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ABSTRACT

Plants continually integrate environmental informationrmake decisions about their development.
Correlative controldn which one partf the plant regulates the growth of another, fammportant

class of regulatory mechanism, but their study has been neglected and their moleculamasss
unclear. In this review, we examine the role of negative correlative controls‘daminance’
phenomenan the regulation of shoot architecture. Apical dominamteyhich actively growing
shoot branches inhibit the growth of other brancisgserhaps the most famous example of fis.
discuss the recent progress madenderstanding the mechanistic basis for apical dominande,
three plausible models for shoot branching conthé.then use the apical dominance paradigm
explore other dominance phenomena, including seed-seed inhibition (carpic dominanck), seed-
meristem inhibition, and the control of maternal senescbpaeedsWe propose that apical and
carpic dominance may share a common mechanistic basis ioocdecin transport canalization.
Converselywe conclude that seed-meristem inhibition and seed-driven senescence mapenot
‘true’ correlative controls, but rather more complex phenoriremdnich seed-at plays a permissive
rather than instructive role. Overallg attemptto develop a coherent framework for understanding
the developmental and regulatory mechanisms that control shoot architecture, and provide new
insights into the end of flowering, fruiting and growth.
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1. Introduction: decision-making in plants

One of the key ways in which plants respond to the environment is through continuous, modular and
plastic post-embryonic development, which allows the plant to match its growth to prevailing
conditions. We have come to understand the envirorahaputs and developmental outputs of these
response mechanisms in great detail, but the process by which inputs are integrated and translated
into outputs is less well understood, and in some instances positively mysterious. We use the term
‘decision-making’ to describe this general process. Although ‘decision’ might seem
anthropomorphic, we believe that this term (‘a choice or judgement’) is entirely justified. Plants do

not inertly wait for challenges, they are proactive rather than reactive regarding their devélopmen

they plan their life-cycles with impressive precision (Figurg.1.1

1.1 What decisions do plants make, and why?

In accordance with standard evolutionary theory, traits that maximise the fitness of individuals will
tendto be selected formye should therefore expect that decision-making procésgdasnts are geared
to maximise fithessHowever, this does not imply that plant decisions are gearesbhximizing
reproduction. Despitdneingenious mechanisms usegilsome plantso promote long distance seed
(or spore) dispersal, theiga very strong probability that offspring will grow closethe parental
plant. Thus a plant which strijgs locality of nutrientsto maximiseits own reproductions likely to
directly penalize the growth afs offspring. Similarly, producingn excessivly large number of
offspringis likely to cause unnecessary intraspecific competition for resourties next generation.
These inter- and intra-generational considerations meais thdtkely that plants actively maximise
either growth or reproduction relatite available resources. Rather, plant decisions are shaped
optimise growth and reproduction a manner thas sustainable for the species over evolutionary

timescales.

Fundamentally, development in plants comes down to making decisions on the quantity, type, size
and location of organs that should be produced. Or, to epitomise it fuiittear; many organs and

which one8” Across all land plants, and both shoot-like and root-like systems, the same basic choices
are available; to invest in new organs, to further invest in existing organs, or to divest from existing

organs. In this review, we will focus on decision making in the shoot systems of angiosperms

(flowering plants), primarily because our knowledge of regulatory mechanisms is much more

developed in these species than in non-flowering plants.



Although shoot morphology amongst flowering plants incredibly diverse, the basic decision-
making processes that determine shoot architeane relatively fewn number:

1) Organogenesis: active shoot agasinitiate new lateral organs (leaves, etc.) from the shoot apical
meristem (SAMMat a greater or lesser rate, and/or with altered phyllotaxis.

2) Organ growth: lateral orgacangrowto different sizes and shapes depending on environmental
and developmental cues.

3) Shoot growth: shoot axeanelongatdo a greater or lesser extent, or arrest altogether.

4) Shoot branching: new shoot axasinitiate, and either enter dormancy, or activate.

5) Reproduction: flowersaninitiate in greater or lesser numbers, be fertilised, and produce greater
or lesser numbers of fruit and seed.

6) Senescence: ay these structures can undergo senescence and/or abscission

1.2 What factor sinfluence shoot architectural decisions?

To understand the decisions that plants makenecessaro understand the factors that potentially
impinge on shoot architecture. Most obviously, this includes internal factorasdelielopmental
status; for instance, the floral transition usually triggers wholesale changlesot architecturdt
also obviously includes the availabiliby sufficient resourcet® grow. Herewe will use ‘resources’

to broadly encapsulate light, photosynthate, and mineral nutrients whether external or tiotéenal
plant. We will use ‘assimilates’ to describe those resources already acquingdhe plant, and

‘nutrients’ to describe resources potentially availaioléhe plant, buasyet unassimilated.

There are also a suite of other, less obvious factors that affect shoot architecture. For thstance,
mutual interdependency of shoot and root systems means thastheteong neetb balance shoot
development with root development. Furthermore, vegetative shoot growth must also be balanced
against reproductive growth; the plant must not invest too much or toinlitgetative growth that

it cannot suppowrnoptimal reproductive effort. Plants must also bet-hedge, and reserve resources
replace or repair damaged organsimmitigate against chang&s conditions.It is far betterto
successfully produce some seed, ttmover-commit and produce none. Plants also haveake
trade-offs; defense versus growth being a commonly cited example (Katedp2017. Balance,
bet-hedging and trade-offs all contribute the non-maximization of plant growth; maximizing
growthis simply a poor strategy that does not maximise long-term fitness. Plants also likely face
temporal constraints on their growth; for instartodake advantage of pollinator availability, tor

avoid poor growing conditions. This may requarancreased rate of development that requires other
trade-offsto be made. For instance, production of branches allowarfancreased rate of organ

production, but makes development less efficienterms of resources invested in the organs
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themselves. Finally, hierarchical developmental constraints also play a keydetermining shoot

architecture; for instance) orderto produce flowers, a plant must first produce branches.

1.3 Information processing: long distance signals and dominance phenomena

Plants must thus detect and integrate a wide range of environmental and developmental stimuli, and
use this informatiomo plan and balance their development, botthe present anih the futureTo

solve these equations would be a difficult enough challenge for a human, eved bpck&th
considerable computing power, and yet plantssdowithout any sort of central information
processing syste. While it canbe debated whether plants dietelligent’, they are certainly very
goodat mathematics, ancanconsistently make good decisions, sometimes for thousands ofryears

a row.Sohow do plants manage these astounding feats of calculation?

In our opinion, there are three crucial components (Figure 1.3). Firstly, plants userbdyidtive
long-distance signalling mechanistasdistribute environmental information across the plant body.

A very small numbeiof well-defined phytohormones seem to account for much environiment-
development signalling, with auxin, cytokinins and strigolactones the most ancient and widespread
of these. These signals mightt as ‘consolidated information’, whereby complex environmental
inputs are translated ingeneric signals that do not carry specific instructions, but convey simple
information (Bennett & Leyser, 2014).

Secondly, developmental decision-makiagartially devolvedo each individual organ; this a

form of ‘distributed computhg’ (Leyser, 2011). Each organ thus integrates local environmental
information together with systemic long-distance sigrtalsdecide onan appropriate growth
response. For instance, a given root merigte nutrient poofpatch’ may cease growing soil
conditions are generally good, or may grow strorifylgoil conditions are uniformly bad (et al,

2014). Thirdly, for many growth responses, plants possess mechanisms that coordinate growth among
organs;so that the‘growth potential’ of a given set of environmaaitconditionsis focused intcan
appropriate number of organs, rather than divided among all possible organs. These coordinating
mechanisms undoubtedly exist, but remain enigmatimw can a plant make such coordinated

decisions without a centralised processing system?

So-called‘correlative controls’ are one major class of these coordinating mechanismdich one
part of the plant exerts control over the development of another, either positively or negatively
(Nooden, 1984). Perhaps the best known example ofsthépical dominancein which actively

growing shoot branches inhibit the activity of other shoot branches (Went & Thimann, 1937). Othe
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negative correlative controls include the abibfyseeddo inhibit further seed production, and the
ability of seedto promote senescenoé maternal tissues. The main focus of this review belto
examine progress understanding the mechanisms behindé¢hdminance’ phenomenaard their

rolein coordinating developmeacioss the angiosperm shoot system.

1.4 Sour ces, sinks and signalling

Traditional explanations for dominance phenomena tetmldge on organ nutrition and source-

sink relationships. Thus, has been proposed that plants magkemany organsasresources allow,

and that organs become dominant because they are stronger sinks for assimilates, and outcompete
other organs for theimport (Molisch, 1929). Practically speakingis difficult to absolutely prove

or disprove thisnutrient diversion’ hypothesis, because assimilate flux does terabrrelate with
dominance patterns. However, this does not mean that the assimilate flux causes domindyce. Pure
nutritional mechanisms would resuitcompetition between organs only occurring where assimilates
are limiting, whereas active signalling would involve inhibition of developing organs when resource
are not limiting. Where evidende available, this does seetm be the case; dominance precedes
competition for assimilates, or occurs without assimilates being a limiting factor (Nooden, 1984;
Bangerth, 198p

Overall, simplistic nutritional models imply that the plaiargely a passive actor, and simply grows
asmuchaspossible for the given levetd assimilate. This clearly does not reflect the plants ability
to intricately plan and execute developmental programs. Ratherlear that active signalling
usedto determine which organs grow, atwldetermine how resources are allocated. Two major
forms of active signallingan be distinguished. Firstly, assimilates themseleas trigger active
signalling events, independently of their nutritional role. Theslle¥ photosynthetic assimilate
(hereafter generically referred as ‘sugar’) availableto the plantis perceived through several
signalling pathways, including TARGEDF RAPAMYCIN (TOR) kinase and Snfl-RELATED
KINASE1 (SnRK1) (Lastdrageret al, 2014). Similarly, assimilated nitrate triggers major
transcriptional changes both root and shoot systethsough active signalling (Forde, 2014; Medici
& Krouk, 2014; Krappet al, 2014). Modern models of source-sink regulation of plant growth thus
include these active signalling components (éiwgetal, 2015. The previously discussed hormonal
signals actas a second level of active signallingn many cases actings proxy for resource

availability both internal and external the plant.

In the case of apical dominance, thisreverwhelming evidere that dominanceé causedy active

signalling, principally drivenby long-distance hormonal signals, and not simadya result of
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assimilate availability (revieweid Domagalska & Leyser, 2011). Furthermore, genetic analysis has
identified numerous mutants which make more branches, biomass or seed than normal with the same
set of resources, showing that resources are not necessarily a limiting fas®(deeFreitas Lima

etal, 2017). Another problem with simple nutritional modslghat they assume decision makiag

driven solelyby assimilates, rather than all resources (i.e. both internal assimilatessgat
unassimilated resources the environment). Again, theiie clear evidence that plants integrate
external resource availabilitpto developmental decisions (e.g. Guatral, 2017; Franlin et al,

2014). Active source-sink nutrient signaling undoubtedly contribibeshe establishment or
maintenance of dominance relationships,ibuhe followingwe will largely focus on the evidence

for dominance phenomemahormonally regulated processes.

1.5 Life strategies, developmental transitions and shoot ar chitecture

Life-history strategies vary considerably among flowering plants, which can be divided into the broad
categories of annuals, whose life-cycle is completed within a single year, and perennials, which live
for multiple years. Perennial plants can be further dividedhmonocarps, which reproduce only once

at the climax of the lifecycle, and polycarps, which undergo repeated flowering during the lifecycle;
annual plants are by definition monocarpic. Within these broad categories, the timing of key
developmental transitions (e.g. germination, entry and exit from the reproductive phase, winter
dormancy) varies greatly between different species in order to take advantage of, or to mitigate
against environmental conditions. It is important to bear in mind that these different strategies and
developmental transitions also have considerable consequences for the decisions made in the control
of shoot architecture, and particularly for the expression of dominance phenomena. We will use
comparisons between annual and perennial, and between monocarpic and polycarpic plants to help

build a coherent picture of this area.

2. Apical dominance and the control of shoot branching

2.1 Thetheory of shoot branching

As perhaps the most visually obvious aspect of shoot architecture in many plants, understanding how
shoot branching is regulated has been long-standing question in the field. Branches allow plants to
produce more tissue in a given time frame. In the case of vegetative branches, this both aliews grea
leaf production and greater exploration of space to increase light harvesting. In the case of
reproductive branches (inflorescences) it more simply allows increased numbers of flowers to be
produced. However, branches come at a cost of the resources used to produce the branch itself, anc
branches (especially inflorescences) thus represent a trade-off between allowing faster production of

organs and producing organs in a less resource-efficient way. We should therefore expect that, for a
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given set of resources, plants produce the maximum number of lateral organs from the minimum

number of branches. That is to say, branching is an inherently conservative process.

This undoubtedly underlies the predominantly binary behafiaxillary meristems (AMs), which
tendto either become completely activeremain dormanasan ‘axillary bud’; it is more resource
efficientto have one fully developed branch than several short ones. Axillarychndabsequently
activateif conditions change, and conversely actively growing brancaeslso be re-inhibited

(Morris, 1977). The mechanisms that regulate branching must thereédcalaté how many buds
it is optimalto activate for a given set of resources. Plants are astonishingly corisigentdecision
makingin this respect; for instance, plants growithe same soil environment tetednake a similar
number of branches, irrespective of quite significdmlangesn life history or light conditiongFigure

2.1). Furthermore, these regulatory mechanisms must also determine whickolaatvate for

optimum productivity, especialiy the case of light-harvesting vegetative branches. While ihare
default pattern of bud activatiom many species, thsan(and should) be alterex responseo local
information. If, for instance, a bud shadedit is unlikely to makean efficient contributionto light
harvesting. Shoot branching must therefore be regulayeal systemn which bud outgrowths

globally coordinatedh responseo both systemic and local stimuli.

2.2 Resour ce-related signals and shoot branching

Unsurprisingly, given the resources requitedouild a new branch, many of the key signals that
regulate branching are associated with the availability (actual or potential) of mineraitadrid
photosynthetic carbon. For instance, nitrogen (N) and phosphorous (P) availahiligy soil,as
perceivedoy the roots, strongly promotes shoot branching (Troughton, 1977; Cline 1997; dst Jong
al, 2014). Root-shoot signalling thus a key elemerih shoot branching control, and cytokinins
(CKs) and strigolactones (SLs), have been implicatesignals that couple branching resource
availability in the soil. CK synthesisin the rootsis upregulatedoy N-availability, andCK is
transported into the shoots, whéractsto promote bud outgrowth (Taket al, 2002; Mulleret al,
2015).CK treatment promotes outgrowth of budsoth excised nodal segments and whole plants
(Wickson & Thimann, 1958; Sachs & Thimann, 1965; Chatikl, 2000), whileCK synthesis and
signalling mutants faito increase their branchingp high N conditions (Mulleret al, 2015).
Conversely, strigolactone synthesis roots is downregulatedby both N- and P-availability
(Yoneyamaet al, 2007; Lopez-Raeet al, 2008). Strigolactonis also translocated into the shoot,
whereit actsto repress bud outgrowth (Umehaital, 2008; Gomez-Roldatal, 2008) SL treatment
inhibits outgrowth of buds both excised nodal segments and whole plants (Umetaia2008;



Gomez-Roldaret al, 2008), whileSL synthesis and signalling mutants have constitutively high
branching thats insensitiveto low N or P conditions (Kohleatal, 2011; de Jongtal, 2014).

Having been neglected dte a lack of suitable molecular genetic tools, tble of sugarin shoot
branching has recently attracted renewed attention (Bagbadr 2015a)As a direct indicator of
available energyt is perhaps unsurprising that sugaintegrated into the shoot branching regulatory
network.In Arabidopsis, pea and rose, treatment with various sugars promotes activationiof buds
anexcised nodal assay, in a dose-dependent manner (Betrdig2015b). Unlike mineral nutrients,

sugar availability does not appearbe translated into a hormonal signal, but nor dibegpearo

act sdely as an energy source, since non-metabolisable sugar analogues trigger the same
developmental responses (Barbétrl, 2015b), Rather, sugar appetrdravean active signalling

rolein shoot branching, which may be transduced through one of the several defined sugar signalling

pathways, although is currently uncleawhich one (Barbieetal, 2015&

It is clear that CKSL and sugaractsystemicallyto couple shoot branchirtg resource availability,
and that between them, they determine how many buds should be activated. Hag®ysemic
signals that are availabte, and apparently perceivéy every bud, these signals cannot determine
which buds grow out.An extra layer of regulatioms thus requiredo explain which buds are
‘selected’ for outgrowth.

2.3 Apical dominance: aclassic problem

Apical dominance refers to the ability of actively-growing shoots (and specifically their SAMS) t
inhibit the outgrowth of other buds within the shoot system; removal of these dominant apices
(‘decapitation”’) results in activation of additional buds. Thus, apical dominance is a classic example

of a correlative control. In Arabidopsis, the number of branches which activate after complete
decapitation is essentially the same as would be produced without decapitation, suggesting that apical
dominance is a manifestation of the system that determines which buds grow out, but not of the

system controlling how many buds activate (Figure 2.1). As demonsdraiegd the ‘golden era’ of

plant physiology, replacing excised shoot apices with agar blocks containing auxin prevents the
outgrowth of additional buds (Thimann & Skoog, 1934). It has therefore been clear for overs80 yea
that the auxin produced in, and exported from the SAMs of actively growing branches maintains their
dominance within the shoot system (Went & Thimann, 1937). However, it is has been clear for almost
as long that this inhibition is not direct (Went, 1938); apically-derived auxin does not move into
dormant buds and applying auxin to buds does not maintain their dormancy (Hall & Hillman, 1975;

Brown et a 1979; Everat-Bourbouloux and Bonnemain, 1980; Prasad et al, B88Rer et al,
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2003). Historically, much shoot branching research has therefore focused on understanding this
‘dominant’ effect of apical auxin on buds, but there remain three major unanswered questions. Firstly,
how does apical auxin result in inhibition of inactive buds? Secondly, how does this systeth

which buds to activate or inhibit? Thirdly, how is this system integrated with the systemic signals

that determine how many buds should grow?

2.4 Thedirect action model of signal integration

Broadly speaking, two models of shoot branching control have been proposed and developed over
the last decade, which attentptanswer these questioimsanintegrated fashion. Thelirect action

model derives from the oldésecond messenganodel that specifically relatés apical dominance.

Since apical auxin does not enter buds directly, the second messenger model proposedlthat apica
derived auxinin the stem regulates the production of a mobile signal (i.e. the second messenger),
which itself enters the buds and regulates their outgrowth (revievizaimagalska & Leyser, 2011).

CK has been a long-standing candidate for a second messengert sartdirectly activate bud
outgrowth (Wickson & Thimann, 1958; Sachs & Thimann, 1964) imdynthesiss negatively
regulatedby auxinin many tissues, including both the root and the stem (Nordsttah 2004;
Tanakaet al, 2006). More recently, SLs have also been propase@dtential second messengers,
since their synthesis positively regulatedby auxinin both rootand stem (Duret al, 2012; Duret

al, 2013), and since they have a potent inhibitory effect on bud outgrowth (Unetlzr£008;
Gomez-Roldaret al, 2008). However, the second messenger model has recently fallen out of favour

becausét over-emphasizes the importarafeapical dominance relatite systemic signalling.

The direct action model develops these themes, but @&a#sd SL, along with sugaras ‘primary
messengers’ in branching control, rather than adjuncts of the apical dominance system. The model
proposes that CKSL and sugars are systemically transported into buds, and directly affect the ability
of the budto grow out; thus, the relative abundance of these signals determines whether a bud
activates or remains dormant (Brevegral, 2015). The modas consistent with observations that
direct treatment of buds with SCK or sugars can directly inhtbor activate their outgrowth (Dun

et al, 2012; Masoret al, 2014; Breweret al, 2015). Indeedit has been suggested that sugar
translocation into buds after decapitatisrthe earliest signal driving bud activation, since certain
pea buds start growing long before the auxin leaethose nodes drops (Morret al, 2005).1t is
proposed thaby removing a major sugar sink (the primary apex), sugaow availableto be
transported into buds and promote their outgrowthjdea supportedy sugar treatments and
defoliation experiments (Masaat al, 2014). Howevelif should be noted thét auxinis appliedto

the decapitated apex, the sugar intioxhe buds still occurs, along with the initial growth of the bud,
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but sustained bud outgrowth does not occur (Matah, 2014). Thus sugar influg not sufficient

to drive bud outgrowth, althoughmaybe necessaryo do so.

Based on worlin pea and Arabidopsis, the TCP transcription factor BRANCHED1 (BRC1) has been
proposedsa central integrator for these systemic signalboth Arabidopsis and pea, mutations
BRC1 resultin increased branching levels, showing that BRC1 negatively regulates bud outgrowth
(Aguilar-Martinezet al, 2007; Brauret al, 2012). BRC1 transcription increasesresponsdo SL
treatmenin a fast and translation-independent manner,iahkiewise decreaseith responséo CK

and sugar treatment (Detal, 2012; Masort al, 2014), consistent with actingto integrate inputs

from systemic signals and thereby regulating a local grow/no grow dedisi¢ime direct action
model, the effect of apically-derived auxmto regulate the abundance of the systemic pyma
messengers, either distaitytheroots, or proximallyin the stem, consistent with the known effects

of auxin onCK andSL synthesis (Breweet al, 2015). The direct action model also alldaslocal

light availability cuego be integrated into branching decisions. BRC1 transcrijgiorodulatedoy

light availabilityin a PHYTOCHROME B (PHYB)-dependent manner, and increéasespons¢o
shading (i.e. a low red:far red light ratio)(Kebretral, 2006; Kebronet al, 2010; Finlaysort al,

2010; Gonzalez-Grandiet al, 2013). This local regulation allows potentially unproductive tads

be inhibited, eveif the bud would ordinarily activate.

The direct action model presents a simple and logical framework for the role of systouicee
related signals on branching. Howevelis at best a partial explanation for global shoot branching
control. Since all integration of primary messengerfie model occurs locally, the model does not
contain any mechanism for coordinating which buds actually grolv.bBds should behave
independently, anih the same manneas each otheif they are exposetb the same systemic
concentrations of SLCK and sugars. Clearly, this does not occur, because iheresystem
coordinating bud outgrotir across the shoot system, of which apical dominaneevery visible
manifestation. Another manifestati@the competition that occurs between two budamexcised
nodal segmentenerally speaking, one bud will manatgeinhibit the growth of the other (Snow,
1929; Snow, 1931; Ongaatal, 2008). Furthermore, the stereotyped patterns of activation that occur
in many species are not directly explaifgdhe direct action model. Thus, the primary problem with
the direct action modak thatit treats apically-derived auxias part of the quantitative system
controlling how many buds activate (i.e. through regulation of primary messengers), rather than the

systemby which growthis focused into the most appropriate buds.
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At a mechanistic level, there are also problems with the direct action model. Redgsit ama
Arabidopsis demonstratéizat decreased BRC1 expressiemot sufficientto induce bud outgrowth,
and that increased BRC1 expressm®not sufficientto repress bud outgrowth; BRC1 activisyalso
not necessarto repress bud outgrowiih many contexts (Seakt al, 2017). Furthermore, genetic
aralysis indicates that much of the effectSif on shoot branching does not require BRC1 activity
(Sealeet al, 2017).In grass species, the direct action madetven more problematic. Although
homologues of BRC1, including FINE CULM1 (Fdm)rice andleosinte Branchedl (TB1y maize,
clearly regulate branching leveisthese species, the transcription of these genes does not respond
strigolactone treatment, and is not altarestrigolactone mutants (Arietal, 2007; Guaetal, 2012;
Minakuchi et al, 2010). However, ig plausible that other proteins cowdtto integrate systemic
signalsin grass buds. For instance, a recent report suggests that activity of theb/#de PDANT
ARCHITECTUREL1 (IPA1) transcription factor, a memloéthe SPL familyof transcription factors
that inhibits branchings activatedoy SL signalling (Songet al, 2017).

2.5 The canalization model

The canalization model of branching regulation builds on several earlieindbasfield, and posits

that the highly-regulated transport of auxin through the plant body controls bud outgrowth
(Prusinkiewiczet al, 2009). Morris (1977) showed that the abibifya bud (or branchfjo growis

tightly correlated wth its ability to export auxin. Bangerth expanded on thisidey proposing that

the export of auxin fronan actively growing orgais ableto inhibit the export of auxin from other
organs(‘auxin transport autaahibition’, thereby preventing their outgrowth (Bangerth, 1989%
Bangerth, 1999). This idea was then further develdygdrusinkiewiczet al (2009), who unitedt

with the canalizatioilypothesis of Sachs, which was originally propaseekplain the patterningf
vascular initiatiorin plants (Sachs, 1969; Sachs, 1981). The canalization hypothesis has two central
tenets: 1) that auxiis actively transported from sourtesink and) that established routes of auxin
transport become progressively narrower and more polarised; the rescdtinfised’ transport
routes determine the positioning of vascular elements (Sachs, 1969; Sachs, 1981} Sthang
phenomenological and experimental evidetocgupport the canalization hypothesis, even though its

mechanistic basis remains unclear (reviewelennettet al, 2014).

Modern treatments of canalization tetiode-state the hypothesis terms of the behaviour of auxin
transport proteingAt apoplastic pH, auxi(a weak acid)s predominantly protonated, asdnmove

passively through the plasma membrane into cells. Conveegadgllular pH auxin is negatively
charged and cannot diffuse out of cells; the chemiosmotic hypothesis thus postulatedaheeesist

auxin transport protein® mobilize auxin from cells, and further that polar localization of these
12



transporters would leab the observed polar auxin transport (Rubery & Sheldrake, 1974; Raven
1975). Consistent with this hypothesis, the PIN family of auxin efflux carriers havadsseified
astransmembrane proteins that are required for efficient cell-cell transport of auxin, and which often
have polar localizations (reviewéd Bennettet al, 2014. For instance, PINis polarly localizedo

the basal plasma membranecells of the stem, arid pinl mutants auxin transport through the stem

is greatly reduced (Bennett al, 2016). While there has been considerable debate around the issue,
it is now generally accepted that PIN proteins are transporters for auxin, and not simiglipregf

auxin transport. They appety be secondary transporters, usigelectrochemical gradierib
mobilise auxin, rather than ATP (Zazimalaetal, 2010). PIN proteins often display highly dynamic
patterns ofre-localizationin cells, particularlyin the hypocotyl and root meristeim responseo

tropic stimuli (Adamowski & Friml, 2016 Thus, canalizatioms now generally thoughto arise
through positive-feedback regulation of PIN protein expression and localization, which becomes
more focused and polas auxin is transported through tissue, consistent with the canalization
hypothesis (Sauatal, 2006; Scarpellat al, 2006).

As appliedto shoot branching, the canalization hypothesis proposes that buds e&pdrt auxinn
orderto grow (following Bangerth, 1989), and that this expmah only occurif the bud creates a
canalised link betweemébud and the vascular-associatgdlar auxin transporgtream’ (PATS)in

the stem. The abilityo form this link depends on the bud being a sufficiently good auxin source, and
the stem being a sufficiently good auxin sink (Prusinkiewtad, 2009). Keyto the development of
the canalization model was the observation 8lahegatively regulates the abundance of the PIN1
auxin efflux carriein stems, and that this increased PIN1 and auxin transpmatsally relatedo

the increased branching seenSL-deficient mutants (Benneét al, 2006; Crawforcet al, 2010;
reviewedin Waterset al, 2017. Essentially,SL-deficient mutants are proposéol make more
branches because the stmna better sink for auxin, and more bu@dstherefore create a canalised
link to the stem (Prusinkiewiczt al, 2009). Further evidence for the canalization model of branching
has come from observation of other Arabidopsis mutants affectedixin transport processes
(Prusinkiewiczet al, 2009; Shinohara et al, 2013; Benrgdtal, 2016), mathematical modelling
(Shinoharaet al, 2013), and direct observation of canalization in activating pea buds éBalla
2011; Balleetal, 2016). Recent work has demonstrated that auxin transport patesteahdgs much
more widespread than previously thought, withaanective auxintransport’ (CAT) system linking
wider stem tissuet® the PATS (Bennettt al, 2016). CATis associated with the PIN3, PIN4 and
PIN7 efflux carriers, and appeats facilitate the outgrowth of buds and communication between
them (Bennetetal, 2016).
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The elegance of the canalization modethatit provides a straightforward explanation for the
conversion of systemic signals regulating how many buds activate into a system regulating which
buds activate. Essentiallgy altering the properties of the auxin transport system, systemic signals
limit the number of buds thaanactivatein a canalization-dependent manner, and the buds which
are the strongest auxin sources out-compete the other buds and toeaatiate. The canalization
model thus provides a simple explanation for apical dominance; actively growing branches preve
activation of buds because they decrease the auxin sink strength of the stem, and résravethes
allows new activatiofby increasing the sink strength (Prusinkiewstzl, 2009). The canalization
modelis also ableto explain the bi-direction bud-bud competition that ocdaorgxcised 2-node
segments (Ballatal, 2016). The canalization model thus présanintegrated frameworkn which
branches are abte communicate, and through which branchmgoordinatedasa consequence of

the properties of the auxin transport system.

However, the canalization model has also been extensively criticised (e.gt &u2006; Brewer et
al, 2009; Breweet al, 2015). Manyof these criticisms arise because of confusion about what the
caralization model actually states. Crucially, canalizai®@a dynamic process that only requires
relative differenceg auxin levels between tissues. Creating dynamic and relative chiaregesn

is highly challenging, and thus experiments that create static and absolute differenoan levels
are usedo either support or challenge the canalization hypothesis (Beriat2006; Brewer et al,
2009; Breweetal, 2015). The canalization modghlso mechanistically enigmatic, which has made
it difficult to test via molecular genetic approaches (Bergtedt, 2014); suitable genetic tools are
also scarce, although the recent identification of roles for PIN3, PIN4 andifP8\éot branching
control may improve this situation (Bennett al, 2016). The most important criticisms of the
canalization model, however, are titadloes not straightforwardly explain why dit@pplicationof

CK and sugato buds promotes their outgrowth, nor why dir8tttreatmentaninhibit buds even
when auxin transpolis completely inhibited (Breweet al, 2015). Furthermore, the canalization
model does not account for of the activity of BRC1, nor the ability oiCKL_and sugato regulate

BRC1 expression.

2.6 A hybrid model of shoot branching control

It is clear that neither the direct action nor canalization models are satisfaatbeitp explain all

the available data. Whilst the debate surrounding the veracity of the models has batt@ne
polarised, the models aireno way mutually exclusive or irreconcilable, and a hybrid model seeking

to incorporate elements both direct action and canalization has previously been proposedéteale
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al, 2017; Waterstal, 2017). Herave expand upon this proposal, and seekeconcile current data

into a single plausiblenodel of shoot branching control (Figure 2.6

We propose that there are four key procegséise regulation of branching; priming, auxin transport
re-modelling, committed outgrowth and competition. Primimthe bud-autonomous integration of
developmental status, systemic signals, and local Asdble direct action model proposéss very
likely that manyof these cues are integrated through regulation of BRC1 expression. Thus, buds are
primed for activatiorby CK and sugar availabilitpy decreased BRC1 expression, and de-pribyed

SL (at leastin eudicots) and poor lighty increased BRC1 expression. Developmental status may
also be integrated through BRC1, with different basal levelsRE Bexpression determining the
‘activation potential of different buds. For instanae,rice, higher levels of FC1 expressiorbasal
budsis correlated with their greater inhibition (Arigtal, 2007). Furthermore, the higher actiafy
cauline budsn Arabidopsis might be determinéd partby lower BRC1 expression relatite the
rosette budsWe propose that cumulative decreaseBRC1 expression prime the buds, increasing
their ‘activation potential’ and pre-disposing them towards outgrowtte propose that priming does
not itself determine whether budsn undergo committed activation, baan resultin partial
activation, and substantial growth of the bud. Tikisonsistent, for instance, with the early sugar-
induced growth of pea buds after decapitation (Mastoal, 2014).In line with the canalization
hypothesiswe propose that one key effect of primiisgo increase the auxin source strength of the
buds, but priming may also have other effects sgihcreased cell division within the bud, which

might itself leado increased auxin levels (Figure 2.6).

In additionto priming (or de-priming) budsye propose that systemic signals alsenodel the auxin
transport systenm stems (Figure 2.6). This alters the sink strength of the stem for auxin, and thereby
alters the ease with which canalised auxin transport links are formeednebwd and stem.
Effectively, remodelingf the auxin transport system sets thetivation thresholdthat buds neetb
achieveo activate As discussed above, thassstrong evidence th&L remodels the auxin transport
systemby removing PINIfrom the basal plasma membrane of cellhe stem, and that this directly
alters the ability of bud® grow (Bennetet al, 2006; Crawforekt al, 2010; Shinoharet al, 2013).
Thereis also evidence for bot&K and sugar regulating auxin transport (Marhaey al, 2014;
Simaskoveet al, 2015; Barbieet al, 2015), but more worls requiredto establish the extent and

relevance of thiso shoot branching.

We propose that committed outgrowtian occurif the activation potential of a bud exceeds the

necessary activation threshold. A simpestatement of this premise terms of canalization would
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be that committed activation only occufrduds are a sufficiently strong auxin source that tlaey c
form a canalised linko the auxin sinkn the stem, resulting the active export of auxin from the
buds. Howeverywe believe that the realitis slightly more nuanced. One of the key roles of BRC1
appeardo beto generate the binary, switch-like behavior of bidiesponséo the auxin landscape
(Sealeet al, 2017). brc1l mutant buds are not completely inhidigduxin treatment, but nor are
theyasactiveasuntreated buds, essentially displayingpatinuous responde the auxin, rather than

a binary one (Seaktal, 2017. BRC1 activity thus seents be particularly importarto prevent the
partial activation of those buds that would otherwise be t@bieeakly canalis¢o the stem, and
weakly export auxin. Although Brewetal (2015) argued that complete inhibition of auxin transport
in buds does not prevent their outgrowthshould be noted that the budsthese experiments are
not necessarily undergoing committed activation, but rather a gradual growth consistent with

uncommitted growth.

As in the canalization hypothesisg propose that when a bud undergoes committed outgrowth, the
exported auxin from the bud lowers the auxin sink strength of the stem (Figure 2.6). @tes cre
competition between budsas eachsuccessive activated bud makes bud-stem canalization more
difficult for all other buds. Thus, although many buds may exceed the initial activation threghold

the system, cumulative bud activation raises the threshold until no morednaigivate. Overall,

we therefore propose that through combined and coherent effects on both bud priming and auxin
source strength (activation potential) and stem auxin sink strength (activation threshold), systemic

signals are abl® determine the total number of budghe system that can activate.

This still leaves open the question of how the system determines which buddtgnawld be
theoretically possible for the systeabe balanceth just such a wagsto be self-selecting; i.e. only
the precise number of buds required are pritoezkceed the activation threshold. However, such a
sysemwould lack flexibility, and does not reflect the aatpropertieof shoot branchingn which
buds that are clearly primeo growcannevertheless be inhibitefin alternative explanation, rooted

in the canalization hypothesis, would be that, at any given time, the buds which are #nexivest
sources (i.e. most highly primed) activateapproximate sequence, until no more buds aretable
export their auxin. Thus, the local cues that resuldifferential priming between buds would
ultimately determine which buds activate.

However, thigs an unsatisfactory answasto how distinctive stereotyped patterns of bud activation
occur. For instancdp explain the basipetal (top-down) sequence of bud activatidmabidopsis

branching (Hempel & Feldman, 1994), would be necessarip suppose that the buds were
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differentially primedn exactly that pattern asypposition for which theres no obvious explanation.
Prusinkiewiczet al (2009) dealt with this problerm their modelby assuming that vegetative
meristems are highly dominant, but once they transtbanflorescence meristems, they no longer
produceas much auxin. Thus, the conversion of the prima#jSto an inflorescence releases the
inhibition on the uppermostadine bud, which begingo grow, but which then converte an
inflorescence and releases the inhibition on the second cauline bush andHowever, there are
several problems with this idea, not least that thetdétle experimental evidence for weakened
dominance after floral transitio®n the contrary, therés reasonable evidence that inflorescence
meristems remain dominant; the main inflorescence meristem controls the growth rate and angle of
the primary branches (Roychoudhetyal, 2013), while those branchiesturn are abl&o inhibit the
growth of their own secondary branch@#e believe that the best explanation for this pattethat

the activation thresholi$ not systertally constant, but varies space antdime. We thus propose

that basipetal bud activation occurs dua basipetal gradieirt activation threshold, rather than any
differences between the buds themselves. ilaensistent with observations of the CAT sysiam
Arabidopsis inflorescences) which the youngest tissues have high expression of PIN4 and PIN7,
which rapidly declines with age (Bennettal, 2016). This creates a highly-canalization conducive
environment for the upper cauline nodes, allowing their early activation rdlasubtending buds.

We thus propose that both local variationdud activation potential and stem activation threshold
underlie observed patterns of bud activation.

3. Carpic dominance and fruit-fruit communication

When Bangerth proposed his auxin transport auto-inhibition model he was particularly inspired not
by apical dominance, but by the correlative inhibition that occurs between fruits on the same plant.
This correlative inhibition is a well-known and long-discussed phenomenon, particularly in the fields
of horticulture and floriculture, where ‘dead-heading’ and/or prompt picking of fruit is required to

stimulate further flower and fruit production in many species. However, as far as we can establish,
this phenomenon has never been formally named. Since the phenomenon is actually driven by the
developing seeds (discussed below), we will henceforth describe it as ‘carpic dominance’, by analogy

with apical dominance.

3.1 Thenature of carpic dominance

Dominance amongst fruits has been described in a wide range of species, including cucumber (de
Stigter, 1969), wheat (Fisher, 1973), soybean (Nooden et al, 1984), oilseed rape (Pechan and Morgan,
1985), and tomato (Bangerth, 1989). The phenomenon is expressed in a variety of ways; ranging from

mild inhibition of growth to complete abortion or abscission of developing fruits. Cucumber provides
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a particularly striking example, in which a few pollinated fruit can completely inhibit further fruit-set
from otherwise viable, pollinated ovaries. In oilseed rape, fruit-set ceases after the first ~50% of
flowers are pollinated, but the plant continues to open flowers for another 10 days or so; these will
not develop even if pollinated (Tayo & Morgan, 1976). In soybean and other legumes, pods that have
started to develop after pollination are often shed in substantial numbers, under the influence of older
developing fruits (Nooden, 1984). This is echoed in many spring-blossoming fruit trees, which shed
excess fruits duringhe ‘June drop’. Much milder effects are also possible; for instance tomatoes

exhibit repressed growth of later-pollinated fruits within an inflorescence (truss) (Bangerth, 1989).
There does not seem to be any carpic dominance in Arabidofigse is no obvious inhibition of
late-set fruit growth, and no fruit abscission occurghich might be related to its ruderal habit and

the strategy of producing hundreds of small fruits. Altenatively, or in addition, the almost certain self-
pollination of Arabidopsis flowers may render carpic dominance unnecessary, because fruit set can

be determined entirely by the rate of flower production.

Although carpic dominance tends to be manifested at the level of fruits, it has long been understood
that it is the development of seeds that inhibits new fruits (and therefore seeds) from being formed
(Bangerth, 1989). Thus, seedless, parthenocarpic plants produce far more fruits than their seeded
counterparts (Pandolfini, 2009; Ostergaard, 2009; Heuvelink and Korner, 2001). Indeed,
parthenocarpic fruits are typically cultivated in horticultural industry as a method of producing
higher-yielding plants with more consistency between fruit size. As with apical dominance, the role
of carpic dominance seems to be to determine which fruits grow, focussing available resources into
an appropriate number of seeds. As discussed above, many species make many extra flowers that dc
not ultimately produce fruits, or make extra fruits that will ultimately not be maintained. Presumably,
since pollination of any given flower is not guaranteed, ‘over-flowering’ has evolved as a mechanism

to ensure that a minimum number of fruits are set. Carpic dominance then acts as corresponding
mechanism to restrict the number of fruits that are actually maintained. This yield-limiting process
directs resources towards the development of fewer fruits than might be supported given sustained
favourable conditions. However, one of the main roles of carpic domimapoesumably to ensure

that sufficient viable fruits and seeds will be still be produced even if access to resources is
dramatically reduced. Consistent with these ideas, the severity of carpic dominance is influenced by
environmental factors, allowing plants to proactively adjust fruit numbers both during and after seed
set (Bangerth, 2000).

Compared to shoot branching, control of fruit/seed-$aken as whole seems to be much less of a

binary process, with varied outcomes for individual fruits including inhibition, abscission or a
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continuum of growth. However, a more binary version of carpic dominance may underlie the
production of heteromorphic fruit, a trait which has evolved independently in a number of angiosperm
families (Lenser et al, 2016). For instance, in the desert plant Aethionema arabicum (Brasgicac
plants produce two distinct fruit morphs; small indehiscent fruits that only contain a single seed and
abscise intact from the plant, and larger dehiscent fruits with multiple seeds that open on the plant
(Lenser et al, 2016). This appears to be part of a bet-hedging strategy in whichl#Aeudr makes

seeds available for immediate germination (to exploit e.g. rainfall) and places other seeds into a long-
term seed bank (Lenser et al, 2016). Intriguingly, the ratio of dehiscent:indehiscent fruit is much
higher on the main inflorescence than on primary and secondary branches, but removal of dehiscent
fruits on the main inflorescence increases the dehiscent:indehiscent ratio on the branches (Lenser et
al, 2016). This suggests that the indehiscent fruit are correlatively inhibited by dehiscent fruit through
carpic dominance, and that the parameters of the system are fine-tuned in such a way as switch fruits

from one highly uniform fruit type to a distinct, smaller morph.

3.2 Possible mechanismsfor carpic dominance

The carpic dominance phenomenon makes it clear that there must be a mechanism for communication
and coordination of growth between fruits. Since inhibition of fruits can occur acropetally and
basipetally within or between inflorescences, this communication outwardly appears to be multi-
directional (Bangerth, 1989). As with shoot branching, a source-sink driven nutrient diversion
hypothesis was initially proposed to explain carpic dominance. Beyond the fundamental argument
that plants do not passively wait for nutrient limitation to occur, this is not likely to be the case for
variety of reasons. For instance, carpic dominance is apparent from early in fruit development,
although at this stage the requirement for assimilates is likely to be very low (Nooden et al, 1984;
Bohner & Bangerth, 1988). Furthermore, the removal of dominant fruits in some species resulted in

yield over-compensation later in the season (Ojehomon,)1970

As alludedto above, Bangerth (1989) argued instead that carpic dominance, like apical dominance,
was most likely driven through auxin transport auto-inhibitté@proposed that the higher expof

auxin from a dominant early-induced fruit inhibits the export of auxin from later-inducehlit@thi

fruits. This ideavas supportedby his work on the effeatf pollination timing on the size and auxin
export capacity of tomatoes (Bangerth, 1989). Fruits from tomato flowers pollinatezlr normal
sequence decreasesize, with older fruits being larger than their younger counterparthe same

truss. The level of auxin export froeachfruit correlatedo its size, consistent with previous work
showing that the rate of auxin transport from a fisurelatedto the number of seedlscontains (Sjut

and Bangerth, 1984). Furthermore, the rema@fad dominant fruit from a truss rapidly resuilts
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increased polar auxin transport from the remaining fruit, regardless of whether they arecseeded
pathenocarpic (Kinetal, 1992. Converselyashas been frequently observed within horticulture, the
near-simultaneous pollination of flowers on a single truss resulise production of fruits of a
comparable size and auxin transport (Bangerth, 1980)vith shoot branchingdangerth’s model

points towards a canalization-dependent mechanism driving fruit/seed-set. Unlike apical dominance,
carpic dominanceés poorly studied, and theie currently relativelylittle data eithein support or
contradiction of this idea; however, the idea certainly warrants testing. One major difference between
apical and carpic dominanég the non-binary nature of the lattén. terms of canalization-based
explanation, this would suggest that fruit that exceed the activation threshold (i.e. are not )nhibited
display a continuous linear relationship between auxin export and growth, rather than simple switch-
like behavior (Figure 3)2

An interesting consequence of a canalization model for carpic dominance is that fruit abgicidsion
shed would be a natural outcome of the process. Development of fruits from ovaries that have not
beenpollinated (or in ‘excess’ pollinated ovaries) would be an unnecessary use of resouraes,
ethylene production in these tissues normally promotes their absicission. This ethylene production is
inhibited through the action of auxin, which is synthesized and exported from seeds after fertilisation
(Pomares-Viciana et al, 2017). Intriguingly, it has been shown that the auxin content of
parthenocarpic courgettes is twice that of non-parthenocarpic courgettes (Pomares-Viciana et al,
2017), and many other parthenogenic crop cultivars exhibit high auxin content (Kim et al. 1992).
Furthermore, mutation of AUXIN RESPONSE FACTORS8 (ARF8) results in parthenocarpic fruits in
both Arabidopsis and tomato (Goetz et al, 2006; Goetz et al).ZDTs, pathenocarpy might arise

at least in part from increased auxin export from unfertilised ovaries, preventing abscission and
allowing pseudo-dominance of the fruit. In general, abscission zones are well-known to form where
there is a lack of auxin transport out of organs (Kim et al, 1992; Carbonell-Bejeran@@t I,
Martinez et al, 2013; Pomares-Viciana et al, 2017). Thus canalization-driven inhibitioniof aux
export from fruits would in many cases result in the absicission of fruits without further requirement

for any additional decision making process.

4. A unified dominance mechanism?
Bangerth explicitly proposed his auxin transport auto-inhibition maslalgeneralised explanation
for all correlative controls, which he suggested formed a unified phenomengmimfgenic

dominance’. We concur with Bangertin proposing that the same basic mechanism underlies both
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apical and carpic dominance, but are they truly the same phenomenoistdbay,is there a single

unified form of dominance mechanism, ahdo, what are the consequences of this?

The classic study of Henset al (1994) on correlative contrah Arabidopsis provides apparent
support for this idea. Henselt al observed that Arabidopsis inflorescences undergo a quasi-
simultaneous arrest after approximately 20 days of flowering, but that the male-sterile ms1-1 mutant
did not cease flowering until much later. Thus, the seeds of developing Arabidopsis inflorescences
appeato inhibit the activityof the inflorescence meristems. Interestingly, the cessation of flowering

in wild-type was showto be brought abouiy a regulated and reversibiglobal proliferativearrest’

(GPA), whereas the msl-1 line eventually arrested wuean irreversible accumulation of
morphological abnormalities (Hensed al, 1994). The arrested meristemswild-type essentially
enterin a dormant state tha equivalento axillary bud dormancy (Hensel et al, 1994; Wedstl,

2016). Continuous de-podding during flowering prevented GPA, and de-podding after GPA caused
reactivation of arrested meristems, firmly implicating the fragshe cause of the phenomenon.
Further analysis showed that mutations reducing seed prodimstigreater than 50% produce a
larger numbeof total flowers and do not typically achieve GRtAyas therefore concluded that GPA

is ultimately controlledby thedeveloping seeds (Hensetal, 1994).

Henselet al proposed two modets explain GPA; a classic source-sink model, andiornehich a
cumulative, seed-derived signal atisnhibit meristematic activity (Henset al, 1994). Recently,
Wuestet al (2016) revisited this topic, and on the basis that the transcriptome of arrested apices
resembles that of dormant buds, and that removal of fruits stimulates axillary shoots which were
previously dormant, proposed that GR# brought aboutby seed-driven domination of the
inflorescence meristems. Wuestal (2016) suggested a gradual transfer of dominance from shoot
apicedo fruits asseeds develop, but did not suggest a causative agent for this hypothesized process.
Given the above discussions of plausible mechanisms for apical and carpic donanarmeous
hypothesis would ban interchangeof dominance between seed and shoot apices based on the
canalization model (Figure 3.2s flowers are fertilised and seeds develop, auxin exXpuort fruits

would gradually increase, decreasing the auxin sink strength of stems. Once a threstreddiveas

the auxin exportetly the seeds would collectively outcompete the apical meristems, leadivegr
inhibition.
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5. The end of flowering, fruiting and growth

5.1 A cross-speciesround up

As Henry Louis Mencken famously commentgidy every complex problem ther®an answer that

is clear, simple, androng.” The problem with th&sPA modelis that, whileit would elegantly
explain eventsn Arabidopsisijt is a very poor explanation for post-flowering eventsnost other
species. Examination of a handful of common agricultural species quickly demonstrates that there
can be no singular procesBy which seed-driven carpic dominance inhibftewering and
proliferation. As discussed aboven oilseed rape, a close relative of Arabidopsis, initiation of
productive fruit pods only occurs approximately 50% of flowers, and flowering (and pollination)
may continue fomt least 10 days after the final productive pods are set (Tayo & Morgan, 1976).
Carpic dominances the likely explanation for the failurto initiate productive pods from all
pollinated flowers, but clearly cannot explain the termination of flowdnrthis case. A converse
situation occursn many legume species (e.g. soybean), where productive pods are initiated from
most flowers, but many pods are subsequently shed theougttive abscission processa result

of carpic dominance (Nooden, 199H) this case the end of flowering precedes the end of the seed-

set process.

Spring blossoming fruit trees suabapple, pear and cherry provide perhaps the most comprehensive
demonstration that separate post-floral processeataverk in flowering plantsin these species,
floral transition occurén the autumn, and thiextent’ of floweringis determinedy the number of
inflorescence buds that are initiated, and which subsequently over-wigtetformant state. These
buds then synchronously activate spring (bud-break) producing a blossom whose extent was
determinedn the previous autumn; these trees will usually initiate far more fruits than wilbever
sustainedAs mentioned above, this resuitsthe ‘June drop’ assmaller/lssviable fruits are shed

from the tree, agaims a result of carpic dominance (Bangerth, 1989). Crucially, these carpic
dominance effects do not cause the end of flowering (which occurred the previous autdreagc

set and fruit growth happens simultaneously with vigorous spring vegetative grothih trees.
Thus, developing seeds do not necessarily inhibit flowasimgyoliferationin these species. This
said, heavy fruitingn these trees cdimit the extent of floweringn the subsequent autumn, thus
limiting the following yeats crop, or indeed causing the tteeskip flowering for a year entirely;
seed-set and flowering thus are clearly closely intertwined. The perennial alpine planbApsnais
another close relative of Arabidopsis, provides a further example of de-coupling of flowering, fruiting
and growth. Thigs most dramatically demonstratedperpetual flowering Ipepl) mutants oA
alpina, in which active vegetative branches, active floral branches, arrested floral branches and

senescing floral brancheanall be seen on the same plant (Wabal, 2009). Thugn Arabis alpina
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the production of seed on one branch does not necessarily inhibit flowering or proliferation on other

branches.

This short survey is sufficiertb demonstrate that a singular canalization-driven model cannot
reasonably explain post-floral developméntflowering plants. While theres clear evidence for
carpic dominancasa fruitto-fruit phenomenon, theris much less evidence that the efiflowering

or proliferation arises through dominatioh meristemdy fruits or seedsWe would certainly not

rule out this process operating Arabidopsis, especially sindé displayslittle obvious carpic
dominance; seetb-meristem inhibition might replace carpic dominamsa limit on seed-sen
Arabidopsis. Howevenve propose thaat least two more processes, which are not directly seed-
driven, are required alongside carpic dominateeexplain post-floral development across the

angiosperm groum general.

5.2 Floral arrest

In late spring the brilliant yellow fields of oilseed rape seen across ofuble northern temperate

zone suddenly turn greeasthe flowering period dram® a close As discussed above, thifloral

arrest’ does not seeto depend directly on carpic dominance effects, and occurs some days after the
last pods have set. Random hand pollination of both oilseed rape and the closely related Brassica
rapa grownn controlled environments ressiin a wide distribution of pod and seed numbers per
plant (Figure 5.2 However, floral arrest nonetheless occurs synchronoimslthese plants,
suggesting that cumulative seed production does not drive the phenomenorin datglly
unpollinated plants does floral arrest failoccur. This suggests that floral arrisshot directly seed
driven, but does requirext least some seed-datorderto occur. These results are thus compatible
with those of Hensadtal (1994), because de-podded and male-sterile plants have no pods, and thus
do not undergo floral arrest, while complete de-podding reverses floral brmast.hands, wild-type
Arabidopsis plants (Col-0) grown long-day conditions reliably undergo floral arrest aftéweeks

of growth. This still occurg plants are partially de-branched or de-podded, suggesting that partial

seed seis also sufficiento trigger floral arresin Arabidopsis (Bennett lab, unpublished data).

If floral arresis not drivenby cumulative seed-set, then httvendowe explain the phenomenaoim,
particularits precise timing? Two obvious possibilities are that floral arsedtivenby a ‘timing’
mechanism that measures the absdlate since germination and/or floweringy; thatit is drivenby
environmental factors su@slight or temperature. Given the floral transitisrtightly regulatecoy
light and temperature cuésensure floweringt the optimakime of year,it would seem logical that

the same signals also trigger floral arrest when conditions are no longer optimal. Howeader, flor
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arrestin Arabidopsis still occurs1 constant growth conditions that are still inductive for flowering,
suggesting changés conditions are not necessanytrigger arrest. Although individual oilseed rape
fields stop flowering quasi-synchronously, nearby fields (experiencing the samesshanigy-

length and temperature) may stop floweringapnvo weeks later (Figure 5,2suggesting that is

not changesn absolute day length or temperature that cause arrest. Furthermore, individual
inflorescence Arabis alpina seem able arrest independently of each other, suggesting that some
sort of timing mechanisnecan work locally in inflorescences (Wangt al, 2009). Although the
evidencds patchyatthe moment, thanswer maylie in a combination of all these factorshat is, a
photo-thermal timing mechanism, integrating cumulative light and/or temperature information across
the growth seasaw trigger arrest either locallyin individual inflorescences, or globally across the
plant.It is notable that the only mutants identifiegd Henseletal (1994)asdelaying GPA were the
late-flowering circadian clock-associated mutants (gigantea (gi) and luminidepeladiersit only

in the Ws background, and naob Col-0 or Ler. SincéVs is a phyD mutant, this suggests that a
combination of circadian clock and light inputs may determine the timing of floral arrest.

While the mechanism that lies behind floral ariesturrently unknown, the floral arrest signsl
presumably perceived or integratedthe inflorescence meristems, and letm$mposition of a
quiescent but not differentiated stafes discussed above, the arrested meristemArabidopsis
appeato be transcriptionally equivaleta dormant axillary buds (Wuestal, 2016) It thus appears

that floral arreste-imposes dormancy on inflorescence meristemiging anendto flowering.

5.3 Vegetative arrest and local versus systemic post-floral effects

In monocarpic plants with indeterminate inflorescences, such as Arabidopsis and oilseed rape, the
guasi-synchronous arrest of all meristems leads to the impression that the arrest is a global effect
caused by a systemic signal (Hensel et al, 1994). However, as discussed above, comparison with
Arabis alpina (and other perennials) shows that the floral arrest signal does not impose dormancy on
vegetative meristems. While floral arrest causes complete proliferative arrest in Arabidopsis, this is
probably because all the active shoot meristems are inflorescence meristems (Woolhouse, 1983),
rather than because this isiaherent effect of floral arrest itself. This implies that there is a separate

set of signals that can trigger 'vegetative arrest' (for instance, emdrywinter-dormancy) in
perennials. Presumably, this vegetative arrest is not necessarily a canalization-dependent dominance
process, but is imposed by environmental stimuli; qualitatively, the effect is the same however, with
an entry into dormancy. Two hypothesizes are suggested by this; either the floral arrest signal is
systemic, but is not perceived by vegetative meristems; or the floral arrest signal is only produced

and active locally with inflorescence branches. Arguments can be made for both possibilities; the
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guasi-synchronous behaviour of inflorescences in Arabidopsis and oilseed tends to suggest a systemic
signal, but the temporally-independent behaviour of inflorescences in Arabis alpina tends to suggest
a local signal. Indeed, it is possible that the floral arrest signal may vary between different species in
terms of systemic vs local activity; clearly more work is needed to identify the signal in the first place

before this question can be properly answered.

The issue of local versus systemic signals is closely paralleled in the case of carpic dominance. If
carpic dominance and apical dominance are indeed driven by the same basic canalization mechanism
it is difficult to imagine how carpic dominance can act anything other than locally in species such as
tomato or apple, where determinate inflorescences are distributed on pseudo-vegetative. branches
There is no obvious way of deconvoluting canalization effects to keep systemic branch-branch and
inflorescence-inflorescence signals separate, but branches do not inhibit fruits or vice verga in thes
species. Rather, it seems likely that carpic dominance effects are localised within inflorescences in
these species, consistent with visible local effects on fruit growth. However, in species such as
cucumber, carpic dominance seems to be truly systemic, and it is thus possible that the effgetive ran
of carpic dominance varies considerably between species. Again, further insights into the nature of
carpic dominance will be needed to understand its local or systemic effects, and interaction with other

correlative controls.

6. Senescence

Fittingly, the final correlative contrake will discussis the proposed inter-generational confiict

which developing seeds bring about the senescence of the maternah plemtocarpic plantsAs

with the other correlative controls, thsan observation that dates battkthe golden era of plant
physiology, but which remains poorly understand (Molisch, 1929; Waiedt 2016).It has long

been assumed that senescence of plant tissues allows for recycling of nutrients (Hildebrand, 1881),
and theres excellent evidence this indeed occurs (Noceterh, 1984). Senescenisoften associated

with increased demand for nutriemtssink tissues, and/or environmental scarcity, and presumably
is a sound adaptive strategymaximise resource utilization. At least four senescence syndaanes

be outlined; 1) sequentiah which older organs are gradually turned over during the life of the plant;
2) autumnalin which the leaves of deciduous trees are simultaneously turned over before winter; 3)
monocarpicjn which the vegetative leaves are collectively sacrificed during the reproduction effort,
thus committing a plartb a monocarpic habit; and 4) terminel,which the whole plant diest the

end ofits life cycle (e.g. Wingler, 2011). There good evidence that sequential senescence is not
under correlative control, and rather se¢mise drivenby leaf age and/or darkness (Nooden, 1984;

Henselet al, 1993). Autumnal senescerisalso not associated with correlative controls, but rather
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obviously with environmental conditions. contrast, both monocarpic and terminal senescence have
been proposetb be correlatively controlled, since removal of seeds l¢adsxtended life-span
(either of vegetative leaves or of the plaassa whole)in many monocarpic plants (reviewed
Nooden, 1984).

Overall, the status of monocarpic senescence as a correlatively-regulated process is unclear. Nooden's
work on soybean suggested that developing seeds exert strong dominance over leaf longevity, but
only through very local signalling (Nooden, 1984). However, in Arabidopsis and the Brassicaceae
more generally, there is no obvious effect of seeds on leaf longevity (Nooden & Penney, 2011).
Furthermore, in dioecious spinach, the male plants also undergo monocarpic senescence despite not
setting seed (Leopold et al, 1958).all species, entry into the reproductive phase seems to at least

be a pre-requisite for monocarpic senescence. Indeed, flowering and monocarpic sesescetce

be co-regulated processes at the molecular level, and, for instance, cues such as vernalisation that
induce flowering in Arabidopsis also induce senescence (Wingler, 2011). Thus, it is possible that
monocarpic senescence in many species may be jointly regulated with flowering, rather than
correlatively controlled. Since monocarpy has evolved convergently on many occasions, it is possible
that monocarpic senescence has no common regulatory thread, and that in some species it is
correlatively controlled, and in some species not (Woolhouse, 1983). An alternative possibility is that
monocarpic senescence is the same conserved developmental module as autumnal senescence, bl
that in monocarpic plants this module is activatedresponse to different environmental or

developmental stimuli (both compared to perennial plants, and compared to other monocarpic plants).

The status of terminal senesceas@& seed-controlled proceissequally unclear. Like floral arrest,
seed set seents be a pre-requisite for terminal senescence, wisiclelayedin de-podded plants
and sterile mutants (Nooden & Penney, 2011). However, this does not mean that tlaetsedys
drive terminal senescence, and there areyplginrexamples where monocarpic plants have full seed
set and do not procedd terminally senesce. For instangethe UK oilseed rape plants have full
seed selby the endbf May, but do not terminally senesce until late July, with many farmers resorting
to using glyphosat#o expedite the process. A strong possibilityhat the process of whole plant
senescences actually drivenby the needo dry out seeds and fruits for dispersal, @atherefore
only triggered when the seeds are fully mature, ané@satgeneral function of nutrient demarid.
this is the casewe might expecto see significant differencas the extent of terminal senescence
between plants with shatter-dispersing seadahich fruit must dry, andn herbivore-dispersed
seeds, in which fruits must remain fleshy. Comparing@Hde in e.g. tomato or courgette with e.g.

pea or wheat tends support this idea, but more work will be neetledlestit. Finally, it is worth
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noting that complete inflorescenaemnundergo terminal senescenogerennial plants (e.g. Arabis
alping), without affecting vegetative tissues (Wingler, 2011). Thus terminal seness@ote&nique
to monocarpic plants, suggesting that the underlying developmental program may be conserved

across flowering plants.

Taken togetheiif remainsto be established whether any senescence programs are widely regulated
by correlative controin flowering plants. Nevertheless,is clear that these senescence syndromes
are controlledby the same general decision-making princiglefor other shoot architectural traits.
Senescends clearly connectetb resource availabilityis responsiveo plant hormone levels, ansl
coordinatedoy global demand for nutrients (Nooden, 1984). For instance, cytokinin, an indicator of
soil nutrient availability, strongly inhibits monocarpic senescence (Zwack & Rashotte, 2013), while
strigolactonesan indicator of nutrient stress, promote sequential senesdenceany species
(Yamada & Umehara, 2015).

7. Perspectives

Correlative controls fornan important class of regulatory mechanisms for plant development, but
their study has been neglected and their molecular basis remains ukdéehave examined
dominance phenomena (negative correlative controls), and conichtitieey maybeless widespread

than previously thought. We propose that apical and carpic dominance may share a common
mechanistic basis rooteh auxin transport canalization. However, canalization itself remains
mechanistically enigmatic, and much more work will be ne¢déest these ideas. Converselg

have proposed that proliferative arrest (both vegetative and floral) may not béturdeorrelative
controls, but rather that they are more complex phenonmenhich seed-set plays a permissive
rather than instructive role. Overale have attemptedo develop a coherent framework for
understanding the developmental and regulatory mechanisms that control shoot architectare, and

provide new insights into the end of flowering, fruiting and growth (Figure 7.1

Producing enough foa feed a growing global populatiama critical challenge currently facéeg
humanity.As we have discussed, plants have evolt@drow conservatively given threavailable
resources for a numbef key reasonsThis includes trade-offs that allow long-term survival of the
species within the environment, and constraining grotwtipromote individual survival when
environmental conditions become less favourablewever,in the context of increasing crop
production, this conservativisia probably actingasa significant limitation on yields. For instance,
the first 50% of fertiliser applicatioim winter wheain the UK accounts for 90% of crop yield, with

the only 10% additional yield from the remaining fertiliser (Sylvester-Bragilaly 2015. The plants
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are therefore being provided with enough resou@esoduce higher yields, but their yield remains
mechanistically constrained, througieluctancéto committo production of additional tillers and

ears. Theonstrained nature of fruit productiemore dramati apple, with the abscission of many

fruits during‘June drop’ (Abruzzeseetal, 1995. Similarly, oilseed rape constraiits own yieldby
inhibiting growth of later-pollinated flowers, and throuidjie abscission of excess pods latethe

season (Chiletal, 1999. Clearly, oilseed plants grown the field must contend with issues that are
absentin the controlled conditions; for instance, reductiorgreen leaf area and stem integtidy
Leptosphaeria maculans (Phoma), or loss of unopened flowetdpdien beetle. While the crop

must compensate for these losses through production of extra organs, individual plants still also
produce multiple secondary branches iatithe season, which do not produce viable seed, effectively

wasting resources.

Fully understanding the mechanisms through which apical and carpic dominance act could have
substantially enhance our ability to increase crop yields with minimal (or no) increase of inputs. The
poor nitrogen use efficiency of most crops makes it clear that they do not fully utilise all of the
nutrients they are provided with, and we believe it should be possible to produce increased yields in
a wide range of crop species without increasing inpuiisby ‘persuading’ the plants to abandon

their inherent caution.
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Figures

Figure 1.1: Decision making in oilseed rape.

(A-C) 7-week old oilseed rape plants grommn3 different pot sizes. The plants have adapted their
growthto the availability of resources= 2 litres of soil,B= 0.75 litres of soilC, D = 0.15 litresof

soil. The small habit of (Cjs not causedy lack of nutrients; rather, the plant actively makes

developmental decisions that enaibl® successfully compleiés life cycle (D).
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Figure 1.3: A simple model for decision making in plants

(A) Plants integrate external and internal nitrate (N) and phosphate (P) availabilityinmite
systemic signals that move into the shoot system, and are ddtgetédrgans (blue and pink lines).
Photosynthetically fixed carbon (C) also aatsa systemic signal (purple lines). Individual organs
integrate systemic cues with local information (e.g. light availabtiityhake & pre-decision’ about

their growth.

(B) Co-ordinating mechanisms determine which organs ultimately grow. These give the appearance
of direct organ-organ communication (red lines), but signals do not necessarily movenbteevee

organsto mediate thes&orrelative controls’.
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Figure 2.1: Decision making and apical dominance in Arabidopsis branching

Plants grownn the same soil volume tertd make the same number of primary branches, despite
quite large changes life-history and light conditions. Meta-analysis 28 experimentsin which
Col-0 plants were growmm ~150ml of soiljn either glasshouse or controlled environment chambers.
Primary branch numbers were measuwatithe end of flowering. Each bar represents 1 experimental
mean + standard deviation, n per experiment = 8-24. For plants gnogantrolled environment
chambers, the number of hours of daylighhdicated.'8/16° plants were grown for 4 weeksshort
days (8 hoursof light) and then until the endf flowering in long days (16 hours of lightsha
experiments marked withD’, plants were decapitated after 2 weeks of flowehygcomplete

removal of all inflorescences, then allowtedecover.
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Figure 2.6: A hybrid model for shoot branching

(A) Systemic and local signals prime buds for activationrandodel auxin transport. Strigolactone
(SL; pink line) and possibly cytokinin (CK; blue line) alter availabibfyPIN auxin efflux carriers

in the stemSL andCK also alter transcription of BRANCHED1 (BRCih) the bud. Sugar (purple
line) also altersBRC transcription, as does local light availability, transduced through
PHYTOCHROME B (PhyB). BRC1 expression might alter cell division and/or alter @oxirce
strengthof the bud directly or indirectly. Auxin transpastshownin green.

(B) Canalization-dependent competition determines bud outgrowth. Circles indicate auxin source
strengthof buds (darker colours = higher source strength) and auxin sink stoénigehstem (darker
colours = lower sink strength). Where buds are sufficiently strong sources and thes stem
sufficiently strong sink, buds are albéeform canalised auxin transport links (green liteghe main

stem auxin transport stream, everihe presence of high BRC1 expression (black text). For diuds
middling auxin source strength, the high (black text) or low (grey text) expres®&tCafetermines
whether the buds activates or not. For buds of insufficient auxin strength, even low BRC1 @xpressi

does not resuln activation.
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Figure 3.2: Seed-driven dominance

(A) A plausible modebf carpic dominance withian inflorescence. Green lines = auxin transport
routes, the depth of colour indicates strength of transport. Large circles indicate auxirstsength

of fruit, small circles indicate auxin sink strength of the séitihe time the fruit initiated (darker
colours = lower sink strength). Fruit growth displays a continuous relationship with auxin export
strength, with earlier initiating fruits (at the bottom) exporting more auxin. The final fruit prdduce
(top) does not export sufficient auxin, leadiogormation ofan abscission zone between fruit and
stem (dashed line).

(B) A plausible model of GPA. Green lines = auxin transport routes. Auxin export from fruits\(yell
circles) gradually weakens the sink strength of the stem for auxin, causing auxin expatfive

shoot apices (green tranglés)e inhibited (dashed lines).
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Figure 5.2: Floral arrest

(A) Frequency distribution of the number of seed produced per iplanhdomly hand pollinated
Brassica rapa plants, all of which underwent floral arrest.

(B) Map showing the relative position of 16 oilseed rape figidgorkshire, and the daie May

2017in which the crops ceased flowering.
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Figure 7.1: Overall model for shoot architectural processes

Flow diagram showing key stages, processes and regulatory mechamisimsot architecture.
Developmental processes are shown with black arrows, developmental transition with purple arrows,
and possible correlative controls with red arrows. Blue arrows indicate that one tissus/stage

prerequisite for another developmental process or transition.
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