-AZ transition. Even though the presence of flowers was not a
requirement for PZ-AZ transition, upstream regulators of flowering and developmental phase transition,
namely the regulatory network of microRNA miR156, SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE (SPL) proteins, and Mediator complex subunits may well control aspects of stem
differentiation (Park et al., 2017; Bergonzi et al., 2013; Guo et al., 2017; Hyun et al., 2019; Zhang and
Guo, 2020).

Developmental decisions are often taken under the influence of plant hormones and they affect
stem differentiation, flowering, and developmental phase transition. Cytokinin application shifted the
PZ-AZ transition and might be coupled to a heterochronic signal. A cytokinin effect was further
confirmed by enrichment of cytokinin biosynthesis and response gene expression in the developing PZ.
Even application directly to the AZ caused an extension of the PZ into the AZ. Thus, cytokinins might
be signals that promote the progression during developmental phase transitions, and cytokinin depletion
rather than decreased sensitivity might trigger the precocious halting in the AZ. Cytokinins play also a
crucial role in the regulation of source and sink relationships including starch deposition (Thomas,
2013). Cytokinins are likely signals in the PZ to promote secondary growth and later in combination
with flowering and senescence also sink activity and starch formation. Cytokinins also retard
senescence which is partly explained by cytokinin-modified source-sink relationships (Thomas, 2013).
Together, this suggests that cytokinins are less likely to act in the AZ but rather contribute to the
maintenance of an adult vegetative state in the PZ.

GA, auxin, and ethylene also promoted secondary growth in the PZ. Yet, these hormones acted
only locally on the same internode and not to the same extent as cytokinin. Auxin produced in V3 lateral
branches may cause bud dormancy in V2, according to an auxin canalization model. This growth
inhibition effect is also under the control of vernalization and further promoted by enhanced sinks for
nutrients in the AZ and V3 lateral branches (Vayssiéres et al., 2020). In our experiments, auxin did not
stimulate secondary growth in the neighboring internodes, that had not been treated, in the way that
cytokinin did. Auxin signaling may give rise to distinctive V subzones in the PZ, but not the PZ-AZ
transition. Gibberellins (GAs) are influential in the xylem region promoting xylem cell differentiation
and lignification (Denis et al., 2017). Interestingly, this stronger lignification of vascular cells resembles
the anatomy which has been detected in our study in the AZ of Paj and pepl-1 as well as in A.
montbretiana at later developmental stages. Perhaps GA signals explain the sensitivity of cambium in
the AZ to develop lignified cell walls and differentiate into sclerenchyma. Indeed, GA-related GO terms
were enriched in AZ versus PZ, supporting this idea.

To test whether hormone gradients and developmental phase transition regulation are
responsible for the secondary to primary growth transition, transgenic approaches will be helpful in the

future to manipulate these responses in the different growth zones.
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Conclusions

The functional complexity of stem differentiation in Arabis offers the possibility to study
regulation of perennial (advanced secondary growth and storage) and annual (primary growth and
senescence) traits using the same model species. The close relationship among Brassicaceae and the
similarities of secondary growth processes in trees and Arabidopsis can be exploited to unveil signaling
pathways and regulators for stem differentiation in A. alpina in future projects. Further studies need to
show whether heterochronic PZ-AZ transition genes and plant hormones determine the transport of
effectors, the sensitivity to respond to effectors or to alter specific long-distance signaling processes,

and how these processes link flowering control and secondary growth.
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Supplemental Figures

Accessions Accessions

perennial A. alpina annual A. montbretiana perennial A. alpina
Paj (WT) pep17-1 (mutant) pep1-1 (mutant)
Stages I, II, IIY, Il Stages I-IV_PZ

J % ﬂ Stages IV_AZ_silif
Plant material Plant material
stems stems and roots stems

Analyses Analyses

microscopic analysis biochemical analysis RNA-seq, RT-qPCR
anatomy starch lipids starch TAGs protein C and N gene expression

Supplemental Figure S1. Experimental outline. Abbreviations: perennial 4. alpina Pajares (Paj WT, wild type);
its perpetual floweringl-1 (pepl-1) mutant derivative; perennial zone (PZ); annual zone (AZ); short internode
zone (si); inflorescence zone (if); triacylglycerol (TAG); carbon (C); nitrogen (N); RNA-sequencing (RNA-seq);
reverse transcription-qPCR (RT-qPCR).
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Stage |

Stage Il

Stage lll

Stage II

Supplemental Figure S2. Whole plant morphology. Representative photos of plants at stage I, stage II, stage III,
stage II’ for microscopic and biochemical analysis; perennial A. alpina Pajares (Paj, wild type), its perpetual
floweringl-1 (pepl-1) mutant derivative and annual 4. montbretiana (4. mont.). White triangles indicate

representative lateral stems used in analyses (see Figure 2); n. a., plants not available at this stage. Scale bar, 10
cm.
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Supplemental Figure S3. Additional internode cross section analysis. (A) Early stage of development between
stages II and III of the upper annual stem zone of perpetual floweringl-1 (pepI-1) mutant; the center of the image
shows the interfascicular region. (B) Late stage of development beyond stage III of the annual stem zone of wild
type Pajares (Paj). (C, D), Transition regions at stage III in (C), Paj, and (D), pep!-1. (E) Internode region of A4.
montbretiana at stage I’ close to the main axis. Abbreviations used in microscopic images: ¢, cork; ca, cambium,;
co, cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem, secondary phloem,
phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem including primary
xylem, secondary xylem, xylem parenchyma. Arrows point to respective tissues. Scale bars, 50 pm.
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Supplemental Figure S4. Analysis of nutrient storage in roots. Stem diagrams represent contents per dry matter
(DM) of (A), starch, (B), triacylglycerols (TAGs), (C), protein, (D), carbon (C), (E), nitrogen (N), (F), C/N ratios.
Entire root systems were harvested at stages I, I, III, and II’ of 4. alpina Pajares (Paj, wild type), its perpetual
flowering 1-1 (pepl-1) mutant derivative, and annual 4. montbretiana (4. mont.). Data are represented as mean
+/- SD (n = 3-7). Different letters indicate statistically significant differences, determined by one-way ANOVA-
Tukey’s HSD test (P < 0.05).
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B Control BAP

Supplemental Figure S5. Effect of prolonged cytokinin treatment and dissection of the annual zone (AZ). (A)
Representative lateral branch of perpetual flowering 1-1 (pepl-1) mutant before treatment. Three internodes
belonging to the AZ were treated on day 1 (arrows) with 2 mM 6-benzylaminopurine (BAP) or mock treatment.
These and following newly formed internodes were treated every fourth day until the experiment was stopped
after 46 days. (B) Representative lateral branches after 46-day BAP and mock treatment (control). For the
microscopic analysis, the AZ was divided into three regions (boxes: top, middle, and bottom), which were
comparable between control and cytokinin treatment with regard to the overall size of the formed AZ. Each
investigated region comprised two to three internodes.
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Supplemental Figure S6. Effect of auxin treatment on cambium activity in the perennial zone (PZ). (A, B),
Lateral stem first internode cross sections of (A), the fascicular region, (B), the interfascicular region of A. alpina
perpetual flowering 1-1 (pepl-1) mutant, following treatment with auxin (0.5 mM 1-naphthaleneacetic acid,
NAA) or mock control for eight days to the first internode. Representative images are shown. Anatomy,
investigated following FCA staining, in blue, staining of non-lignified cell walls (parenchyma, phloem,
meristematic cells), in red, staining of lignified cell walls, and in greenish, staining of suberized cell walls (xylem,
sclerenchyma, cork). Starch, visualized following Lugol’s iodine staining, dark violet-black color. Lipids, detected
by Sudan IV staining, orange pinkish color of lipid bodies and yellowish color of suberized and lignified cell wall
structures. Black triangles, lipid bodies; black brackets, responsive cambium and phloem/secondary phloem
parenchyma; red brackets, quantified tissue width in (C) and (D). Abbreviations used in microscopic images: c,
cork; ca, cambium; co, cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem,
secondary phloem, phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem
including primary xylem, secondary xylem, xylem parenchyma. Scale bars, 20 pm. (C, D) Quantified cambium
and phloem/secondary phloem width in, (C), fascicular, and (D), interfascicular internode regions for first and
second internodes. Data are represented as mean +/- SD (n = 5). Different letters indicate statistically significant
differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).
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Supplemental Figure S7. Effect of gibberellic acid (GA) treatment on cambium activity in the perennial zone
(PZ). (A, B), Lateral stem first internode cross sections of (A), the fascicular region, (B), the interfascicular region
of A. alpina perpetual flowering -1 (pep-1) mutant, following treatment with GA (4 mM gibberellin A3) or mock
control for eight days to the first internode. Representative images are shown. Anatomy, investigated following
FCA staining, in blue, staining of non-lignified cell walls (parenchyma, phloem, meristematic cells), in red,
staining of lignified cell walls, and in greenish, staining of suberized cell walls (xylem, sclerenchyma, cork).
Starch, visualized following Lugol’s iodine staining, dark violet-black color. Lipids, detected by Sudan IV
staining, orange pinkish color of lipid bodies and yellowish color of suberized and lignified cell wall structures.
Black triangles, lipid bodies; black brackets, responsive cambium and phloem/secondary phloem parenchyma;
red brackets, quantified tissue width in (C). Abbreviations used in microscopic images: ¢, cork; ca, cambium; co,
cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem, secondary phloem,
phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem including primary
xylem, secondary xylem, xylem parenchyma. Scale bars, 20 um. (C) Quantified cambium and phloem/secondary
phloem width in fascicular and interfascicular internode regions for first internode. Data are represented as mean
+/- SD (n = 3). Different letters indicate statistically significant differences, determined by one-way ANOVA-
Tukey’s HSD test (P < 0.05).

74



Manuscript 1

A Fascicular B Interfascicular
ACC Control

>

£

S

«

[ =

<

= |

2 >

8

n

(2]

N}

2

il

C Ccontrol mACC

[+ 13
o

b

[41]
o
I

rs
(=]
1

Width of ca and ph/
ca and pp [um]
N W
o o

-
o
I

0 .
Fascicular Interfascicular

Supplemental Figure S8. Effect of ethylene on cambium activity in the perennial zone (PZ). (A, B), Lateral stem
first internode cross sections of (A), the fascicular region, (B), the interfascicular region of A. alpina perpetual
Sfloweringl-1 (pepI-1) mutant, following treatment with 2 mM 1-aminocyclopropane-1-carboxylic acid (ACC) or
mock control for eight days to the first internode. Representative images are shown. Anatomy, investigated
following FCA staining, in blue, staining of non-lignified cell walls (parenchyma, phloem, meristematic cells), in
red, staining of lignified cell walls, and in greenish, staining of suberized cell walls (xylem, sclerenchyma, cork).
Starch, visualized following Lugol’s iodine staining, dark violet-black color. Lipids, detected by Sudan IV
staining, orange pinkish color of lipid bodies and yellowish color of suberized and lignified cell wall structures.
Black triangles, lipid bodies; black brackets, responsive cambium and phloem/secondary phloem parenchyma;
red brackets, quantified tissue width in (C). Abbreviations used in microscopic images: ¢, cork; ca, cambium; co,
cortex; e, epidermis; pd, phelloderm; pe, periderm; ph, phloem including primary phloem, secondary phloem,
phloem parenchyma; pi, pith; pp, secondary phloem parenchyma; s, sclerenchyma; x, xylem including primary
xylem, secondary xylem, xylem parenchyma. Scale bars, 20 um. (C) Quantified cambium and phloem/secondary
phloem width in fascicular and interfascicular internode regions for first internode. Data are represented as mean
+/- SD (n = 3). Different letters indicate statistically significant differences, determined by one-way ANOVA-
Tukey’s HSD test (P < 0.05).
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Supplemental Figure S9. Hierarchical clustering (HC) and Principal Component Analysis (PCA) of RNA-
sequencing data. (A) HC and (B) PCA corresponding to internode samples harvested at different stages from
perennial (PZ) and annual (AZ) lateral stem zones, stage I PZ, stage 11 PZ, stage 11l PZ, stage IV_PZ, stage
IV_AZ si, stage IV_AZ if; biological replicates 1-3 or 1-4 (compare with Figure 8A).

76



Manuscript 1

uLSH3 mLSH3
300 § 1400
: 2 o
250 - g 1200 1
Q
3 1000
3
200 2 a0 ©
£ 150 2
= E 600
4 o
100 £ 400
50 - 2 200 |
VA LA P 11 I AR S
N} \\3 \\\3 \43 W N \\‘5 \\\3 \43 W’ W
RY Y
WARF5 mARF5
60 § 160
50 | 140 |
> 120
40 1 100 |
T30 80 1
20 | > 5 60
@ 40
10 2 2|
0+ g o+
21 P R > S L1 D { R RS
N \\3 \\\3 \43 W oW NN \\\3 \43 W
RO N
mwox4 mWox4
300 § 600
?
250 | © 500
) 5
00 2 400
[
N
E 150 £ 300
£
100 g 200
Q
50 - 5 100
2
0 4 2 o+ "
VoV vy L Vv gV v o LS
\3 \\3 \\\3 \43 v'}/ 4 \3 \\3 \\\3 \43 v’l«/ ?'1"
Q7 Q7
Q7S Q7S

Supplemental Figure S10.

mANT mANT
160 § 500
140 4 @ 450 hd
| 5 400
120 3 350
100 - ® 300 |
s N
& 80 5 250
60 | £ 200
40 | < 150
£ 100
20 4 o S 50
0 2 o+
1 R A 2 R -
N \\3 \\\3 st W W N} Y \\\3 \43 W’ W
SR R
mNAC1 mNAC1
80 § 450
70 @ 400
60 g 350 |
o 4
50 3 300
8 250
o 40 ©
£ 200
30 1 ac S 150
20 1 £ 100
10 2 50
17
04 2 o+
R T N I R P S
N} \\3 \\\S Q\S N N} \\3 \\\S \43 W W
RO Q7
mCLV1 mcLV1
80 § 14000
r}
70 1 @ 12000 -
B o
60 % 10000 -
50 4 ]
= 2 & 8000
o 40 4 s
= E 6000 -
30 - 5
20 J s 4000 |
10 1 2 2000 4
7]
0 2 o
L R { A (R AR A2 L
3 \\3 \\\3 st W d N \\8 \\\3 \\\3 W W
QY Q7 QY

Expression of genes, involved in cambial activity and maintenance, in lateral stem
internodes. Gene expression was tested at different stages of the development of the perennial zone (PZ) and
annual zone (AZ) in A. alpina perpetual floweringl-1 (pepl-1) mutant derivative (see Figure 8A). Represented
are RNA-sequencing data (left; TPM, transcripts per million) and reverse transcription-qPCR data (right; Absolute
normalized expression). (A), LSH3, LIGHT SENSITIVE HYPOCOTYLS 3; (B) ANT, AINTEGUMENTA; (C)
ARF5, AUXIN RESPONSE FACTOR 5; (D) NACI, NAC DOMAIN CONTAINING PROTEIN I; (E) WOX4,
WUSCHEL RELATED HOMEOBOX 4; (F) CLVI1, CLAVATA 1. In accordance with the observation of the
established vascular cambium, these genes are higher expressed at the developmentally more progressed PZ stages
(I PZ, 111 PZ or IV_PZ) in comparison to the AZ. Data are represented as mean +/- SD (n = 3). Different letters
indicate statistically significant differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).
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Supplemental Table S1. RT-qPCR primers.

arabis_transcript_id |[Ath_AGI |Name Forward (F) Primer (5' to 3") Reverse (R) Primer (5' to 3") Amplicon length [bp]
Aa_G26240 AT5G46630 |CLATHRIN ADAPTOR COMPLEX MEDIUM SUBUNIT (CAC) TGGACAAGACCACCAATCCA (Stephan et al., 2019) | CACTCGACCGTGTTGTAACC (Stephan ez al.,2019) |113
Reference Aa:G472320 AT3G13920 |EUKARYOTIC TRANSLATION INITIATION FACTOR 4A1 (EIF4a) CCAGCTTCTCCCACCCAAGA (Stephan et al., 2019) |GCTCGTCACGCTTCACCAAG (Stephan et al., 2019) 122
Genomic DNA control Aa G26240 AT5G46630 |CLATHRIN ADAPTOR COMPLEX MEDIUM SUBUNIT (CAC) CATTGGAAGCGTGGATGAAA CTCCGAATCCACTTCAATCTCC 230
Aa_G472320 AT3G13920 |EUKARYOTIC TRANSLATION INITIATION FACTOR 4A1 (EIF4a) AAGAGCGGAAACAAGGGAAG AAATGCAAAGCTCGGAACAC 129
Aa_G918240 AT2G27760 |ISOPENTENYLTRANSFERASE 2 (IPT2) CCTGTGGCAGCAAACAGAAT ACCAGGGTTTCAGCGTCTAA 185
Aa_G83560 AT5G19040 |[ISOPENTENYLTRANSFERASE 5 (IPTS) GGAGACGGCGATTGAGAAGA GAACCTATCGACTGCGAGTGC 205
Aa_G226650 AT1G10470 |ARABIDOPSIS RESPONSE REGULATOR 4 (ARR4) TTCTGATTCCGTCCAAACTCC TCTAAACCGGGACTCCTCATC 213
Cytokinin Aa_G762130 AT1G19050 |ARABIDOPSIS RESPONSE REGULATOR 7 (ARR7) GCCAATCTAACAAGAGGAAGCT TGAAGATGAAATGTCCTTGACA 101
Aa_G388620 AT3G21510 |ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER 1 (AHPI)|TGTGTCGTCTTCCGTAGCTTC TCATCCCACCAGAGGCTACA 151
Aa_G245600 AT5G39340 |ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER 3 (AHP3)|TAGCTTTAGATCAGACAGGAAATGT TGAAGCTTTGCCTTCAATGA 211
Aa_G312320 AT2G01830 |ARABIDOPSIS HISTIDINE KINASE 4 (AHK4) TCATCTCCCGCAACACTCAA TCTCCATCATCCTTATCTGACGA 250
Aa_G359500 AT2G31160 |LIGHT SENSITIVE HYPOCOTYLS 3 (LSH3 ) CCACAAACCTAAGCATCATCG CGTAACGGCTTGAGTTTCCT 111
Aa_G95190 AT4G37750 |AINTEGUMENTA (ANT) TGGAAGGAGGAAGAGGAGAAG CATTAAGCAAAGAGAACCATCAG 209
Cambial activity and |Aa_G329270 AT1G19850 |AUXIN RESPONSE FACTOR 5 (ARF5) CGAGTCCGAACCTACACTAAGG TGTGGGCGACAGTATCCTTAT 258
i nce Aa_G108910 AT1G56010 |NAC DOMAIN CONTAINING PROTEIN 1 (NACI) CCCTGCTTCTCCAATTTGTC GCTGCCTTCACCGTTACTCT 240
Aa_G171170 AT1G46480 |WUSCHEL RELATED HOMEOBOX 4 (WOX4 ) ATATCACATCTCAGCTCGGTAAG CCTGATGTCTAGCGACGATG 206
Aa_G702580 AT1G75820 |CLAVATA 1 (CLVI) TTCGGAGTGGTTCTATTGGAG CGTGTTCCTCACCCACCTA 93
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Abstract

The perennial life style is a successful ecological strategy, and Arabis alpina is a recently developed
model Brassicaceae species for studying it. One aspect, poorly investigated until today, concerns the
differing patterns of allocation, storage and metabolism of nutrients between perennials and annuals
and the yet unknown signals that regulate this process. 4. alpina has a complex lateral stem architecture
with a proximal vegetative perennial (PZ) and a distal annual flowering zone (AZ), allowing to study
nutrient allocation to either PZ or AZ inside the same stems. Lipid bodies (LBs) with triacylglycerol
(TAG) accumulate in the PZ. To decipher processes of lipid metabolism linked with the perennial
lifestyle, we analyzed lipid species in the PZ versus AZ. Glycerolipid fractions, including neutral lipids
with mainly TAGs, phospholipids, and glycolipids were present at higher levels in the PZ as compared
to the AZ or roots. Concomitantly, contents of specific long-chain and very long-chain fatty acids
increased during formation of the PZ. Corresponding gene expression data, gene ontology term
enrichment and correlation analysis with lipid species pinpoint glycerolipid-related genes active during
the development of the PZ. Lipid metabolism genes are targets of regulatory mechanisms specifying

PZ differentiation in A. alpina.
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Introduction

Perennial plants survive and reproduce throughout many years, and in most natural settings the
perennial life style is of advantage to secure a dominant position in the environment. Arabis alpina is a
herbaceous hemicryptophyte with perennial vegetative branches above the soil (according to the
Raunkiaer's system of plant life forms). This species has attracted attention as a model for studying its
specific perennial characters. A. alpina is polycarpic and produces new flowers during every new
growth season at the distal ends of the main shoot and lateral branches. In proximal vegetative parts of
the stems, buds develop either into non-flowering branches, remain as perennating buds or develop into
flowering lateral branches that maintain vegetative growth (Lazaro et al., 2018; Vayssiéres et al., 2020).
This complex architecture of A. alpina is established during and after vernalization, a required cold
season that induces flowering. The Arabis clade belongs to the Brassicaceae family (Karl and Koch,
2013; Kiefer et al. 2017) and genome sequence information, techniques, and tools developed for
Arabidopsis thaliana and other Brassicaceae, are employed to study Arabis perennial behavior.
Flowering repressor PERPETUAL FLOWERING 1 (PEP1), the orthologue of the Arabidopsis
FLOWERING LOCUS C (FLC), controls the flowering response and plant architecture (Michaels and
Amasino, 1999; Wang et al., 2009; Wang et al., 2011; Albani et al., 2012; Lazaro et al., 2018; Hughes
et al.,2019). pepl-1 mutant plants continuously form new lateral branches irrespective of a cold season,
each of them with proximal vegetative and distal reproductive character (Wang et al., 2009).

The vegetative part of the stem has secondary growth, coupled with high molecular weight
carbon storage in a so-called perennial zone (PZ). Here, carbon accumulates in the form of starch and
triacylglycerol (TAG) in cambium and cambium-derived secondary phloem tissues (Sergeeva et al.,
Manuscript 1). These stored nutrients likely serve bud outgrowth in the following season. In contrast to
that, reproductive parts of the main shoot and lateral shoots show primary growth and after flowering
and seed formation turn senescent, so-called annual zone (AZ). Starch and lipid bodies (LBs)
accumulate there in cortical parenchyma tissue (Sergeeva et al., Manuscript 1). Additionally, LBs but
not starch accumulate in the AZ in fascicular cambium and phloem of the vascular bundles (Sergeeva
et al., Manuscript 1). In the AZ, these high-energy carbon-rich nutrients are used during reproduction.

Lipids play key roles in metabolism and nutrient storage in plants. Lipid composition is a key
for membrane identity. For example, the plasma membrane contains primarily phosphoglycerolipids
(Simon, 1974; Wewer et al., 2011), while predominant constituents of the chloroplast thylakoid
membranes are galactoglycerolipids (Hurlock et al., 2014; LaBrant et al., 2018; Karki et al., 2019).
Besides that, lipids are carbon storage products in plants and animals (Lu ef al., 2011; Tan et al., 2011;
Shi et al., 2012; Haslam et al., 2013; Vanhercke et al., 2013; van Erp et al., 2014; Li et al., 2015). Plants
store lipids mainly as TAG in LBs. TAG-containing LBs are present in oilseeds of various plant species
(Cao and Huang, 1986; Loer and Herman, 1993; Lee et al., 1995; Lacey et al., 1999; Shockey et al.,
2006; Cai et al., 2017), but also in vegetative tissues, such as leaves (Pyc ef al., 2017; Brocard et al.,
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2017), stems (Sauter and Cleve, 1994; Madey et al., 2002; Wang et al., 2007), and roots (Neasted et al.,
2000; Chinnasamy et al., 2003). The biosynthesis pathways of different glycerolipid classes are
interconnected in plants. Lipids are synthesized in the prokaryotic pathway in the chloroplast and in the
eukaryotic pathway in the endoplasmic reticulum (ER) (Li-Beisson et al., 2013; Jayawardhane et al.,
2018). Biosynthesis of neutral lipid (NL) TAG takes place in the ER in the Kennedy or glycerol
phosphate pathway (Li-Beisson et al., 2013). Diacylglycerol functions as the intermediate for TAG
biosynthesis and as the backbone for the biosynthesis of glycolipids (GLs) and the phospholipids (PLs),
phosphatidylcholine and phosphatidylethanolamine. Diacylglycerol is therefore an important
intermediate for the synthesis of storage and membrane lipids. GLs, representative for plastidic
membranes, are produced in the prokaryotic pathway. In addition, phosphatidylglycerol can be
synthesized in the plastid in a series of sequential reactions. Phosphatidic acid is the intermediate for
the biosynthesis of above-mentioned GLs and also PLs produced in the eukaryotic pathway in the ER.
PLs mainly represent structural elements of extraplastidic membranes. The nature of fatty acids (FAs)
of glycerolipids is indicative for their function. The de novo FA synthesis takes place in the plastid, and
after their transport to the ER, FAs may be elongated to yield very long-chain fatty acids (VLCFAs)
(Joubes et al., 2008).

Here, we study a new aspect of stem architecture related to lipid metabolism. The
simultaneous presence of the PZ and the AZ poses the conflict of nutrient allocation and usage for either
seed production or development of perennating storage tissues. This raises the question which genes
and signals regulate this process. We compared glycerolipid profiles between PZ and AZ and found
that they differed between PZ and AZ. Using transcriptome data, we identified differentially regulated
lipid metabolism genes, that are targets of PZ and AZ differentiation. Lipid metabolism gene ontology
terms were enriched, that correlated with lipid species. These findings serve to investigate the regulation
of TAG storage and lipid metabolism as a perennial trait in a Brassicaceae species and to study the

differentiation signals in the PZ.
Materials and methods

Lipid analysis of plant material

Freeze-dried plant samples from different developmental stages of the PZ and AZ of A. alpina
wild type Pajares (Paj) and its mutant derivative perpetual flowering 1-1 (pepl-1) were used for lipid
analysis (Fig. 1; Sergeeva ef al., Manuscript 1). At first, total amounts of glycerolipids were extracted
using an acidic modified chloroform-methanol method (Hajra et al., 1974, https://www.imbio.uni-
bonn.de/molekulare-biotechnologie/lipidomics-platform/acidic-chloroform-methanol, Wewer et al.,
2011), (Supplementary Fig. S1). Ten mg of lyophilized and ground (fine-powdered in a Mixer Mill MM
200, Retsch, Haan, Germany) plant material was vortexed with 0.4 ml chloroform/methanol/formic acid
(1:1:0.1) and 0.2 ml solution containing 0.2 M phosphoric acid and 1 M potassium chloride. After 5-

minute centrifugation at 5000 rpm the resulting lower phase with glycerolipids was transferred to a new
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glass tube. Chloroform extractions were repeated twice and bottom phases combined as the glycerolipid
fraction, which included nonpolar and polar lipids.

Separation into nonpolar lipids (NL, triacylglycerol (TAG) and diacylglycerol) and polar
lipids containing glycolipids (GL, monogalactosyldiacylglycerol, digalactosyldiacylglycerol,
sulfoquinovosyldiacylglycerol) and phospholipids (PL, phosphatidic acid, phosphatidylserine,
phosphoinositide, phosphatidylethanolamine, phosphatidylglycerol and phosphatidylcholine) was
performed using silica-based solid phase extraction columns (55 pm, 70 A) (Phenomenex, Torrance,
USA) (Supplementary Fig. S1) (Wewer et al., 2011), equilibrated with 1 ml chloroform. Glycerolipid
fractions were applied to the column after equilibration and the flow through collected in a new glass
tube. The NL fraction was eluted into the same glass tube with 1 ml chloroform. One milliliter of
acetone/isopropanol (1:1) was added to the same column to elute the GL fraction, which was collected
in a second glass tube. The flow through containing the PL fraction, eluted by addition of 1 ml methanol,
was retrieved in a third tube. Finally, organic solvents were evaporated from the tubes in a desiccator
coupled to a vacuum pump.

Resulting NL, GL, and PL fractions were immediately applied to prepare fatty acid
methylesters (FAMEs) according to Hielscher et al. (2017) (Supplementary Fig. S1), using
heptadecanoic acid (C17) (1 mg/ml) as internal standard. One milliliter of 3 N methanolic hydrochloric
acid and 20 pl of the C17 internal standard were added to each sample. The samples were incubated for
60 min at 90 °C, cooled down at room temperature for 5 min. One milliliter n-hexane as well as 1 ml
1% (w/v) sodium chloride were added. Tubes were vortexed for 10 s and centrifuged for 5 min at 2000
rpm for phase separation. The upper hexane phase was transferred to a gas chromatography (GC) vial
and stored at -20 °C until further analysis.

The analysis of FAME extracts was performed by GC-mass spectrometry (GC-MS) using a
7200-GC-quadrupole time-of-flight mass spectrometer (GC-QTOF) (Agilent Technologies, Santa
Clara, USA) (Supplementary Fig. S1). Mass Hunter Software (Agilent Technologies, Santa Clara,
USA) was used for integration of the resulting peaks. Absolute amounts of FAs in each sample were
determined by relating the integrated peak area of detected FAs to the integrated peak area and known

concentration of the C17 standard.

Gene expression analysis of lipid metabolism genes

The RNA-seq dataset consisting of three biological replicates per sample that had been
described (Sergeeva et al., Manuscript 1) was used to extract RNA-seq gene expression data
corresponding to lipid metabolism (Supplementary Table S1; derived from the full transcriptome data
set available under the GEO no. GSE152417). Gene ontology (GO) term enrichment analysis was
performed according to Sergeeva et al. (Manuscript 1) to identify enriched lipid metabolism GO terms
with a P < 0.05 (Supplementary Tables S2-S7). GO terms “NL metabolic process”, “galactolipid

metabolic process”, “phosphatidylglycerol metabolic process”, “PL biosynthetic process”, “FA
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biosynthetic process”, and “FA catabolic process” (Supplementary Tables S2, S3) were screened for
genes involved in NL, GL, PL, and FA biosynthesis and catabolism.

Validation of lipid metabolism gene expression was performed by reverse transcription-qPCR
using the cDNA samples and procedures as described (Sergeeva et al., Manuscript 1) and qPCR primers
listed (Supplementary Table S8). Absolute quantification of normalized gene expression was obtained
using mass standard curve analysis (Ben Abdallah and Bauer, 2016) and normalization with reference
genes CLATHRIN ADAPTOR COMPLEX MEDIUM SUBUNIT (CAC) and EUKARYOTIC
TRANSLATION INITIATION FACTOR 4A1 (EIF4a) (Stephan et al., 2019).

Statistical and correlation analysis

One-way analysis of variance (ANOV A) combined with Tukey’s honest significant difference
(HSD) test (a = 0.05) was performed using the R software. Different letters in the diagrams represent
significant differences with P < 0.05.

Pearson correlation analysis was conducted via the R software, between individual gene
expression and biochemical lipid analysis data, using stages Il PZ, IV_PZ, stage I, and stage II’ for
PZ and stage IV_AZ if, and stage II’ for AZ, respectively. Only correlation coefficients with significant

levels of correlation (P < 0.05) are displayed in the diagrams.
Results

Levels of glycerolipids increase during development of the PZ

The PZ differentiates during development to form secondary growth tissues, in which TAG-
containing LBs accumulate, e.g. for lipid storage (Sergeeva et al., Manuscript 1). The identity of lipids
and TAGs had not been further elucidated previously. Moreover, not only TAG among the neutral lipids
(NLs), but also two more glycerolipid types are linked with lipid storage and metabolism in plants,
glycolipids (GLs) and phospholipids (PLs). These latter form cell and organellar membranes and
membranous compartments for nutrient storage. Here, we subfractionated glycerolipid fractions into
NLs, GLs, and PLs and determined their proportion as compared to total lipid amounts. Plant samples
were lateral stem internodes divided into PZ and AZ and for comparison roots of 4. alpina wild type
Pajares (Paj) and mutant perpetual floweringl-1 (pepl-1). These samples had been harvested along a
developmental gradient at different growth stages during differentiation of the PZ and AZ, namely
stages L, 11, 111, and II” (for descriptions see Fig. 1). pepi-1 does not require vernalization for triggering
flowering, and Paj and pep -1 differ in the timing but not the outcome of the PZ and AZ formation (Fig.
1; Sergeeva et al., Manuscript 1).

NL, GL, and PL fractions were present at all stages in stems and roots of Paj and pepl-1 (Fig.
2). They were highest in the PZ at stages III and II” in Paj and pep -1, and lower in the PZ at stage I in
Paj and stage II in pepl-1 (Fig. 2A, Fig. 2B). Together, the three glycerolipid fractions reached about
60 % of total lipids in the PZ of Paj and even 80 % or more in pep/-1. On the other hand, the AZ of Paj
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and pepl-1 contained lowest amounts of all three glycerolipid fractions. These findings point to a
significant increase of storage-related lipid forms in the PZ. In roots, on the other hand, NL, GL, and
PL fractions remained constant and significant differences in their contents were not noted during the
development at the same stages of Paj and pepl-1 (Fig. 2C, Fig. 2D). Glycerolipid fractions together

did not exceed 30-35 % of all lipids in roots, which was lower than in most PZ stem samples.

A Stage I
2
| | | ! ! %
0 4 [ T T
8 12 16 20 24 28 32 35 weeks
1 1 T
Stage | Stage Il Stage Il

B -— Leaf

Senescent leaf

=) Vegetative (only PZ)
o Reproductive with flowers

(subdivided into PZ and AZ)
- Reproductive with siliques

(subdivided into PZ and senescing AZ)

Root

AZ nZ AZ
z z Pz Pz bz bz Pz 67

Paj pep1-1 Paj pep1-1 Paj pep1-1 Paj pep1-1
Stage | Stage Il Stage lll Stage II

Fig. 1. Schematic representation of plant growth stages for 4. alpina Pajares (Paj, wild type) and its perpetual
flowering 1-1 (pepl-1) mutant derivative used in lipid analysis. (A) Plant growth and harvesting scheme. Solid
black lines, long-day conditions at 20 °C; open line, short-day conditions at 4 °C (vernalization); four
developmental stages for harvesting, I, 11, III, and II°. (B) Schematic representation of Paj and pep -1 architecture
of lateral stems at stages I, I1, III, and II*. Lateral stems were harvested, subdivided into perennial (PZ) and annual
(AZ) zones, as indicated (see also Sergeeva et al., Manuscript 1). In addition to lateral stems, entire root systems
of single plants were harvested as one root sample. The schematic plant representation was partially adopted from
Wang et al. (2009), Lazaro et al. (2018), and Vayssiéres et al. (2020).

Taken together, these data show the highest amounts of glycerolipids in the developed PZ of
lateral stems rather than roots or the AZ, indicating the importance of lipid metabolism and lipid storage

in the PZ. Moreover, Paj and pepl-1 were similar in this respect showing that vernalization was not a

requirement for glycerolipid accumulation.

NLs with long-chain and very long-chain fatty acids increase during development of the PZ

The nature of FAs contained in glycerolipids is important to estimate their function. Generally,
storage lipids contain long-chain FAs (LCFAs), comprising predominantly C16 and C18 FAs (palmitic
(16:0), linoleic (18:2) and linolenic (18:3) acids), and very long-chain FAs (VLCFAs), including C20,
C22 and C24 FAs (arachidic (20:0), behenic (22:0) and lignoceric (24:0) acids).
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Fig. 2. Glycerolipid accumulation in stems and roots. The three glycerolipid fractions are neutral lipids (NL),
glycolipids (GL), and phospholipids (PL), represented as percentage of their fatty acids (FAs) in relation to total
FA contents (as 100 %) of dry matter of (A, B) perennial and annual internode stem zones (PZ, AZ) and (C, D)
entire root systems of (A, C) A. alpina Pajares (Paj, wild type) and (B, D) perpetual flowering 1-1 (pep1-1) mutant
derivative. Plant material was harvested at four different developmental stages, stage I, 11, 111, and II*, as indicated
in Fig. 1A. Data are represented as mean +/- SD (n = 3-7). Different letters indicate statistically significant
differences, determined by one-way ANOVA-Tukey‘s HSD test (P < 0.05).

At first, FAs present in the NL fraction of each investigated stage and line were therefore
subdivided into total LCFAs (total of 14:0, 16:0, 16:1, 18:2, 18:3 and 18:1 FAs), and total VLCFAs
(total of 20:0, 22:1, 22:0, 24:1, 24:0 FAs) (Fig. 3). Contents of total LCFAs were higher than those of
total VLCFAs in all stem samples of Paj and pepl-1. Generally, amounts of total LCFAs and total
VLCFAs were higher in PZ than in AZ samples. Interestingly, contents of total VLCFAs increased in
the PZ with the progression of the development and reached highest levels at stage II’ (Fig. 3A, Fig.
3B). Levels of total LCFAs and total VLCFAs in the NL fraction were not significantly differing from
each other at every single investigated developmental stage in roots of Paj and pep-1 (Fig. 3C, Fig.
3D). Contrary to stems, contents of total LCFAs and total VLCFAs in roots did not change during root

development in both lines.
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Fig. 3. Long-chain and very long-chain fatty acid contents (LCFAs, VLCFAs) in neutral lipid (NL) fractions in
stems and roots. Represented are the contents of NL fraction-derived total LCFAs (total of 14:0, 16:0, 16:1, 18:2,
18:3, 18:1) and total VLCFAs (total of 20:0, 22:1, 22:0, 24:1, 24:0) per dry matter (DM) of (A, B) perennial (PZ)
and annual (AZ) internode stem zones and (C, D) entire root systems of (A, C) 4. alpina Pajares (Paj, wild type)
and (B, D) perpetual flowering 1-1 (pepI-1) mutant derivative. Plant material was harvested at four different
developmental stages, stage I, II, III, and II°, as indicated in Fig. 1 A. Data are represented as mean +/- SD (n = 3-
7). Different letters indicate statistically significant differences, determined by one-way ANOVA-Tukey’s HSD
test (P < 0.05).

Next, we investigated individual LCFAs and VLCFAs. In NLs of both genotypes, 16:0 palmitic
acid was the most abundant FA at examined stages, while in the same samples 14:0, 16:1, 18:1, 22:1,
and 24:1 FAs were not abundant nor varied significantly (Fig. 4A, Fig. 4B). However, contents of 18:2
and 18:3 FAs along with VLCFAs 20:0, 22:0, and 24:0 increased markedly with progression of PZ
development in both genotypes and only slightly during development of the AZ. Therefore, the increase
of LCFAs 18:2 and 18:3 and of VLCFAs 20:0, 22:0, and 24:0 in the PZ supports the storage character
of the PZ and the relevance of NLs (Fig. 4A, Fig. 4B). Interestingly, in pepl-1 LCFAs 18:2 and 18:3
peaked at stage I and II in the PZ, but then declined (Fig. 4B). Perhaps this decline is caused by catabolic
activities during seed formation. GL and PL fractions of Paj and pep -1 stems, PZ and AZ, were mainly
composed of LCFAs 16:0, 18:2, and 18:3 at every investigated developmental stage (Supplementary
Fig. S2). Contrary to the NL fraction, amounts of VLCFAs, such as 20:0, 22:0, and 24:0, were low in

the GL and PL fractions (Supplementary Fig. S2). Interestingly, the amounts of 18:2 and 18:3 FAs in
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the PL fraction of Paj increased slightly from stage I to stage III and II’ (Supplementary Fig. S2B),
perhaps partially related to incorporation of these FAs in the PL monolayer of LBs that accumulate in
the PZ. In roots, NLs of Paj and pep -1 were predominantly composed of LCFAs, 16:0, 18:2, and 18:3
and VLCFAs, 20:0, 22:0, and 24:0, that did not significantly vary between stages (Fig. 4C, Fig. 4D).
Differing from stems, 16:0 and 20:0 FAs represented the most abundant FAs at every investigated
developmental stage in roots of Paj and pep -1 (Fig. 4C, Fig. 4D). The absence of a regulatory pattern
of NL FAs across the root stages suggests again that roots do not develop as primary lipid storage
organs. The GL fractions of the roots of Paj and pepi-1 plants were marked by high contents of LCFAs
16:0, 18:2, and 18:3 and relatively large amounts of VLCFAs, 20:0, 22:0, and 24:0 (Supplementary Fig.
S3A and Supplementary Fig. S3C). The PL fractions of Paj and pepi-1 roots had also high levels of
LCFAs 16:0, 18:2, and 18:3, but low contents of all other investigated FAs (Supplementary Fig. S3B
and Supplementary Fig. S3D). Only slight variations of FA contents were noted for the PL and GL
fractions in root samples across stages. Again, the high amount of LCFAs 16:0, 18:2, and 18:3 in the
PL fraction may reflect their accumulation in the PL monolayer of LBs.

In summary, the FA profiles of glycerolipids show that the PZ is the primary place for lipid
metabolic processes, while the AZ and roots play minor roles in this. Similar patterns in Paj and pepI-

1 indicate that vernalization itself is not a requirement for these processes.

Gene ontology (GO) term enrichment and lipid metabolism gene expression confirm enhanced
lipid metabolism during progression of the PZ

Enriched lipid metabolism GO terms in RNA-seq data reflect importance of the respective
pathways. To identify such, we examined GO term enrichment in three consecutive juvenile to adult
pepl-1 stages I PZ (very early stage, prior to secondary growth), Il PZ, and IV_PZ in comparison
with inflorescence stage IV_AZ if, for which RNA-seq-based transcriptome data are available (Fig.
5A, see also Sergeeva et al., Manuscript 1). We selected GO terms related to lipid metabolism (Fig. 5B,
Supplementary Tables S1 and S2-S7).

When comparing the stages I PZ with III_PZ, lipid biosynthesis GO term enrichment was
pronounced at stage I PZ, while this was the case for lipid catabolism at stage III PZ (Fig. 5B,
Supplementary Table S2). Interestingly, stage I PZ showed an enrichment of PL and FA biosynthetic
GO terms, while stage III PZ was enriched in NL and GL biosynthetic GO terms. When comparing
stagesI PZ and IV_PZ, general lipid metabolism, PL and FA-related GO terms were similarly enriched
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Fig. 4. Long-chain (LC) and very long-chain fatty acid (VLCFA) contents in neutral lipid (NL) fractions in stems
and roots. Represented are the contents of NL fraction-derived individual LCFAs (14:0, 16:1, 16:0, 18:2, 18:3,
18:1) and individual VLCFAs (20:0, 22:1, 22:0, 24:1, 24:0) per dry matter (DM) of (A, B) perennial (PZ) and
annual (AZ) internode stem zones and (C, D) entire root systems of (A, C) A. alpina Pajares (Paj, wild type) and
(B, D) perpetual flowering 1-1 (pepl-1) mutant derivative. Plant material was harvested at four different
developmental stages, stage I, II, 111, and II*, as indicated in Fig. 1A. In addition, the PZ of pepI-1 contained low
contents of other FAs (compare with B), namely 16:3 FA at stages I and 11 (0.03 mg/g DM) and 20:1 FA at stages
I and III (0.07 mg/g DM and 0.54 mg/g DM). For comparable representation, these FAs are not shown in the
diagram, but were included in all calculations. Data are represented as mean +/- SD (n = 3-7). Different letters
indicate statistically significant differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).

but this was no longer the case for GL and NL categories (Fig. 5C, Supplementary Table S3). In general,
all three single comparisons between IV_AZ if and each PZ stage were marked by an enrichment of
PL and FA biosynthetic GO terms in the AZ (Supplementary Tables S5-S7). The enrichment of PL and

FA biosynthetic GO terms in the AZ internodes indicates that lipid-related metabolic processes are

rather similar to those occurring in the early stage I PZ.
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Fig. 5. Lipid metabolism-related GO term enrichment analysis of RNA-seq data. (A) Plant growth and harvesting
scheme for A. alpina perpetual flowering 1-1 (pepl-1) mutant with schematic representation of pepl-I
architecture of the first and second lateral stems formed at lower internodes of the main stem at different stages.
Solid black line, long-day conditions at 20 °C; three developmental RNA-seq stages were considered, stages | PZ,
I PZ,and IV_PZ as well as IV_AZ if (see also Sergeeva et al., Manuscript 1). (legend continued on next page)
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Lateral stem internodes had been subdivided into perennial (PZ) and annual (AZ) zones, as indicated. The
schematic plant representation was partially adopted from Wang et al, (2009), Lazaro et al., (2018), and
Vayssiéres et al., (2020). (B, C) Lipid metabolism-related GO terms enriched in (B) stage I PZ (represented in
black) versus stage III_PZ (represented in grey) and in (C) stage I PZ (represented in black) versus stage [V_PZ
(represented in grey). GO terms were assigned to the different categories, general, phospholipids (PL), glycolipids
(GL), neutral lipids (NL), and fatty acids (FA). GO terms with a p-value P < 0.05 are enriched; p-values,
represented as —log 10 values. Further information about the represented GO term enrichment analysis is provided
in Supplementary Tables S2 and S3.

We selected and compared 50 individual genes for lipid metabolism out of the NL, GL, PL, and
FA-related GO categories (Fig. 6 and Supplementary Table S1). Nineteen of them were first, up-
regulated during PZ progression from stage I PZ to stages III PZ and/or IV_PZ and second, up-
regulated at either stage Il PZ or stage IV_PZ or both versus stage IV_AZ if (Fig. 6, genes marked
in red; Supplementary Table S1; Supplementary Fig. 4). In the GO category “NL metabolic process”
(Supplementary Table S2), LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1 (LPCATI),
WRINKLED 1 (WRII), PHYTYL ESTER SYNTHASE 1 (PESI), DADI-LIKE SEEDLING
ESTABLISHMENT-RELATED LIPASE (DSEL), and SUGAR-DEPENDENT 1 (SDP1) fulfilled these
criteria (Fig. 6A and Supplementary Fig. S4A-E). All five genes were significantly up-regulated from
stage | PZ to stage III PZ. Expression of LPCATI, PES1, DSEL, and SDP1 increased from stage | PZ
to stage [V_PZ (Fig. 6A and Supplementary Fig. S4A, C, D, E). The five genes were less expressed at
stage IV_AZ if versus stages III_and/or IV_PZ (Fig. 6A and Supplementary Fig. S4A-E). Among the
examined GL genes, all assigned to GO term “GL metabolic process” (Supplementary Table S2),
PHOSPHOLIPASE D { 2 (PLD{2), PATATIN-RELATED PHOSPHOLIPASE A I (pPLAIIIp),
DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1 (DGDI), and PLASTID LIPASE 3 (PLIP3)
fulfilled the above criteria (Fig. 6A and Supplementary Fig. S4F-1). PLD{2, pPLAIIlf, and PLIP3 were
significantly up-regulated from stage I PZ to stage III_PZ (Fig. 6A and Supplementary Fig. S4F, G, I).
Expression of DGDI increased from stage I PZ to stage IV_PZ, where it was highest (Fig. 6A and
Supplementary Fig. S4H). For the four genes expression was lower at stage IV_AZ if versus stages
III_and/or IV_PZ (Fig. 6A and Supplementary Fig. S4F-1). Among the PL-related genes, we examined
closely genes of the GO terms “phosphatidylglycerol metabolic process” and “PL biosynthetic process”
(Supplementary Tables S2, S3). Only a single gene, ACYLTRANSFERASE 1 (ACTI), fulfilled the
criteria, as it was significantly up-regulated from stage I PZ to stage IV_PZ, but down-regulated in
stage IV_AZ if (Fig. 6A and Supplementary Fig. S4J). Among FA-related genes of GO terms “FA
biosynthetic process” (Supplementary Tables S2, S3) and “FA catabolic process” (Supplementary
Tables S2, S3), nine genes fulfilled the criteria, 3-KETOACYL-COA SYNTHASE 4 (KCS4), ACYL-COA
OXIDASE 3 (ACX3), 43, A2-ENOYL COA ISOMERASE 1 (ECII), 3-KETOACYL-COA THIOLASE 2
(KAT2), PEROXISOMAL ADENINE NUCLEOTIDE CARRIER 1 (PNCI), MULTIFUNCTIONAL
PROTEIN 2 (MFP2), ACYL-COA OXIDASE 4 (ACX4), ENOYL-COA HYDRATASE 2 (ECH2), and
ABNORMAL INFLORESCENCE MERISTEM 1 (4IM1) (Fig. 6B and Supplementary Fig. S4K-S).
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Expression of KCS4 decreased from stage I PZ to stages III PZ and IV_PZ and was lowest at stage
IV_AZ if (Fig. 6B and Supplementary Fig. S4K). ACX3, ECII, KAT2, PNC1, MFP2, ACX4, ECH?,
and AIM1 were significantly up-regulated from stage I PZ to stage III and/or IV_PZ and down-
regulated at stage IV_AZ if (Fig. 6B and Supplementary Fig. S4L-S)
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Fig. 6. Gene expression profiles of 50 individual genes out of the NL, GL, PL, and FA-related GO categories.
Represented are RNA-seq data (TPM, transcripts per million) of A. alpina perpetual flowering 1-1 (pepl-1I)
mutant lateral stem internodes of perennial (PZ) and annual (AZ) zones at stages I PZ, Il PZ, IV _PZ, and
IV_AZ if (see Fig. 5A). (A) NL, GL, and PL genes involved in lipid synthesis and catabolism: LPCATI,
LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, PESI, PHYTYL ESTER SYNTHASE 1, WRII,
WRINKLED 1, Hb2, HAEMOGLOBIN 2, DGD1, DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1, ACTI,
ACYLTRANSFERASE 1, LPAT3, LYSOPHOSPHATIDYL ACYLTRANSFERASE 3, GPATS, GLYCEROL-3-
PHOSPHATE SN-2-ACYLTRANSFERASE 8, GPAT3, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE
3, LPATI, LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE 1, GPDHP, GLYCEROL-3-PHOSPHATE
DEHYDROGENASE PLASTIDIC, GPAT4, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 4,
LPEATI, LYSOPHOSPHATIDYLETHANOLAMINE ACYLTRANSFERASE 1, DSEL, DADI-LIKE SEEDLING
ESTABLISHMENT-RELATED LIPASE, SDPI, SUGAR-DEPENDENTI, DALL3, DADI-LIKE LIPASE 3,
PPLAIIIB, PATATIN-RELATED PHOSPHOLIPASE A I1IB, PLIP3, PLASTID LIPASE 3, PLD{2,
PHOSPHOLIPASE D { 2; (B) Genes involved in FA synthesis, elongation, desaturation, and p-oxidation: KCS3,
KCS4, KCS5, KCS6, KCS10, KCS11, KCSI12, KCS13, KCS19, KETOACYL-COA SYNTHASEs, MTACPI,
MITOCHONDRIAL ACYL CARRIER PROTEIN 1, MTACP2, MITOCHONDRIAL ACYL CARRIER PROTEIN 2,
ACP4,ACYL CARRIER PROTEIN 4, FATA2, OLEOYL-ACYL CARRIER PROTEIN THIOESTERASE 2, CERI10,
ECERIFERUM 10, PAS2, PASTICCINO 2, LACS7, LONG-CHAIN ACYL-COA SYNTHETASE 7, FAD3, FADS,
FADG, FAD7, FADS, FATTY ACID DESATURASEs, AAD3, ACYL-ACYL CARRIER PROTEIN DESATURASE
3, ACX3, ACYL-COA OXIDASE 3, ECII, 43, A2-ENOYL COA ISOMERASE 1, KAT2, 3-KETOACYL-COA
THIOLASE 2, PNC1, PEROXISOMAL ADENINE NUCLEOTIDE CARRIER 1, (legend continued on next page)
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MFP2, MULTIFUNCTIONAL PROTEIN 2, SDRB, SHORT-CHAIN DEHYDROGENASE-REDUCTASE B,
ACX4, ACYL-COA OXIDASE 4, ECH2, ENOYL-COA HYDRATASE 2, AIM1, ABNORMAL INFLORESCENCE
MERISTEM 1. Candidate genes differentially regulated between the PZ and the AZ are represented in red. Data
are represented as mean (n = 3).

Taken together, during progression of stage I PZ to stage IIl_PZ, an enrichment of GL and NL-
related GO terms and analysis of individual genes support the biochemical data with increased presence

of glycerolipids during progression of the PZ. The occurrence of catabolic processes related to lipid

metabolism in the PZ at stages IIl PZ and IV_PZ may indicate active turnover of lipids.

Biochemical lipid analysis and gene expression are correlated

We confirmed differentially regulated lipid metabolism by correlation analysis of the amounts
of single FAs of NL, GL, and PL fractions and the expression levels of 50 genes in PZ and AZ samples
(see Materials and Methods). We found clearly more correlations related to the PZ than AZ, supporting
the coordinated presence of lipid species and involvement of corresponding genes in the PZ (Fig. 7, 8
and Supplemenary Fig. S5, S6, S7).

We investigated meaningful individual correlations in more detail. For example, NL gene
expression levels of LPCATI positively correlated with amounts of 16:0, 18:2, and 18:3 FAs of the NL
fraction of the PZ (Fig. 7A, PZ). Gene expression levels of PES! highly correlated with the amounts of
16:0 and 18:3 FAs. Positive correlation was also detected between WRII and the amounts of 18:3 FAs.
Furthermore, 16:0 FAs positively correlated with gene expression levels of DSEL. Negative correlation
was seen between SDPI and VLCFAs, 24:0, 20:0, and 22:0 in the PZ, as well as between 16:1 FAs,
PESI and SDPI in the AZ (Fig. 7A). In addition, among the identified genes of the GO term
“galactolipid metabolic process”, DGDI, pPLAIlIS, PLIP3, and PLD{2, up-regulated at stage III PZ
and/or IV_PZ versus stage [V_AZ if (Fig. 6A), DGDI positively correlated with 16:0, 18:2, 18:3,22:0,
and 24:0 FAs of the GL fraction of the PZ (Fig. 7B). In the AZ, significant positive correlation for
DGD1 was only detected with 16:0 FA. Negative correlation was detected for pPLAIIIS and PLIP3
with 22:0 and 24:0 FAs in the PZ, while in the AZ pPLAIIIf and PLIP3 negatively correlated with 16:1
and 14:0 FAs respectively. Expression levels of PLD{2 positively correlated with the amounts of 16:0,
18:2, and 18:3 FAs of the GL fraction of the PZ, but only with 16:0 FA in the AZ (Fig. 7B).

Finally, among the PL-related genes, ACT/ fulfilled the criteria of being expressed at a higher level at
stages Il PZ and IV_PZ than at stage IV_AZ if (Fig. 6A). ACTI encodes a plastidic enzyme involved
in the first step of phosphatidic acid biosynthesis (Li-Beisson ef al., 2013). No positive correlation was
observed between ACTI gene expression and amounts of single FAs of the PL fraction of the PZ (Fig.
7C). Surprisingly, ACTI positively correlated with 24:0 FAs in the AZ, indicating in fact a minor role
in PL metabolism in the PZ. In addition to their involvement in GL metabolism, PLD{2, pPLAIIIB, and
PLIP3 were reported to hydrolyze PLs (Li et al., 2011; Su et al., 2018; Wang et al., 2018). Therefore,

we analyzed correlation of these genes with FAs present in the PL fraction, assuming a negative
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correlation (Supplementary Fig. S7B). Indeed, the three genes negatively correlated with 16:1 and 22:0
FAs in the PZ. In addition, the analysis resulted in negative correlation between PLD(2 and 20:0 FAs.
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Fig. 7. Pearson correlation analysis between gene expression levels of lipid metabolism genes and the amounts of
individual FAs of the NL, GL, and PL fraction (legend continued on next page)
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of A. alpina perpetual flowering 1-1 (pepl-1) mutant lateral stem internodes of perennial (PZ) and annual (AZ)
zones. The analysis was performed between stages III_ PZ, [V_PZ and I, II* for PZ, and IV_AZ ifand II* for AZ
(see Fig. 1 and Fig. 5A). (A) Correlation analysis between NL-derived FAs and NL metabolism-related genes.
DSEL, DADI1-LIKE SEEDLING ESTABLISHMENT-RELATED LIPASE, Hb2, HAEMOGLOBIN 2, LPCATI,
LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, PESI, PHYTYL ESTER SYNTHASE 1, SDPI,
SUGAR-DEPENDENTI, WRII, WRINKLED 1. (B) Correlation analysis between GL-derived FAs and GL
metabolism-related genes. DALL3, DADI-LIKE LIPASE 3, DGDI, DIGALACTOSYL DIACYLGLYCEROL
DEFICIENT 1, PLD{2, PHOSPHOLIPASE D { 2, PLIP3, PLASTID LIPASE 3, pPLAIIIfS, PATATIN-RELATED
PHOSPHOLIPASE A IIIB. (C) Correlation analysis between PL-derived FAs and PL metabolism-related genes.
ACTI, ACYLTRANSFERASE 1, GPAT3, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 3, GPATH4,
GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 4, GPATS8, GLYCEROL-3-PHOSPHATE SN-2-
ACYLTRANSFERASE 8, GPDHP, GLYCEROL-3-PHOSPHATE DEHYDROGENASE PLASTIDIC, LPATI,
LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE 1, LPAT3, LYSOPHOSPHATIDYL ACYLTRANSFERASE 3,
LPEATI, LYSOPHOSPHATIDYLETHANOLAMINE ACYLTRANSFERASE 1. Only correlation coefficients with
significant levels of correlation (P < 0.05) are displayed in the diagrams. Candidate genes differentially regulated
between the PZ and the AZ are represented in red.

Among the identified FA genes, KCS4, ACX3, ECI1, KAT2, PNCI, MFP2, ACX4, ECH2, and
AIM1 were regulated according to the above-described criteria (Fig. 6B). While KCS4 is involved in
the elongation of VLCFAs, the other FA genes are needed for the peroxisomal FA B-oxidation (Li-
Beisson et al., 2013). Therefore, we assumed that the importance of these genes for NL, GL, and PL
metabolism in the PZ would be reflected by positive correlation between KCS4 and single FAs and by
negative correlation between the genes of peroxisomal FA B-oxidation and individual FAs. Gene
expression levels of KCS4 did not positively correlate with any of the identified FAs of the three lipid
fractions present in the PZ and AZ (Fig. 8). Supporting the assumption, significant negative correlation
between the gene expression levels and the amounts of individual FAs of each fraction of the PZ was
detected for all of the mentioned FA B-oxidation genes except for ECH2 (Fig. 8A, B, C). In the NL
fraction of the PZ, ECII and AIMI negatively correlated with 18:2 and 18:3 FAs (Fig. 8A). Gene
expression levels of PNC1, ACX3, ACX4, KAT2, and MFP2 negatively correlated with the amounts of
VLCFAs, 20:0, 22:0, and 24:0. Except for MFP2 and PNC1, no correlation was detected between the
candidate genes and the amounts of NL-derived FAs in the AZ (Fig. 8A). Analysis between the FA
genes and FAs of the GL fraction of the PZ resulted in high negative correlation between ACX4, KAT?2,
MFP2, ACX3, PNCI and 16:0, 22:0, 24:0 FAs (Fig. 8B). In addition, KAT2, MFP2, and PNCI
negatively correlated with 18:2 FAs. Except for ACX3 negatively correlating with 20:0 FAs, no
correlation was detected between the FA B-oxidation-related genes and the amounts of GL-derived FAs
in the AZ (Fig. 8B). Gene expression levels of ACX3, ACX4, KAT2, MFP2, and PNCI negatively
correlated with 18:2 and 22:0 FAs present in the PL fraction of the PZ (Fig. 8C). In addition, the analysis
resulted here in negative correlation between ACX3 and 18:3 FAs. Expression levels of the FA f-
oxidation-related genes did not correlate with the amounts of PL-derived FAs in the AZ (Fig. 8C).

Taken together, we detected many concordant correlations between NL, GL, PL, and FA

biosynthesis gene expression and the measured contents of the respective FA species in the various
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glycerolipid fractions in the PZ, but less so in the AZ. Correlation analysis therefore confirmed

involvement of candidate genes in lipid metabolism in the PZ.
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Fig. 8. Pearson correlation analysis between gene expression levels of lipid metabolism genes and the amounts of
individual FAs of the NL, GL, and PL fraction of 4. alpina perpetual flowering 1-1 (pep1-1) mutant lateral stem
internodes of perennial (PZ) and annual (AZ) zones. (legend continued on next page)
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The analysis was performed between stages 11l PZ, IV_PZ and I, II* for PZ, and IV_AZ if and II* for AZ (see
Fig. 1 and Fig. 5A). Correlation analysis between (A) NL-derived, (B) GL-derived, (C) PL-derived FAs and FA
synthesis, elongation, desaturation, and B-oxidation-related genes. A4D3, ACYL-ACYL CARRIER PROTEIN
DESATURASE 3, ACP4, ACYL CARRIER PROTEIN 4, ACX3, ACYL-COA OXIDASE 3, ACX4, ACYL-COA
OXIDASE 4, AIM1, ABNORMAL INFLORESCENCE MERISTEM 1, CER10, ECERIFERUM 10, ECH2, ENOYL-
COA HYDRATASE 2, ECII, A3, A2-ENOYL COA ISOMERASE 1, FAD3, FADS, FAD6, FAD7, FADS, FATTY
ACID DESATURASESs, FATA2, OLEOYL-ACYL CARRIER PROTEIN THIOESTERASE 2, KAT2, 3-KETOACYL-
COA THIOLASE 2, KCS3, KCS4, KCS5, KCS6, KCS10, KCS11, KCS12, KCS13, KCS19, KETOACYL-COA
SYNTHASEs, LACS7, LONG-CHAIN ACYL-COA SYNTHETASE 7, MFP2, MULTIFUNCTIONAL PROTEIN 2,
MTACPI1, MITOCHONDRIAL ACYL CARRIER PROTEIN 1, MTACP2, MITOCHONDRIAL ACYL CARRIER
PROTEIN 2, PAS2, PASTICCINO 2, PNCI1, PEROXISOMAL ADENINE NUCLEOTIDE CARRIER 1, SDRB,
SHORT-CHAIN DEHYDROGENASE-REDUCTASE B. Only correlation coefficients with significant levels of
correlation (P < 0.05) are displayed in the diagrams. Candidate genes differentially regulated between the PZ and
the AZ are represented in red.

Discussion

Glycerolipids in 4. alpina contain predominantly LCFAs and additionally VLCFAs in the NL
fraction, more abundant in the PZ than AZ, pointing towards an active lipid metabolic function in the
PZ. We have identified 19 lipid metabolism genes that have an expression pattern in favor of their
function in storage and different steps of NL, GL, PL, and FA metabolism in the PZ, and all of them
show correlation with certain FA species amounts. Positive and negative correlations of these 19
enzymatic functions support their involvement in biosynthesis or catabolism of NL, GL, and PL-related
lipid species in the PZ. These genes could be targets of signals that regulate PZ development and delimit

PZ and AZ.

Biosynthesis and catabolism of NLs are differentially regulated during progression of the PZ and
between the PZ and the AZ

The high proportion of glycerolipids among total lipids is indicative of carbon storage. The
TAG-containing NL fraction increased during development of the PZ in Paj and pepl-1. Significant
amounts of VLCFAs are known to be present in TAGs. Millar and Kunst (1999) demonstrated that seed
oil from 100 ecotypes of 4. thaliana contained large proportions of VLCFAs, including C20 and C22
FAs. These long-chain FAs are more energy-rich than short-chain FAs. Interestingly, VLCFA contents
indeed increased in the NL fractions of the PZ, but were unchanged in corresponding PL and GL
fractions, during PZ progression. These findings support that PZs of lateral branches of 4. alpina are
high-energy lipid storage sites.

Elongation of VLCFASs occurs in a sequence of reactions in the ER (Fig. 9). The first enzyme
involved in the process of FA elongation is KCS. KCS catalyzes condensation of a long-chain acyl-
CoA with malonyl-CoA. A. thaliana has 21 KCS genes (Joubes et al., 2008). Characterization of the
members of the KCS family showed their diverse chain-length specificities (Yang et al., 2018). We
identified KCS4 to be differentially regulated during PZ progression. The exact chain-length specificity
for KCS4 has still to be elucidated. However, Blacklock and Jaworski (2006) hypothesized the possible

100



Manuscript 2

activity of several KCS proteins including KCS4 toward acyl-CoAs longer than C20. Beside 20:0 FAs,
levels of 22:0 and 24:0 FAs increased in the NL fraction during PZ progression. Moreover, lowest levels
of expression of KCS4 were detected in the AZ in comparison to the PZ tissues indicating the possible
involvement of KCS4 in the synthesis of TAG-derived VLCFAs in the PZ. However, gene expression
levels of KCS4 neither correlated with any of the TAG-derived FAs nor with FAs from the GL and PL
fraction. KCS4 may therefore also be involved in the elongation of FAs deriving from other lipid
classes, e. g. cuticular waxes. Thus, the exact role of KCS4 in lipid metabolism of 4. alpina has to be

elucidated in future studies.
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Fig. 9. Candidate genes for lipid metabolism and their involvement in glycerolipid biosynthesis and fatty acid -
oxidation. Overview of prokaryotic and eukaryotic glycerolipid biosynthesis pathways and fatty acid B-oxidation
in the plastid, in or at the endoplasmic reticulum (ER), and in the peroxisome, showing the interconversion of
pathways. Candidate genes differentially regulated between the PZ and the AZ are represented in red, except PES/
and pPLAIIIS. Abbreviations: A-CoA: acyl-CoA; ACX: acyl-CoA thioesterase; B/3R/3S-H-CoA: B/3R/3S-
hydroxyacyl-CoA; B/3-K-CoA: B/3-ketoacyl-CoA; BE-PSS: base-exchange-type phosphatidylserine synthase;
CDP-DAGS: CDP-DAG synthase; CoA: coenzyme A; DAG: diacylglycerol; DAGTA: diacylglycerol
transacylase; DAG-CPT: CDP-choline:diacylglycerol cholinephosphotransferase; DAG-EPT: CDP-
ethanolamine:diacylglycerol cholinephosphotransferase; DGAT: diacylglycerol acyltransferase; DGDG:
digalactosyldiacylglycerol; DGDGS: digalactosyldiacylglycerol transferase; E-CoA: enoyl-CoA; ECR: enoyl-
CoA reductase; FAS: fatty acid synthase; FAs: fatty acids; G3P: glycerol 3-phosphate; GPAT: glycerol-3-
phosphate acyltransferase; HACD: hydroxyacyl-CoA dehydratase; Isom: isomerase; KAT: 3-ketothiolase; KCR:
ketoacyl-CoA reductase; KCS: 3-ketoacyl-CoA synthase; LACS: long-chain acyl-CoA synthetase; LPA:
lysophosphatidic acid; LPAAT: lysophosphatidic acid acyltransferase; LPC: lysophosphatidylcholine; LPCAT:
lysophosphatidylcholine acyltransferase; MAG: monoacylglycerol; MAGL: monoacylglycerol lipase; MFP:
multifunctional protein; MGDG: monogalactosyldiacylglycerol; MGDGS: monogalactosyldiacylglycerol
transferase; PA: phosphatidic acid; PC: phosphatidylcholine; PDAT: phospholipid:diacylglycerol
acyltransferase; PE: phosphatidylethanolamine; PG: phosphatidylglycerol; PGP: phosphatidylglycerol phosphate;
PGPP: phosphatidylglycerol phosphate phosphatase; PGPS: phosphatidylglycerol phosphate synthase; PI:
phosphatidylinositol; PIS: PI synthase; PP: phosphatidate phosphatase; PS: phosphatidylserine; PSD:
phosphatidylserine decarboxylae; SLS: sulfolipid synthase; SQDG: sulfoquinovosyldiacylglycerol; TAG:
triacylglycerol; TAGL.: triacylglycerol lipase; VLCFAs: very long-chain fatty acids. Adopted from Li-Beisson et
al. (2013). Candidate genes: ACT1, ACYLTRANSFERASE 1, ACX3, ACYL-COA OXIDASE 3, ACX4, ACYL-COA
OXIDASE 4, AIMI, ABNORMAL INFLORESCENCE MERISTEM 1, DGDI, DIGALACTOSYL
DIACYLGLYCEROL DEFICIENT 1, DSEL, DADI-LIKE SEEDLING ESTABLISHMENT-RELATED LIPASE,
ECH2, ENOYL-COA HYDRATASE 2, (legend continued on next page)
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ECII, 43, A2-ENOYL COA ISOMERASE 1, KAT2, 3-KETOACYL-COA THIOLASE 2, KCS4, 3-KETOACYL-
COA SYNTHASE 4, LPCATI, LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, MFP2,
MULTIFUNCTIONAL PROTEIN 2, PESI, PHYTYL ESTER SYNTHASE 1, PLD{2, PHOSPHOLIPASE D ( 2,
PLIP3, PLASTID LIPASE 3, PNCI, PEROXISOMAL ADENINE NUCLEOTIDE CARRIER 1, pPLAIIB,
PATATIN-RELATED PHOSPHOLIPASE A 1113, SDP1, SUGAR-DEPENDENTI, WRIl, WRINKLED 1. Acyl-
CoA chains with a cis double bond on an even-numbered carbon are exemplified by A6cis, while fatty acids with
cis double bonds at odd-numbered positions are exemplified by A9cis.

LPCATI, WRI1, PES1, DSEL, and SDP1 encode enzymes and regulators for TAG metabolism.
These genes are expressed at higher level during development of the PZ and correlate with LCFAs and
VLCFAs in comparison to the AZ, which supports their function in the accumulation of TAGs in the
PZ, but not in the AZ. LPCAT]1 is involved in acylation of lysophosphatidylcholine during acyl editing,
the entry point of FAs into phosphatidylcholine (Bates et al., 2012) (Fig. 9). In the ER, PC can be further
converted to diacylglycerol, a precursor of TAG biosynthesis. Moreover, Bates et al. (2012)
demonstrated decreased polyunsaturated FA contents in TAGs in Ipcatl Ipcat? mutant Arabidopsis
plants. Polyunsaturated 18:2 and 18:3 FAs constitute a great proportion of total NL-derived FAs in Paj
and pep-1. Thus, the increased expression of LPCATI and the positive correlation with 18:2 and 18:3
FAs not only supports TAG biosynthesis and storage in the PZ, but also indicates that the pool of these
polyunsaturated FAs in TAGs may derive from PC produced via the activity of LPCAT].

In accordance with the observed accumulation of TAGs in the PZ, we detected increased
expression of PESI and high positive correlation with 16:0 and 18:3 FAs in the same tissues.
Involvement of PES1 in TAG biosynthesis was demonstrated by lower accumulation of TAGs, a
phenotype of Arabidopsis pesl pes2 mutants (Lippold et al., 2012). Regulation of TAG biosynthesis
involves a complex of numerous transcription factors. One transcription factor, WRI1, known to
regulate genes responsible for carbon allocation from starch to FAs of TAG (Cernac and Benning, 2004;
Baud et al., 2007; Maeo et al., 2009), was most expressed at stage III_PZ. This indicates the enhanced
rate of TAG biosynthesis in this stage with preferentially 18:3 FAs according to the correlation analysis.
According to Sergeeva et al. (Manuscript 1), starch accumulates in well-developed PZ stages with
visible secondary growth. WRII may therefore be involved in TAG and starch deposition in a well-
developed PZ stage. Secondary growth and thus establishment of secondary phloem parenchyma tissue
for TAG storage do not occur in the AZ, which is indirectly reflected by low expression and no FA-
related correlation of WRII in the AZ.

An intriguing finding was that NL genes did not correlate positively with VLCFAs. We explain
this with the higher amounts of LCFAs in the PZ in comparison with VLCFAs at every investigated
stage. Some of the genes there could have VLCFA catabolic activity. SDP1 is a key enzyme of TAG
hydrolysis (Kelly et al., 2013; Fan et al., 2017) and can also hydrolyze diacylglycerol (Eastmond, 2006)
(Fig. 9). The observed negative correlation between SDP/ and NL-derived VLCFAs, 20:0, 22:0, and
24:0 may be indicative of catabolic processes related to VLCFA-containing TAGs accumulated in the

PZ at later stages of development.
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The acylhydrolase DSEL catalyzes the hydrolysis of di- and monoacylglycerol (Kim ef al.,
2011) (Fig. 9). Moreover, DSEL was suggested to negatively regulate storage oil mobilization by a still
unknown mechanism. Likewise, DSEL may not only participate in the TAG hydrolysis pathway, but
may also influence levels of available energy by preventing TAG hydrolysis. Higher expression levels
of DSEL in developmentally more progressed PZs fit with accumulation of TAG-containing LBs in
these tissues (Sergeeva et al., Manuscript 1). Contrary to that, DSEL expression in the AZ and early PZ
was low, indirectly stressing the importance of oil storage in the developmentally advanced PZ.

In summary, TAG storage in advanced stages of the PZ correlates with NL biosynthesis and
catabolism gene expression, suggesting that these genes are involved in lipid storage in the PZ. WRI1
and DSEL showed the most striking difference of gene expression between the PZ and the AZ. Thus,
these two candidates may represent important regulators of lipid metabolism, discriminating PZ-AZ

transition.

Catabolism of PLs is characteristic in late PZ stages and differentiates between the PZ and the
AZ

GLs and PLs function primarily as structural elements of organellar membranes and
membranous compartments. As the pathways of NL, GL, and PL biosynthesis are interconnected, GLs
and PLs also contribute to storage in TAG-containing LBs and energy storage in general. GLs and PLs
were present at higher amounts at PZ stages than corresponding AZ stages and generally there was an
increase from stages I and Il to stage III and/or stage II’. Levels of DGDI raised up to stage IV_PZ,
positively correlated with GL-derived 16:0, 18:2, 18:3, 22:0 and 24:0 FAs in the PZ, but were low in
stage IV_AZ if. DGDI catalyzes synthesis of galactolipid digalactosyldiacylglycerol, constituent of
plastid membranes (Dérmann et al., 1995; Benning and Ohta, 2005) (Fig. 9). The gradual increase of
DGD1 expression and enhanced digalactosyldiacylglycerol biosynthesis for incorporation into plastid
membranes may be indicative of cell division, cell differentiation and plastid differentiation during
secondary growth. On the other side, DGDI activity alone may also indicate a requirement for
phosphate mobilization at the late PZ stage. Under phosphate deficiency, extraplastidial PLs are
replaced by galactolipids (Essigmann et al., 1998; Hértel et al., 1998; Hartel et al., 2000; Kelly and
Dormann, 2002; Kelly et al., 2003; Jouhet et al., 2004; Pant et al., 2015). A corresponding PL decrease
indicative of remobilization of phosphate was not found and speaks against phosphate mobilization
taking place in the PZ. Interestingly, the turnover of PLs and GLs was supported by negative correlation
of three catabolic lipase genes PLD(2, PLIP3, and pPLAIIIS with PL- and GL-derived FAs of the PZ.
The expression of PLD{2 raised during progression of the development of the PZ with highest levels of
expression at stage III PZ. PLD(2 is related to P; deficiency (Li ef al., 2006; Su ef al., 2018). PLD(2
hydrolyzes phosphatidylcholine (Fig. 9) which finally leads to the synthesis of
digalactosyldiacylglycerol and release of free phosphate (Cruz-Ramirez et al., 2006; Su et al., 2018).

Perhaps, there is an active turnover of PLs and supposedly also GLs during progression of the
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development of the PZ. We noted higher expression levels of PLIP3 and pPLAIIIp at stage 11l PZ. In
addition to phosphatidylglycerol (Fig. 9), both enzymes were reported to hydrolyze
monogalactosyldiacylglycerol and digalactosyldiacylglycerol (Li et al., 2011; Wang et al., 2018).
Moreover, higher expression of PLD({2, PLIP3, and pPLAIIIf in the developmentally more progressed
PZ may indicate catabolic processes related to TAG-containing LBs. The TAG core of LBs is
surrounded by a PL monolayer. Once hydrolysis of TAG occurs, PLs of the monolayer membrane are
supposedly also subjected to catabolic processes. Expression levels of PLD{2, PLIP3, and pPLAIII}
correlate with the gene expression levels of TAG-hydrolyzing lipase SDP1, thus supporting this idea.
In general, our data indicate that regarding PL. metabolism differences during development of
the PZ and between the PZ and the AZ occur for PL catabolic processes. In addition to TAGs, PLs thus

may represent a source of acetyl-CoA units as well as phosphate for developmental processes.

Enhanced FA p-oxidation during progression of the PZ indicates turnover of stored lipid
resources

In peroxisomal B-oxidation FAs are broken down to yield finally C, acetyl units (Fig. 9).
Especially FAs released from TAGs and PLs may be targets for the peroxisomal FA B-oxidation during
progression of the PZ in comparison to the AZ. Eight genes, ACX3, ECI1, KAT2, PNCI, MFP2, ACX4,
ECH?2, and AIM1, involved in peroxisomal FA B-oxidation, were up-regulated during PZ progression
and down-regulated in the AZ (Fig. 9). All of these genes, except for ECH?2, negatively correlated with
LCFAs and VLCFAs present in the three investigated lipid fractions, supporting catabolic processes
related to NL, GL, and PL metabolism. The first step of peroxisomal FA B-oxidation, the conversion of
acyl-CoA to 2trans-enoyl-CoA, is catalyzed by ACXs (Li-Beisson et al., 2013). AIM1 is an isoform of
multifunctional protein (MFP) involved in the second and the third step of the core B-oxidation pathway
(Richmond and Bleeker, 1999; Li-Beisson et al., 2013), leading to conversion of 2trans-enoyl-CoA to
3S-hydroxyacyl-CoA and production of 3-ketoacyl-CoA. KAT2 catalyzes cleavage of 3-ketoacyl-CoA
into acyl-CoA. Acyl-CoA chains with a cis double bond on an even-numbered carbon are converted in
the final step to 2trans-enoyl-CoA by ECH2, while 3trans-enoyl-CoA is converted to 2trans-enoyl-
CoA Dby the isomerase ECI1 in the case of acyl-CoA chains with cis double bonds at odd-numbered
positions (Li-Beisson et al., 2013) (Fig. 9). Interestingly, the LCFAs 18:2 and 18:3, derived from NLs,
decreased with progression of the development of the PZ, indicating that these FAs might be catabolized
to generate acetyl-CoA for developmental processes and seed setting. This decrease fits to increasing
levels of ECII and ECH2 expression and is supported by the negative correlation between EC/] and
NL-derived 18:2 and 18:3 FAs. Moreover, ECH2 was demonstrated to play an important role with
regard to mobilization of storage lipids (Strader et al., 2011; Katano et al., 2016; Li et al., 2019). Finally,
the peroxisomal adenine nucleotide carrier protein PNC1 catalyzes the import of ATP into peroxisomes,
thus playing an important role with regard to energy supply for subsequent peroxisomal reactions (Linka

et al., 2008) (Fig. 9).
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In summary, gene expression levels of enzymes involved in peroxisomal FA B-oxidation

correlate with degradation of certain VLCFAs and LCFAs, indicating turnover of stored lipid resources.

Conclusions

This study sheds light on lipid metabolism and corresponding genes catalyzing and regulating
metabolic steps that differentiate PZ and AZ in the perennial 4. alpina. On one side, glycerolipids
increase during PZ progression with a tendency for higher amounts of VLCFAs. On the other side,
catabolic activities interconvert lipids or degrade them for energy consumption during specific
developmental steps. In future studies, the exact role of these candidate genes in lipid metabolism and
thereby the importance of metabolic steps themselves can be investigated. The lipid metabolism genes
help to dissect the regulatory pathways for storage lipid deposition, potentially controlled by PZ-AZ

transition signals.
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Supplementary Figures and Tables
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Supplementary Fig. S1. Overview of biochemical lipid analysis. Ten mg of dry starting plant material was either
used for preparation of glycerolipids or directly applied for preparation of fatty acid methylesters (FAMEs).
Extracted glycerolipids were fractionated into neutral lipids (NL), glycolipids (GL), and phospholipids (PL) on
solid phase extraction (SPE) columns. The NL fraction contained triacylglycerol (TAG) and diacylglycerol
(DAG). The GL fraction comprised monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG),
and sulfoquinovosyldiacylglycerol (SQDG). The PL fraction included phosphatidic acid (PA), phosphatidylserine
(PS), phosphoinositide (PI), phosphatidylethanolamine (PE), and phosphatidylcholine (PC). Fractionated lipids
were applied to the preparation of FAMEs. FAMEs were finally quantified by Q-TOF GC/MS analysis.
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Supplementary Fig. S2. Long-chain (LC) and very long-chain fatty acid (VLCFA) contents in glycolipid (GL)
and phospholipid (PL) fractions in stems. Represented are the contents of (A, C) GL and (B, D) PL fraction-
derived individual LCFAs (14:0, 16:3, 16:1, 16:0, 18:2, 18:3, 18:1) and individual VLCFAs (20:0, 22:1, 22:0,
24:1, 24:0) per dry matter (DM) of perennial (PZ) and annual (AZ) internode stem zones of (A, C) 4. alpina
Pajares (Paj, wild type) and (B, D) perpetual flowering 1-1 (pepl-1) mutant derivative. Plant material was
harvested at four different developmental stages, stage I, II, III, and II°, as indicated in Fig. 1A. In addition, the
PZ of pepi-1 contained low contents of other FAs in the GL fraction (compare in C), namely 16:2 FAs at stages
I, II, and II” (0.02 mg/g DM, 0,02 mg/g DM, and 0.05 mg/g DM) and 20:1 FAs at stages I and II (0.04 mg/g DM
and 0.32 mg/g DM). For comparable representation, these FAs are not shown in the diagram, but were included
in all calculations. Data are represented as mean +/- SD (n = 3-7). Different letters indicate statistically significant
differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).
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Supplementary Fig. S3. Long-chain (LC) and very long-chain fatty acid (VLCFA) contents in glycolipid (GL)
and phospholipid (PL) fractions in roots. Represented are the contents of (A, C) GL and (B, D) PL fraction-derived
individual LCFAs (14:0, 16:1, 16:0, 18:2, 18:3, 18:1) and individual VLCFAs (20:0, 22:1, 22:0, 24:1, 24:0) per
dry matter (DM) in roots of (A, C) 4. alpina Pajares (Paj, wild type) and (B, D) perpetual flowering 1-1 (pepi-1)
mutant derivative. Plant material was harvested at four different developmental stages, stage I, I, III, and II*, as
indicated in Fig. 1A. Data are represented as mean +/- SD (n = 3-7). Different letters indicate statistically
significant differences, determined by one-way ANOVA-Tukey’s HSD test (P < 0.05).
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Supplementary Fig. S4. Gene expression of lipid metabolism genes in lateral stem internodes. Represented are
RNA-seq data (left; TPM, transcripts per million) and reverse transcription-qPCR data (right; absolute normalized
expression) of A. alpina perpetual flowering 1-1 (pepl-1) lateral stem internodes of perennial (PZ) and annual
(AZ) zones of RNA-seq at stages | PZ,III PZ,IV_PZ,andIV_AZ if(see Fig. 5A). (A-E) NL genes (A) LPCATI,
LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, (B) WRII, WRINKLED 1, (C) PESI, PHYTYL
ESTER SYNTHASE 1, (D) DSEL, DADI-LIKE SEEDLING ESTABLISHMENT-RELATED LIPASE, (E) SDPI,
SUGAR-DEPENDENTI; (F-1) GL genes (F) PLD{2, PHOSPHOLIPASE D ({ 2, (G) pPLAIlIB, PATATIN-
RELATED PHOSPHOLIPASE A 111B, (H) DGD1, DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1, (I)
PLIP3, PLASTID LIPASE 3; (J) PL gene ACT1, ACYLTRANSFERASE I; (legend continued on next page)
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(K-S) FA genes (K) KCS4, 3-KETOACYL-COA SYNTHASE 4, (L) KAT2, 3-KETOACYL-COA THIOLASE 2, (M)
AIM1, ABNORMAL INFLORESCENCE MERISTEM 1, (N) ECII, A3, A2-ENOYL COA ISOMERASE 1, (O)
ECH2, ENOYL-COA HYDRATASE 2, (P) ACX3, ACYL-COA OXIDASE 3, (Q) PNCI, PEROXISOMAL
ADENINE NUCLEOTIDE CARRIER 1, (R) MFP2, MULTIFUNCTIONAL PROTEIN 2, (S) ACX4, ACYL-COA
OXIDASE 4. Data are represented as mean +/- SD (n = 3). Different letters indicate statistically significant
differences, determined by one-way ANOVA-Tukey‘s HSD test (P < 0.05). Reverse transcription-qPCR data for
ACX3, PNCI1, MFP2, and ACX4 are not shown.
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Supplementary Fig. S5. Pearson correlation analysis between gene expression levels of lipid metabolism genes
and amounts of individual FAs of the NL fraction of A. alpina perpetual flowering 1-1 (pepl-1) lateral stem
internodes of perennial (PZ) and annual (AZ) zones. The analysis was performed between stages Il PZ, IV_PZ
and I, [I* for PZ, and IV_AZ if and II* for AZ (see Fig. 1 and Fig. 5A). Correlation analysis between NL-derived
FAs and (A) GL metabolism-related genes, DALL3, DADI-LIKE LIPASE 3, DGDI, DIGALACTOSYL
DIACYLGLYCEROL DEFICIENT 1, PLD{2, PHOSPHOLIPASE D { 2, PLIP3, PLASTID LIPASE 3, pPLAIIIp,
PATATIN-RELATED PHOSPHOLIPASE A IIIf; and (B) PL metabolism-related genes, ACTI,
ACYLTRANSFERASE 1, GPAT3, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 3, GPAT4,
GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 4, GPATS, GLYCEROL-3-PHOSPHATE SN-2-
ACYLTRANSFERASE 8, GPDHP, GLYCEROL-3-PHOSPHATE DEHYDROGENASE PLASTIDIC, LPATI,
LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE 1, LPAT3, LYSOPHOSPHATIDYL ACYLTRANSFERASE 3,
LPEATI, LYSOPHOSPHATIDYLETHANOLAMINE ACYLTRANSFERASE 1. Only correlation coefficients with
significant levels of correlation (P < 0.05) are displayed in the diagrams. Putative candidate genes that may
regulate the PZ development and the delimitation of the PZ and the AZ are represented in red.
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Supplementary Fig. S6. Pearson correlation analysis between gene expression levels of lipid metabolism genes
and amounts of individual FAs of the GL fraction of 4. alpina perpetual flowering 1-1 (pepl-1) lateral stem
internodes of perennial (PZ) and annual (AZ) zones. The analysis was performed between stages Il PZ, IV_PZ
and I, II for PZ, and IV_AZ if and II° for AZ (see Fig. | and Fig. 5A). Correlation analysis between GL-derived
FAs and (A) NL metabolism-related genes, DSEL, DADI-LIKE SEEDLING ESTABLISHMENT-RELATED
LIPASE, Hb2, HAEMOGLOBIN 2, LPCATI1, LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, PESI,
PHYTYL ESTER SYNTHASE 1, SDP1, SUGAR-DEPENDENTI, WRII1, WRINKLED 1; and (B) PL metabolism-
related genes, ACT1, ACYLTRANSFERASE 1, GPAT3, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE
3, GPAT4, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 4, GPATS, GLYCEROL-3-PHOSPHATE
SN-2-ACYLTRANSFERASE 8, GPDHP, GLYCEROL-3-PHOSPHATE DEHYDROGENASE PLASTIDIC,
LPATI, LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE 1, LPAT3, LYSOPHOSPHATIDYL
ACYLTRANSFERASE 3, LPEATI, LYSOPHOSPHATIDYLETHANOLAMINE ACYLTRANSFERASE 1. Only
correlation coefficients with significant levels of correlation (P < 0.05) are displayed in the diagrams. Putative
candidate genes that may regulate the PZ development and the delimitation of the PZ and the AZ are represented
in red.
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Supplementary Fig. S7. Pearson correlation analysis between gene expression levels of lipid metabolism genes
and amounts of individual FAs of the PL fraction of A. alpina perpetual flowering 1-1 (pepl-1) lateral stem
internodes of perennial (PZ) and annual (AZ) zones. The analysis was performed between stages III PZ, IV_PZ
and I, II* for PZ, and IV_AZ if and II* for AZ (see Fig. 1 and Fig. 5A). Correlation analysis between PL-derived
FAs and (A) NL metabolism-related genes, DSEL, DADI-LIKE SEEDLING ESTABLISHMENT-RELATED
LIPASE, Hb2, HAEMOGLOBIN 2, LPCATI1, LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, PESI,
PHYTYL ESTER SYNTHASE 1, SDP1, SUGAR-DEPENDENTI1, WRI1, WRINKLED 1; and (B) GL metabolism-
related genes, DALL3, DADI1-LIKE LIPASE 3, DGDI1, DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1,
PLD(2, PHOSPHOLIPASE D ( 2, PLIP3, PLASTID LIPASE 3, pPLAIIB, PATATIN-RELATED
PHOSPHOLIPASE A I1IS. Only correlation coefficients with significant levels of correlation (P < 0.05) are
displayed in the diagrams. Putative candidate genes that may regulate the PZ development and the delimitation of
the PZ and the AZ are represented in red.
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Supplementary Table S1. Lipid metabolism RNA-seq gene expression data. 44D3, ACYL-ACYL CARRIER PROTEIN DESATURASE 3, ACP4, ACYL CARRIER PROTEIN
4, ACTI1, ACYLTRANSFERASE 1, ACX3, ACYL-COA OXIDASE 3, ACX4, ACYL-COA OXIDASE 4, AIM1, ABNORMAL INFLORESCENCE MERISTEM 1, CERIO,
ECERIFERUM 10, DALL3, DADI-LIKE LIPASE 3, DGDI1, DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1, DSEL, DADI-LIKE SEEDLING ESTABLISHMENT-
RELATED LIPASE, ECH2, ENOYL-COA HYDRATASE 2, ECII, A3, A2-ENOYL COA ISOMERASE 1, FAD3, FADS, FADG6, FAD7, FADS, FATTY ACID DESATURASE: ,
FATA2, OLEOYL-ACYL CARRIER PROTEIN THIOESTERASE 2, GPAT3, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 3, GPAT4, GLYCEROL-3-PHOSPHATE
SN-2-ACYLTRANSFERASE 4, GPATS, GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 8, GPDHP, GLYCEROL-3-PHOSPHATE DEHYDROGENASE PLASTIDIC,
Hb2, HAEMOGLOBIN 2, KAT2, 3-KETOACYL-COA THIOLASE 2, KCS3, KCS4, KCS5, KCS6, KCS10, KCS11, KCS12, KCS13, KCS19, KETOACYL-COA SYNTHASEsS,
LACS7, LONG-CHAIN ACYL-COA SYNTHETASE 7, LPAT1, LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE 1, LPAT3, LYSOPHOSPHATIDYL ACYLTRANSFERASE
3, LPCATI, LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1, LPEATI, LYSOPHOSPHATIDYLETHANOLAMINE ACYLTRANSFERASE 1, MFP2,
MULTIFUNCTIONAL PROTEIN 2, MTACPI, MITOCHONDRIAL ACYL CARRIER PROTEIN 1, MTACP2, MITOCHONDRIAL ACYL CARRIER PROTEIN 2, PAS2,
PASTICCINO 2, PES1, PHYTYL ESTER SYNTHASE 1, PLD{2, PHOSPHOLIPASE D {, 2PLIP3, PLASTID LIPASE 3, pPLAIIIB, PATATIN-RELATED PHOSPHOLIPASE A
1113, PNC1, PEROXISOMAL ADENINE NUCLEOTIDE CARRIER 1, SDP1, SUGAR-DEPENDENTI, SDRB, SHORT-CHAIN DEHYDROGENASE-REDUCTASE B, WRI1,
WRINKLED 1.

arabis_transcript id _[Ath AGI __[Ath_Symbols |TPM_Kallisto I PZ_1 TPM_Kallisto_I PZ 2 TPM_Kallisto_I_PZ 3 TPM_Kallisto Il PZ 1 [TPM Kallisto IIl PZ 2 [TPM Kallisto Il PZ 3 [TPM_Kallisto IV PZ 1 [TPM Kallisto IV PZ 2 [TPM Kallisto IV PZ 3 |TPM_Kallisto IV_AZ if 1 [TPM Kallisto IV_AZ if 2 [TPM_Kallisto IV_AZ if 3
Aa_G319790.h1 AT1G12640 [LPCATI 243844 2.47036 3.493 12,3483 119762 7.61295 8.29088 6.00127 6,39823 386507 6.60306
Aa_GS10110.h1 AT1G54570 |PESI 4.29696 3.94718 [4.65103 12,8609 13,9638 11,0228 108191 114723 9.17445 802171 8.93584
Neutral Lipids (NI, [A2-G300490.1 [AT3G54320 [WRII 3.05629 215287 338178 6.60246 7.86098 2.74384 3.00782 2.33804 1.82445 1.02805 1.08704
Aa_G339910.h1 AT4G18550 |DSEL 1.70487 0.861477 2.61409 8.32044 6.92501 6.18839 8.25489 759073 1,08399 1,19952 107155
Aa_G259000.h1 AT5G04040_[SDPI 5.87678 6.22315 7.29024 150951 14,9281 119329 12,5274 10.8354 8.15638 753087 8.89106
Aa_G302800.h1 AT3G10520 [HB2 2.12105 0.795116 2.63186 11,8802 11.8797 12,9763 17,1131 19.0495 10.8017 26,4765 20,3482 16.5968
Aa_G470340.h1 [AT2G30550 [DALL3 0.105446 0.0948679 0297773 1.51463 1.06593 1.00536 1.70966 161315 176612 0,667394 0.653641 0.534436
Aa_G51080.h1 AT3G05630_[PLDZ 0.963808 0.799849 19112 776428 58.12673 7.02665 572729 5.14511 5.16033 375128 324477 2.78379
Glycolipids (GL) [Aa_G695020.h1 AT3G11670 [DGDI 11,9215 1125 179114 55,9397 59.7334 55,2381 182,939 202,74 165.553 28,0866 27,7269 272599
Aa_G301500.h1 AT3G54950 [pPLALIIS 9.38649 9.32275 10.2401 23,8632 29.7291 28,0205 6.40037 7.36106 7.84445 7.102 7.5 7.20457
Aa_G167830.h1 AT3G62590 |PLIP3 1,87262 2,00825 3.96904 16,4679 17.4034 15,5689 2.99804 3.88589 2.35999 6.46348 6,56687 6.63379
Aa_G275510.h1 AT1G32200 [ACTI o 0 191655 12,3239 9.80992 124221 9.68781 10.2838 11,5873 0,0982951 0,220677 0,0663563
Aa_G415010.h1 AT1G51260 [LPAT3 277688 2.2366 236272 0 0 o 0 o 0.215492 214814 2.17803 22293
Aa_G299890.h1 AT4G00400 [GPATS 106917 1.33565 143618 0.996917 0.235101 0.653556 0.0351551 o 0 1,36695 1,15288 1.73073
. Aa_G46570.h1 [AT4G01950 [GPAT3 53,5492 57,5355 53,0925 0.524914 0.568358 0.153886 0 o 0 00189176 0.238214 0.210489
®L) [ra Gasao60.1 AT4G30580 [LPATI 16,1116 14,1085 14,4842 736568 6.98664 7.62605 826052 822176 846139 11,5523 13.176 13,3678
Aa_G266760.h1 AT5G40610 [GPDHP 13,1344 148513 11,1506 1.01069 1,28856 1,59477 0.431885 100177 0.595811 540905 818312 8.4264
Aa_G291150.h1 AT1G01610 [GPAT4 78.4967 77,6089 [80.723 63,5943 86,7666 77,5891 0.762809 0427259 0.203293 73,2707 66,3146 71,8979
Aa_G293630.h1 AT1G80950 [LPEATI 20.1723 19.9636 19918 16,2611 17.3253 16,2987 112377 13,7236 109345 19.8607 18.2529 20,1997
Aa_G375840.h1 AT1G07720 [KCS3 63.5359 61,4864 62,3571 1,83761 146019 1,99643 0 o 0 73,9227 84,5022 68,9646
Aa_G323710.h1 AT1G19440 [KCS4 37,3095 35,7675 36.8696 17,5123 223418 21,1798 213254 21.8061 185914 14,1909 16,4551 159318
Aa_G442270.h1 AT1G25450 [KCS5 95,5496 98,9632 89.8917 2.02497 0.624903 0.817778 0 o 0 196,775 207,796 173,339
Aa_G110400.h1 AT1G68530 [KCS6 52,268 504215 [48.3228 123403 0.0414672 0.307507 0 o o [92.7077 99,4601 90.8533
Aa_G734340.01 AT2G26250 |KCS10 135.987 129229 123459 6.81992 3.28889 3.24219 0.267799 o 0 16621 197,965 199,002
Aa_G304000.h1 AT2G26640 [KCSI1 18,2433 17.1225 17,623 9.85876 10,9604 9.61466 4.45066 2.62912 3.27014 8.02658 844298 11797
Aa_G627890.h1 AT2G28630 [KCS12 865492 8.50439 8,10949 1,27552 1,0461 1,34997 0.20324 0218568 0 [4,2494 6,92265 6,06446
Aa_G462220.h1 AT2G46720 [KCS13 5.38812 4.87082 5.9566 1,08998 1.23966 152396 0 o 0 0951836 125564 4.45636
Aa_G73230.h1 AT5G04530 [KCS19 134364 152437 12,2274 o 0 o 0 o 0 o 0 o
Aa_G330010.h1 AT2G29980 [FAD3 275.203 267,696 256.817 68,0006 63.739 664912 29,4105 27.4538 33,0701 318.632 302382 313,832
Aa_G233690.h1 AT3G15850 [FADS 23,2024 20,6338 20,002 595429 5.65109 [4,52147 3,12773 249601 2.71678 32,5589 34,142 32,7336
Aa_G437000.h1 AT4G30950 [FAD6 25,5567 22,6066 25,7147 72174 5.12072 6.06096 6.64581 11,0629 5.43857 34.6619 31,0378 36,0234
Aa_G195580.h1 AT3G11170 [FAD7 40,7355 38,0022 404116 27,6219 23,8403 22,5738 202917 29,2024 23,0485 102,106 90,8682 93,3351
Aa_G464270.h1 AT5G05580 [FADS 12,4413 128351 10.4805 202628 182117 195728 0.417285 0.287952 0.46893 183464 202014 19.8761
Aa_G265090.h1 AT2G44620 [MTACPI 151,091 153,009 151,081 70,8128 75,5659 74,6227 63,2454 46,6261 52,8785 112,515 118,425 128,566
Fatty acids (FA) [Aa_G474670.h1 AT1G65290 [MTACP2 155,082 168.273 151,086 [s0.2115 81,0156 92,0744 78,4202 67.0595 86,1457 96,4777 105,389 98,3459
Aa_G353680.h1 [AT4G25050 [4CP4. 306,878 315,194 308,043 71,2348 60,2858 56,3521 118,754 127,758 115,625 148,168 188,32 250,002
Aa_G356230.h1 AT4G13050 [FATA2 23,4944 20,9342 21,4262 12,7809 12,6062 16,0389 14,0926 9.70922 12568 12,6454 15,1973 13877
Aa_G718090.h1 AT3G55360 [CERIO 108,484 110,581 101,881 63,6108 59,2236 60,4769 20,5921 19.3213 20,5162 17231 173.64 166,365
Aa_G98230.h1 AT5G10480 [PAS2 52,6625 50.3617 [50.4591 27376 32,9444 33.7578 13,2093 14,8477 10,7646 58.6604 50,1294 473787
Aa_G96860.h1 AT5G16230 [44D3 17,7455 14,9496 16,1308 859436 9.30764 [9.68818 1,34167 1,21053 0.399985 6.03266 4.86868 6.44256
Aa_G22950.h1 AT1G06290 [4CX3 4.8438 4.00685 6.16231 13.9445 149395 13,7393 9.21237 10,3842 9.05093 728121 6.36264 6.8769
Aa_G350320.h1 AT1G65520 [ECIT 12,0416 11,0958 16,8529 36,2672 324747 35,1372 45,3908 58,0061 57.0157 21,6147 23,6058 24,6612
Aa_G183660.h1 AT2G33150 [KAT2 [53.3696 58.9094 72.0068 188,003 169.74 163.189 75.8854 [93.9996 |80.2206 [98.2433 |89.4219 97.6495
Aa_G5110.h1 [AT3G05290 [PNCI 10,8051 113125 11,2938 22,486 22,703 23,0262 14,1225 14,9206 13,4054 15,5706 12,9858 11,1176
Aa_G47030.h1 AT3G06860_|MFP2 16,8965 193231 23.8654 62,0979 61,6641 59.87 30,5154 34,0507 29.8754 30.6317 31,2556 29.1298
Aa_G40050.h1 AT3G12800 [SDRB 42,1682 43,9551 52,7724 95,8157 [89.5513 E{,wv: 19.1104 27,7442 222117 73,6671 66,2058 66,4776
Aa_G722850.h1 AT3G51840 [ACX4 31.5421 313919 36.43 87.1937 80,9632 82,5511 55.9347 56.6056 51,6791 28,5809 29,5042 32,9836
Aa_G87820.h1 AT1G76150 [ECH2 36,2986 39,3401 43,936 68,645 62,1113 165,692 73,1776 73.8575 66,4874 41,198 44,5555 47,8047
Aa_G186670.h1 AT4G29010_[AIM1 [49.2002 49,5094 54.0816 84,3924 84,0498 84,7897 99,4312 97.8479 90,2202 42,729 51,4566 48,2397
Aa_G25930.h1 [AT5G27600 [LACS7 26,8932 25,3755 27,5765 40,2474 39,1255 38,7029 40,966 47,0023 41,1483 3841 37,6606 35,5821
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Supplementary Table S2. Selected GO terms from the GO enrichment analysis related to lipid metabolism: Comparison I PZ and 11l PZ.

Comparison I PZ vs. Il PZ GO.ID Term Annotated genes |Significant genes [Expected genes |classicFisher
G0:0008654 |phospholipid biosynthetic process 372 156 69,64 1,6E-25
G0:0008610 |lipid biosynthetic process 979 305 183,27 7,6E-22
G0:0006644 |phospholipid metabolic process 433 163 81,06 9,8E-21
G0:0006629 |lipid metabolic process 1469 380 275 1,7E-12
. . G0:0006636 |unsaturated fatty acid biosynthetic process |70 39 13,1 5,3E-12
Enriched in 1 PZ GO:0006084 acetyl-CoA metabolic process 82 36 15,35 0,00000014
G0:0044255 |cellular lipid metabolic process 1170 287 219,03 0,00000024
G0:0006633 |fatty acid biosynthetic process 198 67 37,07 0,00000028
G0:0046471 |phosphatidylglycerol metabolic process 59 28 11,04 0,00000048
G0:0006637 |acyl-CoA metabolic process 90 37 16,85 0,0000007
G0:0033993 |response to lipid 754 176 117,23 8,1E-09
GO:0071396 |cellular response to lipid 388 95 60,32 0,0000027
G0:0044242 |cellular lipid catabolic process 224 60 34,83 0,00001
G0:0034440 |lipid oxidation 164 45 25,5 0,000067
G0:0009062 |fatty acid catabolic process 196 50 30,47 0,0002
G0:0016042 |lipid catabolic process 334 75 51,93 0,00052
G0:0030258 |lipid modification 215 52 33,43 0,00061
Enriched in III_PZ G0:0006635 |fatty acid beta-oxidation 151 39 23,48 0,00074
G0:0019374 |galactolipid metabolic process 93 26 14,46 0,0016
G0:0006664 |glycolipid metabolic process 121 31 18,81 0,0028
G0:0019375 |galactolipid biosynthetic process 92 25 14,3 0,00297
G0:0006631 |fatty acid metabolic process 437 86 67,94 0,01124
G0:0006638 |neutral lipid metabolic process 19 7 2,95 0,01964
G0:0006641 |triglyceride metabolic process 15 6 2,33 0,01985
G0:0019432 |triglyceride biosynthetic process 12 5 1,87 0,02758
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Supplementary Table S3. Selected GO terms from the GO enrichment analysis related to lipid metabolism: Comparison I PZ and IV_PZ.

Comparison I PZvs. IV PZ |GO.ID Term Annotated genes |Significant genes |Expected genes |classicFisher
G0:0006637 |acyl-CoA metabolic process 90 75 23,02 1,7E-30
G0O:0008610|lipid biosynthetic process 979 365 250,41 9,7E-17
. ] G0:0006629 |lipid metabolic process 1469 479 375,74 2,7E-10
Enriched in I_PZ G0O:0006633 f:tty acid biosyrlljthetic process 198 91 50,64 4E-10
G0:0008654 |phospholipid biosynthetic process 372 145 95,15 7,4E-09
G0:0006636 |unsaturated fatty acid biosynthetic process |70 40 17,9 0,00000002
G0O:0006635 | fatty acid beta-oxidation 151 58 29,18 0,000000037
G0:0034440 |lipid oxidation 164 59 31,69 0,00000041
G0:0044242 |cellular lipid catabolic process 224 72 43,28 0,0000032
. ] G0:0009062 |fatty acid catabolic process 196 64 37,87 0,0000062
Enriched in IV_PZ G0:0030258 lipit(}ll modification ’ 215 66 41,54 0,000041
G0:0033993 |response to lipid 754 186 145,69 0,00014
G0:0016042 |lipid catabolic process 334 89 64,53 0,00063
G0:0071396 |cellular response to lipid 388 96 74,97 0,00474
Supplementary Table S4. Selected GO terms from the GO enrichment analysis related to lipid metabolism: Comparison III_PZ and IV_PZ.
Comparison Ill PZ vs. IV _PZ |GO.ID Term Annotated genes |Significant genes |Expected genes |classicFisher
G0:0006084 |acetyl-CoA metabolic process 82 55 14,55 7,8E-23
G0:0006637 |acyl-CoA metabolic process 90 57 15,97 9,4E-22
G0:0035383 |thioester metabolic process 90 57 15,97 9,4E-22
Enriched in Il PZ G0:0006633 |fatty acid bios.ynthetic Process 198 65 35,14 0,0000002
- G0:0006085 |acetyl-CoA biosynthetic process |12 9 2,13 0,000023
G0:0035384 |thioester biosynthetic process 17 11 3,02 0,000023
G0:0071616 |acyl-CoA biosynthetic process 17 11 3,02 0,000023
G0:0010583 |response to cyclopentenone 113 36 20,06 0,00019
Enriched in IV_PZ No GO terms identified
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Supplementary Table S5. Selected GO terms from the GO enrichment analysis related to lipid metabolism: Comparison I PZ and IV_AZ if.

Comparison I PZ vs.IV_AZ if |GO.ID |Term Annotated genes |Significant genes |Expected genes |classicFisher
Enriched in I PZ No GO terms identified
G0:0031407 |oxylipin metabolic process 37 13 3,93 0,000065
G0O:0006636 |unsaturated fatty acid biosynthetic process |70 19 7,44 0,00009
(G0:0033559 |unsaturated fatty acid metabolic process |70 19 7,44 0,00009
Enriched in IV_AZ _if G0:0031408 |oxylipin biosynthetic process 36 12 3,83 0,00022
G0O:0006633 |fatty acid biosynthetic process 198 34 21,04 0,00334
G0:0006631 |fatty acid metabolic process 437 64 46,44 0,00509
G0:0019216|regulation of lipid metabolic process 39 10 4,14 0,00637
Supplementary Table S6. Selected GO terms from the GO enrichment analysis related to lipid metabolism: Comparison III PZ and IV_AZ if.
Comparison Il PZ vs. IV_AZ if |GO.ID Term Annotated genes |(Significant genes |Expected genes |classicFisher,
G0:0033993 |response to lipid 754 160 115,11 0,0000058
Enriched in Il PZ GO0:0010583 |response to cyclopentenone 113 36 17,25 0,0000073
G0:0071396 |cellular response to lipid 388 85 59,23 0,00029
G0:0006644 |phospholipid metabolic process 433 170 72,09 7,5E-30
G0:0006629 |lipid metabolic process 1469 399 244,56 5,3E-26
G0:0006636 |unsaturated fatty acid biosynthetic process |70 45 11,65 5,9E-19
. . . (G0:0033559 |unsaturated fatty acid metabolic process 70 45 11,65 5,9E-19
Enriched in IV_AZ_if GO0:0044255 |cellular lipid metabolic process 1170 298 194,78 2,2E-15
G0:0006633 |fatty acid biosynthetic process 198 68 32,96 9,5E-10
G0O:0006655 |phosphatidylglycerol biosynthetic process |58 29 9,66 4,7E-09
G0:0046471 |phosphatidylglycerol metabolic process 59 29 9,82 7,7E-09
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Supplementary Table S7. Selected GO terms from the GO enrichment analysis related to lipid metabolism: Comparison IV_PZ and IV_AZ if.

Comparison IV_PZ vs. IV_AZ if |GO.ID Term Annotated genes |[Significant genes |Expected genes |classicFisher
Enriched in IV_PZ GO:0006635 | fatty acid beta-oxidation 151 40 26,96 0,00521
G0:0008610|lipid biosynthetic process 979 365 219,17 2,7E-27
G0:0006629|lipid metabolic process 1469 486 328,87 1,3E-22
G0:0006084 |acetyl-CoA metabolic process 82 55 18,36 6,4E-18
G0:0006637 |acyl-CoA metabolic process 90 57 20,15 8,8E-17
G0:0035383 |thioester metabolic process 90 57 20,15 8,8E-17
Enriched in IV_AZ if G0O:0008654 |phospholipid biosynthetic process 372 148 83,28 2,3E-14
G0:0006644 |phospholipid metabolic process 433 163 96,94 3,2E-13
G0:0006636 |unsaturated fatty acid biosynthetic process |70 43 15,67 2,4E-12
G0:0033559 |unsaturated fatty acid metabolic process |70 43 15,67 2,4E-12
G0:0006633 |fatty acid biosynthetic process 198 88 44,33 4E-12
G0:0044255 |cellular lipid metabolic process 1170 357 261,93 2,3E-11

Supplementary Table S8. Reverse transcription qPCR primers for lipid metabolism genes.

arabis_transcript_id |[Ath_AGI  |Name Forward (F) Primer (5' to 3') Reverse (R) Primer (5' to 3') Amplicon length [bp]
Reference Aa_G26240 AT5G46630 |CLATHRIN ADAPTOR COMPLEX MEDIUM SUBUNIT (CAC) TGGACAAGACCACCAATCCA (Stephan et al., 2019) |[CACTCGACCGTGTTGTAACC (Stephan et al., 2019) [113
Aa_G472320 AT3G13920 |[EUKARYOTIC TRANSLATION INITIATION FACTOR 441 (EIF4a) CCAGCTTCTCCCACCCAAGA (Stephan et al., 2019) |GCTCGTCACGCTTCACCAAG (Stephan et al., 2019) [122
Genomic DNA control Aa_G26240 AT5G46630 |CLATHRIN ADAPTOR COMPLEX MEDIUM SUBUNIT (CAC) CATTGGAAGCGTGGATGAAA CTCCGAATCCACTTCAATCTCC 230
Aa_G472320 AT3G13920 |EUKARYOTIC TRANSLATION INITIATION FACTOR 441 (EIF4a) AAGAGCGGAAACAAGGGAAG AAATGCAAAGCTCGGAACAC 129
Aa_G319790 AT1G12640 |LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1 (LPCATI) CGATGGCAACAAGCTATCAG GTAACTGAGCAGAAGCAATACAAC 201
Aa_G510110 AT1G54570 |PHYTYL ESTER SYNTHASE 1 (PESI) ACGACCTGATGAAGATTCCAAT ATCGGTTTCCCGAACAGGT 175
Neutral lipids (NL)  |Aa_G300490 AT3G54320 |WRINKLED 1 (WRII) CGAGTCAGGATTTGAGGATAAC AAGGCAAGACAACGGAGAAG 174
Aa_G339910 AT4G18550 |DADI-LIKE SEEDLING ESTABLISHMENT-RELATED LIPASE (DSEL) |CTAATGCTCGTGACCAGGTGT ACGGGACAAGACTTATCAGGAC 184
Aa_G259000 AT5G04040 |SUGAR-DEPENDENTI (SDPI) TCTGGTCCGTTTAGCCCACT TTTGATTCCCGTTCGACGA 232

Aa_G51080 AT3G05630 |PHOSPHOLIPASE D {2 (PLD(2) AGTGGTGGTGGCAGATTGG TATCTTCGGGCTGGCTTGT 96

Glyeolipids (GL) Aa_G695020 AT3G11670 |DIGALACTOSYL DIACYLGLYCEROL DEFICIENT 1 (DGDI) GGCTGGATTGGCTTCTTCTT TAGCTCGATCACGCATCAACT 149
v Aa_G301500 AT3G54950 |PATATIN-RELATED PHOSPHOLIPASE A 11IB (pPLAIIIp) GAGACACGGTGGCTATGGAG GAAACTTGCTTTCGAGGATAGA 114
Aa_G167830 AT3G62590 |PLASTID LIPASE 3 (PLIP3) AAGCCGAGCGGGATAAAT GTGGGAGAAAGAAGATGATCAC 136
Phospholipids (PL)  [Aa_G542320 AT1G32200 |ACYLTRANSFERASE 1 (ACTI) TATCCCATGTCTCTGCTTTGC AATCTTGTATTGCTCGTGAACC 219
Aa_G323710 AT1G19440 |3-KETOACYL-COA SYNTHASE 4 (KCS4) TGCAGCTTTCACCGGTTC CAATCTTCCCAAGGACTGTTCT 232
Aa_G350320 AT1G65520 |43, A2-ENOYL COA ISOMERASE 1 (ECII) CGTAAGGTTGGGAGAGGAGTTA GAAAGGCTCTCATCTGAATCGA 117
Fatty acids (FA) Aa_G183660 AT2G33150 |3-KETOACYL-COA THIOLASE 2 (KAT2) CACGTTGTGTCGCTACTTTGT GTGTTTCAACTTTCCTCGCA 162
Aa_G186670 AT4G29010 |[ABNORMAL INFLORESCENCE MERISTEM (AIM1) AGGACCTTCTTTCCCTATTCAC TGAACATGCGGTCACCATAC 193
Aa_G87820 AT1G76150 |[ENOYL-COA HYDRATASE 2 (ECH2) TTGCAATCAGGACAATCATCA CACAGCTTTGTTCCTCTCCTTC 176
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9 Concluding Remarks

Resolution of regulatory mechanisms that confer perennial trait characteristics to plants might
be extremely beneficial for development of perennial grain cropping systems. Previous studies
extensively used the newly established perennial model species Arabis alpina to elucidate the
differential behavior of meristems within the same plant (Wang et al., 2009; Wang et al., 2011;
Bergonzi et al., 2013; Park et al., 2017; Lazaro et al., 2018; Hyun et al., 2019; Vayssiéres et al., 2020).
However, the efficient distribution of resources between seed producing organs and perennating tissues,
in order to maintain perennial lifestyle, was so far an enigma in A. alpina. The study of this thesis
provides new insights regarding the potential signals for perennial growth that are related to nutrient
storage and thus, differential behavior of vegetative perennial (PZ) and annual (AZ) inflorescence stem
zones.

A. alpina offers a possibility to investigate regulation of perennial and annual characteristics
using the same model species due to a clear zonation pattern of lateral stems. The proximal PZ is
maintained after flowering and gives rise to new axillary branches in the subsequent growth period. By
contrast, the distal AZ completely senesces after seed setting. This differential behavior is also reflected
on the anatomical and biochemical level. We identified the PZ to be marked by secondary growth tissues
and long-term storage of starch and triacylglycerol (TAG)-containing lipid bodies (LBs) in cambium
and cambium derivatives. The AZ was characterized by primary growth and sclerenchyma formation
in the interfascicular regions. Production of secondary growth tissues, particularly of secondary phloem
parenchyma, is clearly coupled with nutrient storage in stems of 4. alpina. It is not unusual that 4.
alpina uses stem tissues for storage of high-energy carbon (C) compounds. Perennial herbaceous
species Tetraena mongolica represents a similar example with starch and TAG-containing LB storage
in phloem and xylem parenchyma of stems (Wang et al., 2007). Accumulation of a diverse set of C,
nitrogen (N), sulfur (S), and phosphorus (P) storage compounds in bark and wood tissues is well known
for tree species (Sauter and Wellenkamp, 1998; Wildhagen et al., 2010; Malcheska et al., 2013; Netzer
et al., 2018). Our data indicated that N storage is not likely to occur in the PZ of A. alpina. Yet, we
cannot exclude long-term accumulation of S and P-containing metabolites. Future studies, addressing
these compounds, might further stress the storage function of the PZ.

The described processes occurred in both, 4. alpina Pajares (Paj) and its vernalization-
independent mutant derivative perpetual flowering 1-1 (pepl-1). By contrast, lateral stems of the annual
sister species 4. montbretiana displayed only the AZ pattern. Neither vernalization nor flowering were
factors influencing secondary growth and accumulation of storage compounds in Paj and pepi-1.

Previous studies with Arabidopsis and Populus suggested cytokinin to be the major regulator
of vascular cambium activity during secondary growth (Matsumoto-Kitano et al., 2008; Nieminen et
al., 2008; Ohashi-Ito et al., 2014; Immanen et al., 2016). With our analyses using A. alpina we provide

additional support and stress the role of cytokinin as a signal for demarcation of the AZ and the PZ.
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Among all tested hormones, cytokinin application indeed greatly enhanced cambium activity and the
formation of secondary phloem parenchyma in the PZ and even during the development of the AZ. In
transcriptome analysis, cytokinin-related GO terms were enriched in the PZ and not in the AZ.
Correspondingly, we identified a set of cytokinin biosynthesis and signaling-related genes that were
higher expressed in the PZ in comparison to the AZ. The identified genes might represent targets for
future studies, including generation of transgenic 4. alpina plants with altered cytokinin levels or
perception. Cytokinin biosynthesis is catalyzed by ISOPENTENYLTRANSFERASEs (IPTs), while
CYTOKININ OXIDASEs (CKXs) are involved in cytokinin catabolic processes (Sakakibara, 2006).
Cambium formation and secondary growth were completely absent in roots of the quadruple
atiptl;3;5;7 Arabidopsis mutant (Matsumoto-Kitano et al., 2008). Transgenic hybrid poplar trees
overexpressing CKX2 had decreased number of cambial cells and thinner stems in comparison to the
wild type plants (Nieminen et al., 2008). This raises an interesting question. Would transgenic 4. alpina
plants with impaired activity of IPTs or enhanced expression of CKXs still retain perennial
characteristics of secondary growth and nutrient storage?

We identified the TAG-containing L.Bs to be present in abundance in cambium and cambium
derivatives of the PZ throughout the life cycle of A. alpina. In addition to their storage function, LBs
were proposed to be involved in various metabolic processes in plants (van der Schoot et al., 2011; Tsai
etal.,2015; Brocard et al., 2017; van Wijk and Kessler, 2017). In general, lipids play key roles in plant
metabolism. According to our findings, we suggest that lipid metabolism might be another crucial factor
differentiating the development of the PZ and the AZ. Glycerolipids, including neutral lipids,
phospholipids, and glycolipids, were present at higher levels in the PZ of Paj and pepi-1, indicating
their importance for the perennial lifestyle of A. alpina. The transcriptome analysis enabled us to
identify 19 lipid metabolism-related genes that were differentially regulated between the PZ and the
AZ. These genes rather correlated with individual fatty acids of investigated glycerolipid fractions of
the PZ than AZ. Moreover, positive and negative correlations of these 19 identified lipid metabolism
genes supported their involvement in biosynthetic and catabolic processes regarding glycerolipid
species in the PZ. The functions of the enzymes encoded by the identified genes underpinned the
observed accumulation of TAG-containing LBs in the PZ. In addition, our data demonstrated an
enhanced fatty acid B-oxidation during progression of the PZ. This indicates the turnover of stored lipid
resources, deriving for the most part presumably from neutral lipids and phospholipids. These genes
represent potential targets for future studies in which regulatory mechanisms specifying the PZ
differentiation in 4. alpina will be addressed.

Taken together, our pioneer work regarding the perennial trait of nutrient allocation to
perennating storage tissues present in lateral stems of 4. alpina offers several starting points for further
detailed analyses, aiming to elucidate the regulation of the sharp PZ-AZ transition. Secondary growth
is linked with long-term storage in the PZ. On the one side, we provide evidence for cytokinin to be a

putative important regulator of secondary growth promotion in stems of A. alpina. The already available
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information about secondary growth processes in Arabidopsis and trees can be employed to reveal
signaling pathways and regulators for differentiation of 4. alpina stems in future studies. On the other
side, our study indicates the importance of lipid metabolism for differentiation between the PZ and the
AZ. The exact role of the suggested candidate genes and corresponding metabolic steps can be

investigated in more detail in future experiments.
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