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SUMMARY

A level of redundancy and interplay among the transcriptional regulators of floral development safeguards a

plant’s reproductive success and ensures crop production. In the present study, an additional layer of com-

plexity in the regulation of floral meristem (FM) identity and flower development is elucidated linking carot-

enoid biosynthesis and metabolism to the regulation of determinate flowering. The accumulation and

subsequent cleavage of a diverse array of f-carotenes in the chloroplast biogenesis 5 (clb5) mutant of Arabi-

dopsis results in the reprogramming of meristematic gene regulatory networks establishing FM identity

mirroring that of the FM identity master regulator, APETALA1 (AP1). The immediate transition to floral

development in clb5 requires long photoperiods in a GIGANTEA-independent manner, whereas AP1 is

essential for the floral organ development of clb5. The elucidation of this link between carotenoid metabo-

lism and floral development translates to tomato exposing a regulation of FM identity redundant to and ini-

tiated by AP1 and proposed to be dependent on the E class floral initiation and organ identity regulator,

SEPALLATA3 (SEP3).

Keywords: Arabidopsis thaliana, apocarotenoids, carotenoids, flower development, floral meristem identity,

floral homeotic genes, retrograde signaling, Solanum lycopersicum.

INTRODUCTION

Establishing and maintaining floral meristem (FM) identity

is paramount for plant reproductive success underpinning

the production of fruits and grains that contribute to food

security. Events leading to the emergence of the FM

involve an elaborate reprogramming of gene regulatory

networks in response to environmental factors (e.g. day

length, abiotic stress) and endogenous cues, thereby driv-

ing the transition from a vegetative to a reproductive state

(Andres & Coupland, 2012; Wils & Kaufmann, 2017). The

timing of flowering with respect to season, environment

and development is critical to the reproductive success of

most plant species. Equally, the same fundamental

variables impact photosynthesis and the allocation of

energy and resources across the plant that is central for

reproductive success. The development and physiological

status of the chloroplast is communicated to the nucleus

by a series of known and yet-to-be identified retrograde

signaling cascades. We hypothesize that retrograde signal-

ing provides a mechanism for an anticipated, but unre-

solved, coordination between photosynthetic organelles

and meristem identity transitions.

The initiation of flowering in Arabidopsis is marked by

major changes in gene transcription. Seasonal changes,

such as day length and temperature, act via GIGANTEA

(GI), CONSTANS (CO) and the epigenetic regulation of
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FLOWERING LOCUS C (FLC) to initiate flowering (Andres &

Coupland, 2012). Once the FM is initiated, establishing FM

identity and subsequent floral development are heavily

dependent on the activity of FM identity master regulatory

transcription factors, LEAFY (LFY) and APETALA1 (AP1)

(Saddic et al., 2006; Pastore et al., 2011; Grandi et al., 2012;

Wils & Kaufmann, 2017). Upon FM emergence, AP1 down-

regulates several floral repressors from the APETALA2

(AP2) family of transcription factors (i.e. SCHNARCHZAP-

FEN, SNZ; TARGET OF EAT1, TOE1; and TOE3) (Kaufmann

et al., 2010). In the early stages of FM development, AP1

also represses multiple floral promoting transcription fac-

tors (i.e. AGAMOUS-like 24, AGL24; SUPPRESSOR OF

CONSTANS1, SOC1; FLOWERING LOCUS D, FD; and

FRUITFULL, FUL), as well as SHORT VEGETATIVE PHASE,

SVP and the AP1-antagonist TERMINAL FLOWER 1 (TFL1),

which are prevalent in the inflorescence meristem to pro-

mote the continuous emergence of floral primordia

(Hanano & Goto, 2011; Kaufmann et al., 2010; Liljegren

et al., 1999; Wigge et al., 2005). In doing so, AP1 estab-

lishes FM identity, maintaining its determinacy at the same

time as securing its own expression for downstream floral

organ speciation and development by inducing LFY via a

positive feedback loop (Grandi et al., 2012). The repression

of SVP and AGL24 by AP1 relieves the negative regulation

of SEPALLATA3 (SEP3) (Pose et al., 2012) enabling AP1/

SEP3 heterodimers to form and induce floral homeotic

gene expression (i.e. APETALA3, AP3 and PISTILATA, PI),

ultimately initiating floral organ specification and develop-

ment (Gregis et al., 2008; Wils & Kaufmann, 2017).

This establishment of FM identity is conserved across

both monopodial (e.g. Arabidopsis and Antirrhinum majus,

snapdragon) and sympodial (e.g. Solanum lycopersicum,

tomato) dicots (Hong, 1998; MacAlister et al., 2012). In

tomato, flower development research largely targets the

maturation of the primary sympodial inflorescence meri-

stem (SIM) governing the emergence of a secondary SIM

prior to its own termination into a FM (MacAlister

et al., 2012; Park et al., 2011). Within this SIM termination,

understanding of FM identity regulation remains limited

compared to Arabidopsis and Anthirrinum. However, LFY

and AP1 orthologues in tomato, FALSIFLORA (FA) and

MACROCALYX (MC), respectively, play a role in establish-

ing FM identity similar to LFY and AP1 and regulate tomato

inflorescence complexity based on the observed reversion

to a vegetative meristem in highly branched (or com-

pound) secondary inflorescence shoots of null mutants fa

and mc-vin (Molinero-Rosales et al., 1999; Yuste-Lisbona

et al., 2016).

The four concentric whorls within the FM each give

rise to one of four floral organs: sepals (whorl one), petals

(whorl two), stamens (whorl three) and carpels (whorl

four) (Krizek & Fletcher, 2005; Wellmer et al., 2014),

according to the well-established ABCE model for flower

development that describes the orchestrated interplay

between floral homeotic transcription factors functioning

in multimeric complexes within each whorl (Coen &

Meyerowitz, 1991; Krizek & Fletcher, 2005; Wellmer

et al., 2014). Whorl 1 identity (i.e. sepals) is controlled by

the A-class genes AP1 and AP2; whorl 2 identity (i.e.

petals) is controlled by A- together with the B-class genes

(AP3 and PI), whorl 3 identity (i.e. stamens) is controlled

by B-class genes and the C-class gene (AGAMOUS, AG),

and whorl 4 identity (i.e. carpels) is controlled by AG

(Bowman et al., 1991; Krizek & Fletcher, 2005). Addition-

ally, the E-class SEPALLATA genes (SEP1, SEP2, SEP3,

SEP4) as a whole are indispensable, functioning with a

degree of redundancy in the multimeric complexes with

A-, B- and C-class transcription factors, excluding AP2

(Ditta et al., 2004; Pelaz et al., 2000).

The loss of any one or combination of these floral

homeotic transcription factors has drastic effects, resulting

in the mis-development of leaf-like organs, loss of whorl

specific floral organs and/or repetitive floral organ develop-

ment in several whorls (Bowman et al., 1991; Ditta

et al., 2004; Pelaz et al., 2000). Yet, although these regula-

tory networks have been well characterized, the potential

contribution of plant-derived metabolic signals aiding in

the timing and irreversible transition from shoot apical

meristem to the FM remains largely unexplored

(Chandler, 2012).

Plants respond to environmental fluctuations by alter-

ing their physiological state, using hormones and cellular

signals. Plants have evolved diverse (in the order of

dozens) chloroplast-to-nucleus retrograde cellular signals

affecting the expression of thousands of genes that detox-

ify free radicals, repair damage and allow better acclimati-

zation of the cell (Chan et al., 2016). These retrograde

signals include, but are not limited to, reactive oxygen spe-

cies (ROS) such as singlet oxygen (1O2) and hydrogen per-

oxide (H2O2), SAL1-PAP, oxyphytodienoic acid,

dihydroxyacetone phosphate, b-cyclocitral and b-cyclocitric
acid (Chan et al., 2016; D’Alessandro et al., 2019; Ramel

et al., 2012). The latter two retrograde signals originate

from the same set of metabolites (i.e. carotenoids) that

produce the essential phytohormones, ABA and strigolac-

tone (D’Alessandro et al., 2019; Ramel et al., 2012).

In addition to modulating and communicating chloro-

plast homeostasis, retrograde signaling enables the chloro-

plast to function as an environmental sensor for the cell

and adjust plant development (Chan et al., 2016). Of particu-

lar interest is the link between carotenoid biosynthesis and

metabolism and regulation of plant development. Accumu-

lation of apocarotenoid signals originating in the chloro-

plast via enzymatic and non-enzymatic carotenoid cleavage

by carotenoid cleavage dioxygenases (CCDs) and ROS,

respectively, has been linked to the regulation of nuclear

gene transcription. These transcriptional modulations are
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the result of retrograde signaling cascades initiated by

apocarotenoid signals, for which most of the intermediate

signaling components of remain to be determined, and

they impact various aspects of vegetative plant develop-

ment (e.g. leaf and root development, and skoto- and

photo-morphogenesis) (Avenda~no-V�azquez et al., 2014;

Cazzonelli et al., 2020; Dickinson et al., 2019; Jia et al., 2019;

Wang et al., 2019). Yet, it remains to be determined whether

chloroplast homeostasis and communication may impact

the similarly resource intensive processes of reproductive

development.

The poly-cis-transformation of 15-cis-phytoene to all

trans-lycopene early in carotenogenesis has garnered

increased attention as a potential source of apocarotenoid

signals affecting aspects of plant development. In bacterial

carotenogenesis 15-cis-phytoene is converted to all trans-

lycopene through six chemical transformations carried out

by a single enzyme, CRTI. Through evolution, plants have

evolved a more complex poly-cis-transformation pathway

providing more control points (i.e. genes) that the plant

can transcriptionally regulate in a tissue and developmen-

tal stage specific manner (Figure 1a). The reactions are as

Figure 1. The clb5 mutation in ZDS of Arabidopsis manifests in a determinate meristem from which chimeric floral organs arise.

(a) Simplified carotenoid biosynthetic pathway describing the poly-cis transformation of 15 cis-phytoene to all trans-lycopene, preceding the synthesis of photo-

protective carotenes and xanthophylls, including the proposed biosynthesis of ACS1 according to Avenda~no-V�azquez et al. (2014). Enzymes are shown in bold.

PDS, phytoene desaturase; ZISO, zeta-carotene isomerase; ZDS, zeta-carotene desaturase; CRTISO, carotenoid isomerase; CCD4, carotenoid cleavage dioxygen-

ase 4. clb5 and ccd4 mutations are denoted in red italics. Norflurazon (NFZ) is a chemical inhibitor of PDS.

(b) Developmental phenotypes of LerNFZ (TOP) and clb5 (BOTTOM) seedlings at 14, 21 and 28 DPI. Inflorescence and developing floral buds on LerNFZ plants are

indicated with an arrow. ‘cot’ indicates cotyledons and leaves are numbered. Chimeric floral organs are indicated by arrowheads.

(c) Cryo-SEM images comparing shoot apical meristem and leaf development in the albino control, LerNFZ and clb5 seedlings. Scale bars = 1 mm (top) and

25 lm (bottom). Trichomes and stomata are indicated by arrowheads and arrows, respectively.

(d) Top: Cryo-SEM images comparing cell morphologies of clb5 chimeric floral organs (scale bar = 100 lm) and their similarity to that of anthers (scale

bar = 25 lm) and stigmatic cells (scale bar = 25 lm) from Ler-0 flowers. Additional floral tissues are shown in Figure S3. Bottom: Cryo-SEM images showing

functionality of stigmatic papillae of clb5. Scale bars in order = 100 lm, 100 lm and 50 lm. Swelling and germinating pollen grains are indicated with arrows

and asterisk, respectively (see also Figures S1 and S3).

� 2023 The Authors.
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follows: 15-cis-phytoene is desaturated twice by phytoene

desaturase (PDS) generating 9,15,90-tri-cis-f-carotene;
9,15,90-tri-cis-f-carotene is isomerized by f-carotene isom-

erase (ZISO) producing 9,90-di-cis-f-carotene; f-carotene
desaturase (ZDS) desaturates 9,90-di-cis-f-carotene twice

providing 7,9,7090-tetra-cis-lycopene, which is subsequently

isomerized by carotenoid isomerase (CRTISO) to give all

trans-lycopene (McQuinn et al., 2020). These multiple con-

trol points are considered to provide plants the opportunity

to accumulate carotene intermediates in the poly-cis-trans-

formation pathway when developmentally required, the

subsequent cleavage of which produces apocarotenoids

that initiate retrograde signaling cascades, ultimately pro-

viding an additional means to regulate plant development

through transcriptional reprogramming (Sierra et al.,

2022).

Therefore, examining mutants within the poly-cis-

transformation pathway, including albino mutants, incapa-

ble of photosynthesizing, provides a unique opportunity to

explore potential links between the accumulation and sub-

sequent cleavage of acyclic carotene intermediates with

the regulation of various aspects of plant development.

Although using albino mutants to discover and character-

ize signals may appear to be counterintuitive when study-

ing plant developmental biology, it is important to note

that there are key cell types and tissues (e.g. deep within

the shoot apical meristem and roots, respectively) contain-

ing undifferentiated plastids or non-photosynthetic plastids

essential for plant development (Liebers et al., 2017). Fur-

thermore, normal plant development of albino caroteno-

genic mutants can be achieved when a carbon source (i.e.

sucrose) is supplemented, providing a mechanism to per-

turb flux and thereby reveal roles for (apo)carotenoids.

Characterization of the Arabidopsis ccr2 mutant dis-

rupting CRTISO has linked CRTISO carotene substrate-

derived apocarotenoids to the regulation of skotomorpho-

genesis (Cazzonelli et al., 2020). The resulting undefined

apocarotenoid(s) in ccr2 initiates transcriptional repro-

gramming in parallel with DEETIOLATED1 (DET1), a repres-

sor of photomorphogenesis, supporting the above

hypothesis (Cazzonelli et al., 2020). Additionally, the chlo-

roplast biogenesis 5 (clb5) mutant in Arabidopsis contain-

ing a lesion in ZDS displays profound alterations in leaf

morphology and cellular differentiation suggesting deregu-

lation of meristematic function (Avenda~no-V�azquez

et al., 2014) (Figure 1a,b). Indeed, over-accumulation of

ZDS substrates and subsequent cleavage by CCD4 initiates

a retrograde signaling cascade that represses nuclear-

encoded chloroplast-targeted ribosomal subunits, thereby

inhibiting chloroplast translation (Avenda~no-V�azquez

et al., 2014; Escobar-Tovar et al., 2020; Hou et al., 2016).

This loss of chloroplast translation results in altered leaf

development producing radial leaves (Escobar-Tovar

et al., 2020).

In the present study, we provide evidence that the

accumulation of ZDS substrates and their subsequent cleav-

age in the clb5mutant is capable of driving a massive repro-

gramming of gene regulatory networks associated with FM

identity within the shoot apical meristem, ultimately con-

verting it to a determinate FM. This unique conversion is

dependent on long day (16:8 h light/dark) conditions in a GI-

independent manner, with AP1 being exclusively required

for subsequent chimeric floral organ development. In fur-

ther support of this result, we demonstrate that ZDS is

uniquely regulated during early stages of flower develop-

ment when FM identity is established under indirect control

of the FM identity master regulator AP1. Lastly, we confirm

that removal of the f-carotene-derived apocarotenoid signal

through the constitutive over-expression ZDS impairs floral

meristem termination in tomato.

RESULTS

The clb5 mutation in ZDS manifests in altered meristem

function and development of chimeric floral organs

Upon investigating the development of Arabidopsis albino

carotenogenic mutants within and preceding the poly-cis-

transformation pathway, we demonstrated that the ZDS

mutation, clb5, manifests in seedlings that are unique

among other albino carotenogenic mutants forming radial

primary leaves and ceasing further development

(Avenda~no-V�azquez et al., 2014). By modifying tissue cul-

ture media with an increased carbon source, we prolonged

the growth of clb5 seedlings beyond our earlier reports

(Figure 1a,b) (Avenda~no-V�azquez et al., 2014; Escobar-

Tovar et al., 2020). Under these conditions, wild-type

Landsberg erecta seedlings treated with norflurazon

(LerNFZ), an herbicide that blocks carotenogenesis by inhi-

biting phytoene desaturase activity, develops leaves simi-

larly to that of wild-type, producing numerous lamellar

leaves with trichomes, stomata, and normal phyllotaxy

(Figure 1b,c). Further, LerNFZ seedlings successfully transi-

tioned to reproductive development with complete flowers

emerging from the rosette around 21 days post imbibition

(DPI) (Figure 1b and Figure S1), consistent with wild-type

development under long photoperiods. It is significant that

LerNFZ and all other examined albino carotenogenic

mutants do not show major aberrations in seedling devel-

opment as exhibited by disrupting ZDS within the caroten-

oid biosynthesis. Consequently, LerNFZ represents the best

albino control, opposed to pds3, because it does not dis-

play altered plant development resulting from feedback

inhibition of gibberellic acid biosynthesis. Thus, this pro-

vides an optimal opportunity to explore the developmental

alterations specific to the clb5 mutant, distinct from the

shared impairment of photosynthesis and carotenoid

derived hormones (i.e. strigolactones and ABA) (Qin

et al., 2007).

� 2023 The Authors.
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By contrast to LerNFZ, clb5 seedlings display signifi-

cantly altered meristematic function (Figure 1). After devel-

opment of the primary radial leaves, at approximately 14

DPI, the clb5 shoot apical meristem transitions to a deter-

minate meristem from which three to four needle-like

organs develop (Figure 1b,c). These needle-like organs

have significantly reduced numbers of trichomes and sto-

mata and emerge simultaneously in a whorled arrange-

ment (Figure 1c). No further development was observed in

clb5 seedlings once these organs emerged (Figure 1b).

Importantly, the developmental aberrations in clb5 were

not reverted by exogenous gibberellic acid application, in

contrast to the observed dwarf phenotype reversion of

pds3, further supporting the unique association of this

altered development to the deficiency of ZDS (Figure S2).

The determinate nature of the meristem and whorled

arrangement of the needle-like organs share striking simi-

larities with that of the floral meristem and flower

development. Cryogenic scanning electron microscopy

(cryo-SEM) was employed to investigate the morphologi-

cal characteristics of the needle-like organs, comparing

their epidermal cell shape and structure to distinct cell

types present in wild-type leaves and floral tissues

(Figure 2d; Figure S3a). The epidermal cells of the needle-

like organs of clb5 are a mosaic of two different cell

types, one of them with morphological features resem-

bling anther cells of the stamen, and the other elongated

similar to stigmatic papillae of the carpel (Figure 1d;

Figure S3a).

To further explore the physiological functionality of

the stamen-like and stigmatic papillae-like cells, mature

pollen grains from Ler-0 were brushed on clb5 needle-like

organs and incubated for 24 h (Figure 1d). Pollen grains

remained unresponsive unless in contact with protruding

cells resembling stigmatic papillae on clb5 needle-like

organs (Figure 1d). When in contact with these cells, the

Figure 2. Aberrant meristem function in clb5 is associated with over-accumulation and subsequent cleavage of f-carotenes.
(a) Cryo-SEM images showing the reversion of clb5 phenotypes when grown on NFZ, clb5NFZ (scale bars = 1 mm and 100 lm), clb5 ccd4 (scale bars = 1 mm

and 25 lm) and grown under low light (< 10 lmol m�2 sec�1), clb5vLL (scale bars = 1 mm and 100 lm). Stomata and trichomes are indicated by arrows and

arrowheads, respectively.

(b) Images of 28 DPI seedlings demonstrating phenotype reversion in clb5NFZ (scale bar = 5 mm), clb5 ccd4 (scale bar = 1 mm) and clb5vLL (scale bar = 5 mm).

Developing florets on clb5NFZ and clb5vLL plants are identified with an arrow. clb5 ccd4 cotyledons are indicated by ‘cot’, lamellar leaves are numbered (1–5) and
chimeric floral organs are identified with arrowheads.

� 2023 The Authors.
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pollen grains swelled, with some eventually germinating,

demonstrating that these cells behave as functional stig-

matic papillae (Figure 1d). Combined, these results suggest

the pollen grain response is specific to contact with the

stigmatic papillae-like cells, and not a result of changes in

relative humidity. Given the pronounced development of

carpelloid stigmatic papillae-like cells on the needle-like

organs, histochemical GUS assays were carried out to fur-

ther characterize their molecular identity and the needle-

like organs on which they reside. Specific reporters to

stigma (YJ-STIG::GUS, Figure S3b–e) and style tissues

(SHP1::GUS, Figure S3f–i) of Arabidopsis carpel, as previ-

ously described in Alvarez et al. (2009), were introduced

into the clb5 background. YJ-STIG::GUS expression

throughout the clb5 needle-like organs confirms the molec-

ular identity of these unique cells as stigmatic papillae-like

(Figure S3c), whereas the lack of SHP1::GUS expression

shows the absence of additional features consistent with

carpel identity (Figure S3g).

Collectively, these results indicate that the needle-like

organs of clb5 are chimeric floral organs with stamenoid

(anther cells) and carpelloid (stigmatic papillae) develop-

mental features, and therefore will be referred to hereafter

as chimeric floral organs.

Aberrant meristem function in clb5 is linked to f-carotene
over-accumulation and subsequent cleavage

Formation of the radial primary leaves in clb5 is a result

of the synthesis of unidentified apocarotenoids upon

cleavage of f-carotenes by CCD4 (Avenda~no-V�azquez

et al., 2014). Given that, we investigated whether the

development of the chimeric floral organs and the deter-

minate meristem of clb5 are similarly regulated by inhi-

biting the synthesis of f-carotenes using NFZ, as well as

f-carotene-derived apocarotenoid synthesis by removing

CCD4.

First, HPLC enabled the accurate identification and

quantification of carotenes accumulating in clb5. As previ-

ously reported, in green leaves of Ler-0, carotenes within

the poly-cis-transformation of 15 cis-phytoene to all trans-

lycopene (e.g. phytoenes, phytofluenes, and f-carotenes)
are undetectable (data not shown) (Qin et al., 2007). How-

ever, in contrast to wild-type, the loss of ZDS results in the

significant accumulation of not one but 19 distinctive f-
carotene isomers in clb5 seedlings at 14 DPI, 12 of which

were further defined. Four represent the most commonly

quantified in plant tissues (i.e. 9,15,90-tri-cis-f-carotene,
9,90-di-cis-f-carotene, 9-cis-f-carotene and all trans-f-
carotene) (Table 1; Figure S4). The eight remaining f-
carotenes have been confirmed to be f-carotene isomers

based on their UV spectrum and mass-to-charge ratio via

LC coupled with atmospheric pressure chemical ionization

high-resolution mass spectrometry (APCI-HRMS)

(Table S1; Figure S5).

As expected, accumulation of f-carotene isomers in

clb5 seedlings was inhibited upon transfer to NFZ supple-

mented media (clb5NFZ) because it blocks the enzymatic

activity in the preceding step in the pathway (PDS), result-

ing in accumulation of phytoene (Table 1). Only three of

the f-carotene isomers identified in the clb5 mutant were

detectable (9,90-di-cis-f-carotene, 9-cis-f-carotene and all

trans-f-carotene), albeit at significantly lower levels

(Table 1). The reduction in ZDS substrates coincided with

reversion of the leaf and floral phenotypes of clb5NFZ seed-

lings, including lamellar leaves with spiral phyllotaxy, exhi-

biting trichomes and stomata, instead of determinate

whorls of chimeric floral organs (Figure 2a). Furthermore,

50–60% of clb5NFZ plants subsequently transitioned to

LerNFZ-like reproductive development by 28 DPI

(Figure 2b).

Introduction of the ccd4 mutation in clb5 significantly

increased 10 of the 19 detectable f-carotene isomers and

15-cis-phytoene (Table 1). This accumulation within the

carotenoid profile is consistent with the idea that the loss

of CCD4 results in reduced enzymatic cleavage of specific

f-carotene isomers and 15-cis-phytoene. The altered carot-

enoid profile in clb5 ccd4 was also morphologically associ-

ated with the formation of lamellar primary leaves with

increased numbers of trichomes and stomata consistent

with previous reports (Figure 2a) (Avenda~no-V�azquez

et al., 2014). Furthermore, development in clb5 ccd4 plants

post primary leaves was also temporarily restored with the

next three or four leaves displaying a lamellar shape simi-

lar to LerNFZ (Figure 2a,b). However, after the emergence of

leaf four or five in clb5 ccd4 plants, three or four chimeric

floral-like organs emerge from the converted floral-like

meristem similar to that observed in clb5, suggesting ccd4

delays, rather than fully reverts, the development of chime-

ric floral organs in clb5 (Figure 2b).

The transient reversion in clb5 ccd4 also supports the

potential for non-enzymatic cleavage of f-carotene isomers

by singlet oxygen (1O2) as a consequence of light exposure

during later developmental stages (Escobar-Tovar

et al., 2020). To further support this clb5 seedlings were

grown under very low light conditions (< 10 lmol

m�2 sec�1) (clb5vLL) (Table 1 and Figure 2a,b). The very low

light growth condition broadly affected the carotenoid pro-

file in clb5 by increasing all carotenoids, ranging from six-

fold for f-carotene isomer 2 to 106-fold for f-carotene iso-

mer 5 (Table 1). Very low light also reverted the develop-

mental phenotypes such that clb5vLL seedlings closely

resembled LerNFZ (Escobar-Tovar et al., 2020). Further-

more, this reversion is maintained through to the transition

to reproductive development at 28 DPI (Figure 2a,b).

Together, these data suggest that the floral pheno-

types in clb5 seedlings are associated with an over-

accumulation and subsequent cleavage of f-carotene iso-

mers in a CCD4- and light-dependent manner.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804
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Massive reprogramming of gene regulatory networks

associated with floral meristem identity and organ

development underpins the aberrant meristem function in

clb5

During flowering in the monopodial Arabidopsis, the vege-

tative meristem is transformed first into an inflorescence

meristem from which floral meristems emerge and

develop into a complete flower. The early formation of chi-

meric floral organs after the first set of true leaves raises

the question as to which meristem maintenance and FM

identity genes are deregulated consequent to the over-

accumulation and subsequent cleavage of ZDS carotene

substrates. This was investigated using meristem-enriched

samples of seedlings at 14 DPI, representing the time when

chimeric floral organs just begin to emerge in clb5

(Figure 3).

Primary alterations in the meristem homeostasis of

clb5 are evident in the massive induction of meristem

maintenance genes, WUS and CLV3 in clb5 compared to

LerNFZ (Figure S6a). WUS was induced by 32-fold relative

to LerNFZ, whereas CLV3 was induced by 10-fold

(Figure S6a). Interestingly, although histochemical GUS

assays demonstrate CLV3 expression covers a broader

area in the upper layers of the clb5 meristem, coinciding

with an apparent enlarged meristem, WUS expression is

relocated from deep within the meristem to the tips of the

chimeric floral organs of clb5 (Figure S6b,c).

Regarding floral development, transcript abundance

of AP2-like floral repressors (i.e. AP2, SMZ, SNZ, and

TOE1, 2 and 3), floral promoters (i.e. AGL24, SOC1, FD and

FUL), transcription factors maintaining the indeterminate

nature of the shoot apical and inflorescence meristems (i.e.

SVP and TFL1) and floral homeotic transcription factors

(i.e. AP1, AP3, PI, AG, and SEP1, 2 and 3) were quantified

in clb5 relative to LerNFZ in a primary comparison (Figure 3).

Three of the six AP2-like floral repressors, SNZ, TOE1 and

Table 1 Carotenoid content of clb5 revertants compared to clb5 (ng g�1 FW, n = 3) (mean � SE)

Carotenoids

clb5 revertants

UV Spectrum clb5 clb5NFZ clb5;ccd4 clb5vLL

286 nm (Absmax)
15 cis-phytoene 276, 286, 298 ND 4221.86 � 449.07 92.38 � 13.28 440.74 � 51.56

Phytoene 2 276, 286, 298 ND 1360.90 � 146.18 ND ND
348 nm
Phytofluene 1 332, 348, 368 ND 7.62 � 0.93 ND 152.87 � 27.76

Phytofluene 2 332, 348, 368 ND 9.61 � 1.04 ND 126.68 � 35.36

400 nm
f-carotene isomer 1b (296) 378, 400, 424 ND ND ND 37.37 � 5.42**
f-carotene isomer 2b 378, 400, 424 8.85 � 0.82 ND 12.31 � 0.11* 119.48 � 38.59*
f-carotene isomer 3b 378, 400, 424 20.65 � 0.52 ND 27.29 � 1.13** 116.36 � 11.75**
f-carotene isomer 4b (290) 378, 400, 424 7.54 � 1.57 ND 10.55 � 1.00 108.95 � 30.40*
f-carotene isomer 5a,b (292) 378, 400, 424 2.35 � 2.35 ND 10.26 � 1.57 249.82 � 14.99***
9,15,90 tri-cis-f-carotenea,b (296) 376, 396, 422 19.85 � 0.29 ND 14.76 � 1.12* 315.45 � 19.04***
f-carotene isomer 7a,b (296) 376, 396, 422 12.80 � 0.92 ND 17.68 � 2.51 334.65 � 31.38***
f-carotene isomer 8a,b (296) 376, 396, 422 7.23 � 0.55 ND 11.22 � 2.10 75.62 � 4.65***
f-carotene isomer 9b (296) 376, 396, 422 5.79 � 0.51 ND 7.72 � 0.02 147.74 � 7.69***
9,90 di-cis-f-carotenea,b (294) 380, 400, 426 56.67 � 6.39 8.25 � 1.83*** 114.55 � 13.02* 2103.16 � 133.48***
9 cis-f-carotenea,b (294) 380, 400, 426 50.82 � 3.01 13.41 � 0.45*** 89.81 � 9.15* 1592.31 � 26.50***
All trans-f-carotenea,b (294) 380, 400, 426 13.09 � 0.72 6.29 � 0.72* 19.46 � 1.64* 434.47 � 30.38***
f-carotene 13 (294) 378, 398, 422 6.65 � 0.79 ND 8.67 � 0.18 48.49 � 2.33***
f-carotene 14 (296) 380, 400, 426 13.59 � 0.47 ND 21.28 � 1.93* 185.35 � 10.10***
f-carotene 15 (292) 380, 400, 426 18.78 � 1.01 ND 31.00 � 2.50* 309.29 � 8.95***
f-carotene 16 (294) 380, 400, 426 9.27 � 0.83 ND 14.60 � 1.29* 149.38 � 3.85***
f-carotene 17 (296) 380, 400, 426 17.15 � 2.12 ND 23.90 � 1.56 143.68 � 11.52***
f-carotene 18 (296) 380, 400, 426 16.17 � 0.87 ND 25.71 � 1.61** 144.71 � 4.79***
f-carotene 19 (296) 382, 400, 426 7.27 � 0.86 ND 12.52 � 0.17** 62.90 � 3.14***

ND indicates carotenoids that were below the limits of detection give the current analytical conditions.
Statistically significant changes in carotenoid amount compared to clb5 are indicated in bold. Statistical analysis was performed using
Student’s t-test with the results shown as: *P < 0.05; **P < 0.01; ***P < 0.001).

Shaded rows indicate newly identified f-carotene isomers in clb5.
(see also Figures S4 and S5; Table S1).
af-carotene isomers previously identified in tomato (Fantini et al., 2013; McQuinn et al., 2020).
bCarotenoid identification confirmed as f-carotene isomers according to m/z ratio via LC-APCI-MS.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 783–804
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Figure 3. Reprogramming of gene regulatory networks involved in FM identity and floral organ development.

(a) AP2-like floral repressor mRNA levels relative to the albino control LerNFZ.

(b) Shoot apical meristem identity and floral development regulator mRNA levels relative to LerNFZ.

(c) Floral homeotic transcription factor mRNA levels relative to LerNFZ.

In all experiments n ≥ 4, each in triplicate. Statistical significance was determined based on FDR <0.05. Inset is a visual depiction of the ABCE model coordinat-

ing gene class with floral organ development. Data are represented as the mean � SEM from three independent biological replicates (see also Figure S5).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804
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TOE3, were strongly repressed in clb5 compared to LerNFZ,

with SNZ and TOE3 significantly repressed by 97% and

TOE1 repressed by 62% (Figure 3a). Five of the six floral-

promoting and meristem maintenance transcription factors

analyzed were significantly repressed by greater than 50%

in clb5 seedlings compared to LerNFZ, with SOC1, SVP and

TFL1 repressed by 96, 80 and 90%, respectively (Figure 3b).

The expression of the MADS-box transcription factors from

the ABCE model of floral whorl identity and organ initia-

tion was significantly deregulated in the clb5 seedlings,

with the largest impact being a 14-fold induction of the B-

class gene PI (Figure 3c). Expression of the C-class gene

AG was also affected in clb5, but to a lesser extent, being

repressed by 57% relative to LerNFZ (Figure 3c). It is impor-

tant to note that transcripts for all floral homeotic genes,

apart from SEP4, were detected and quantified in each

genotype and condition tested (Figure 3c).

Consistent with the partial phenotypic reversion

observed in clb5 ccd4, the absence of CCD4 results in mod-

est reversion to the altered expression profile of clb5 (Fig-

ure 3; Figure S6a). The expression of both WUS and CLV3

in clb5 ccd4 reverted to levels comparable to LerNFZ

(Figure S6a), although the AP2-like transcription factors

remained repressed similar to clb5 (Figure 3a). Among the

three floral promoters (i.e. SOC1, FD, and FUL) and two

meristem maintenance factors (SVP and TFL1) repressed in

clb5, only FUL expression returned to levels comparable to

the albino control in clb5 ccd4 (Figure 3b). For the floral

homeotic genes, PI and AG, there was significant, albeit

intermediate, reversion in clb5 ccd4 (Figure 3c).

Consistent with the developmental reversion (Figure 3)

mediated by NFZ and very low light treatments, gene

expression levels were restored in clb5NFZ treatments for

all but two transcription factors (Figure 3), whereas 100%

of floral regulatory genes were restored in the clb5vLL

towards levels similar to or higher than those observed in

LerNFZ (Figure 3). Significant increases in the expression of

the floral repressing transcription factors SNZ, TOE1 and

TOE3 towards that of LerNFZ were observed in clb5NFZ and

clb5vLL, albeit to varying degrees (Figure 3a). In clb5NFZ,

mRNA levels for the floral promoters FD and FUL returned

to levels similar to or higher than LerNFZ, respectively

(Figure 3b). Concurrently, the meristem maintenance factor

SVP transcripts increased significantly, but remained less

than LerNFZ (Figure 3b). The transcripts for SOC1 and TFL1

in clb5NFZ increased compared to clb5, yet narrowly fell

short of the significance threshold [i.e. false discovery rate

(FDR) < 0.05] (Figure 3b).

Out of all genetic and environmental revertant treat-

ments tested, clb5vLL showed the strongest reversion with

respect to mRNA levels for all of the five flower-promoting

and meristem maintenance transcription factors deregu-

lated in clb5, returning to levels recorded in LerNFZ, or

higher in the case of FD (Figure 3b). clb5vLL has significant

recovery of PI expression in the direction of LerNFZ

(Figure 3c). Regarding the AG gene, both clb5NFZ and

clb5vLL showed increased expression similar to that of clb5

ccd4, still falling short of levels in LerNFZ (Figure 3c). Collec-

tively, even though gene expression patterns in clb5NFZ and

clb5vLL are not restored precisely to levels seen in LerNFZ,

the changes are sufficient to restore normal development.

The unique and strong induction of PI in response to

the over-accumulation and subsequent cleavage of ZDS

carotene substrates in clb5 at 14 DPI was intriguing

because potential AP3 and SEP3 regulators of PI in the

ABCE model were not induced in clb5 at this stage of

development. Upon revisiting our RNA-sequencing data

(Escobar-Tovar et al., 2020), it is clear AP3 and SEP3 were

both significantly induced at 10 DPI (Figure S7). To con-

firm this result, AP3 and SEP3 transcripts were also quan-

tified via a quantitative real-time polymerase chain

reaction (qRT-PCR) in clb5 seedlings and compared to the

albino control LerNFZ, as well as revertants clb5 ccd4 and

clb5NFZ, at 10 DPI (Figure 4). At this time AP3 was

Figure 4. AP3 and SEP3 induction at 10 DPI precedes chimeric floral organ emergence.

Floral homeotic transcription factors AP3 and SEP3 mRNA levels in clb5 and revertants, clb5 ccd4 and clb5NFZ, relative to LerNFZ. In all experiments n = 4, each

in triplicate. Statistical significance was determined based on FDR < 0.05. Data are represented as the mean � SEM from four independent biological replicates.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 783–804
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induced by approximately two-fold and SEP3 showed

stronger induction of approximately six-fold compared to

LerNFZ. Similar to the RNA-sequencing data (Escobar-

Tovar et al., 2020) the expression of AP3 and SEP3 was

comparable to LerNFZ in the clb5 ccd4 revertant (Figure 4).

Unexpectedly, transferring clb5 seedlings to media con-

taining NFZ at 5 DPI did not return AP3 and SEP3 expres-

sion back to the levels reported for LerNFZ, and this is

consistent with their elevated transcripts observed in 14

DPI seedlings undergoing the same treatment (Figures 4

and 3c).

The targeted gene expression analysis demonstrates

that the accumulation and subsequent cleavage of f-
carotenes isomers in clb5 results in a broad reprogram-

ming of gene regulatory networks crucial to FM identity

(Figure 3). Furthermore, the induction of PI and detectable

levels of transcripts for all other necessary MADS-box tran-

scription factors in the ABCE model at 14 DPI, along with

the earlier induction of AP3 and SEP3 at 10 DPI, appears to

be sufficient for the promotion of chimeric flower organ

development in the clb5 seedlings (Figures 3 and 4). That

said, the variability in the reversion of the clb5-associated

transcriptional modulations observed across each of the

revertants adds a level of complexity to the regulation of

this phenomenon and is reminiscent of the partial comple-

mentarity of enzymatic and non-enzymatic contributions to

carotenoid isomerisation in different tissues and light

regimes (Beltran et al., 2015; Fantini et al., 2013; Isaacson

et al., 2002; Park et al., 2002).

Development of chimeric floral organs in clb5 requires

flower-inducing long photoperiods in a GIGANTEA-

independent manner

The premature FM initiation and termination of clb5 is

observed under long photoperiods (16:8 h light/dark), rais-

ing questions as to whether the early FM initiation is day-

length dependent and, if so, does it require the GI and CO

photoperiodic regulatory pathway. Premature FM initiation

and termination (Figure 1) were consistently observed

under long photoperiods with an approximate mean of

three organs observed at 21 DPI, after which development

ceased (Figure 5a,b). By contrast, clb5 plants grown under

short photoperiods (8:16 h light/dark) developed lamellar

leaves (5.7 � 0.2 leaves) with spiral phyllotaxy by 21 DPI,

followed by an increase in the number of leaves (8.8 � 0.4)

by 28 DPI, and showed no sign of flower development

(Figure 5a,b). The gi-3 allele, which delays flowering under

long photoperiods, was introduced into the clb5 back-

ground (Figure 5c). The development of the clb5 gi-3 dou-

ble mutant was identical to that of clb5 (Figure 5c). The

lack of delay in FM formation in the clb5 gi-3 double

mutant indicates that clb5 may be epistatic to or supersede

GI.

Chimeric floral organ development in the clb5 seedling

requires functional AP1

The potential reliance of the clb5-associated transcriptional

deregulation within the meristem on the well documented

master regulators of FM identity, LFY and AP1, is intrigu-

ing. clb5 lfy-4 and clb5 ap1-3 double mutants were gener-

ated to explore this possibility, with clb5 lfy-4 maintained

as a double heterozygote given the homozygous lethality/

sterility of both mutations. Out of 232 albino clb5(�/�) lfy-

4(+/�) seedlings screened, it was anticipated that one quar-

ter of the plants (i.e. 58 plants) should be homozygous for

both mutations, consistent with the observed segregation

of lfy-4 plants in the soil grown green clb5(+/�) lfy-4(+/�)

plants. However, all 232 plants homozygous for clb5(�/�)

and segregating for lfy-4(+/�) were identical to clb5, with no

reversion to normal leaf development or signs of indeter-

minacy observed (Figure 6a). By contrast, clb5 ap1-3 seed-

lings differed from the single clb5 mutant (Figure 6a). At 28

DPI, a majority (76%) of clb5 ap1-3 seedlings displayed an

enlarged meristem with no chimeric floral organs

(Figure 6b,c). This inhibition of organ development is

dependent on the over accumulation and subsequent

cleavage of ZDS substrates, given that ap1-3 grown on

NFZ (ap1-3NFZ), clb5 ap1-3 seedlings transferred to NFZ at

5 DPI (clb5 ap1-3NFZ) and clb5 ap1-3 grown under low light

(clb5 ap1-3vLL) all developed similarly to the LerNFZ, albeit

with ap1 mutant flowers (Figure S8a–c).
According to the observed clb5 ap1-3 phenotypes, it

appears that AP1 is not required for the transition of clb5

to the FM, but is critical for chimeric floral organ develop-

ment in clb5. To better understand the role of AP1 in the

chimeric floral organ development of clb5, the transcrip-

tional reprogramming in clb5 ap1-3 at 14 DPI was explored

(Figure 6d–f; Figure S8d). Consistent with the further

enlarged meristem in clb5 ap1-3, CLV3 was upregulated

significantly, whereas WUS remained unchanged in clb5

ap1-3 compared to clb5 (Figure S8d). Regarding the AP2-

like floral repressors, no significant change in the clb5

associated repression of SNZ, TOE1 and TOE3 was

observed in clb5 ap1-3 (Figure 6d). Although the ap1-3

mutation had no significant impact on floral promoting

transcription factors SOC1 and FD, FUL is repressed signifi-

cantly in clb5 ap1-3 seedlings compared to clb5

(Figure 6e). Furthermore, although SVP remained

unchanged, TFL1 transcripts increased slightly in clb5 ap1-

3 relative to clb5 (Figure 6e).

In relation to floral organ development, the A-, B-, C-

and E-class gene expression profile is significantly altered

in clb5 ap1-3 compared to clb5 (Figure 6f). Introduction

of the ap1-3 mutation manifests in a significant reduction

in the B-class gene, PI, by more than 50% in clb5 ap1-3

seedlings compared to clb5 (Figure 6f). This is concurrent

with an altered expression pattern among E-class genes.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804
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SEP2 is significantly induced two-fold higher than LerNFZ

in clb5 ap1-3, whereas SEP3 transcripts are almost unde-

tectable (Figure 6f). The inability of lfy-4 or ap1-3 to

restore the functional shoot apical meristem and normal

leaf development in the clb5 background combined with

the restriction of the impact of ap1-3 on the floral home-

otic genes suggests that the clb5-associated FM identity

is independent of and redundant to AP1, although AP1 is

required for the subsequent floral organ development in

clb5 seedlings.

Figure 5. FM conversion in clb5 requires long photoperiods in a GIGANTEA-independent manner.

(a) Dependence of clb5 developmental phenotypes on daylength comparing of clb5 seedlings grown under 16 hr (left) and 8 h (right) daylength (scale

bar = 1.5 mm).

(b) Statistical analysis of the effect from daylength on clb5 development according to number of organs developed post primary leaves at 21 and 28 DPI

(***P < 0.001).

(c) Impact of the gi-3 mutation on flowering time comparing soil grown clb5(+/�) and clb5(+/�) gi-3 plants (left, two images) and developmental phenotypes in

four representative albino clb5 gi-3 seedlings displaying no change in chimeric floral organ development.

Chimeric floral organs in (a) and (c) are indicated by arrowheads.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 783–804
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AP1 guided repression of ZDS in stage 1–6 flowers of

Arabidopsis supports the link between f-carotene accumu-

lation and subsequent cleavage and regulation of FM iden-

tity, a critical regulation that is conserved in the

sympodial tomato

Given previous evidence associating the over-accumulation

and subsequent cleavage of f-carotene(s) with transition of

the shoot apical meristem to a determinate FM, transcripts

of carotenogenic genes in the poly-cis-transformation path-

way were assessed through Arabidopsis flower develop-

ment. Expression analysis of genes converting 15 cis-

phytoene to all trans-lycopene was carried out over various

stages of flower development (stages 1–6, 7–8, 9, 10, 11, 12
and 13b; as described in Smyth et al., 1990) in wild-type,

Figure 6. Chimeric floral organ development in clb5 seedlings requires functional APETALA1.

(a) Table showing the segregation of the lfy-4 homozygotes in soil grown green clb5 lfy-4 F2 plants and the lack of reversion back to leaf development in the

segregating albino clb5 lfy-4 population, and the albino clb5 ap1-3 double homozygous mutants.

(b) Statistical analysis of the effect from the ap1-3 mutation on the development of clb5 seedlings regarding number of organs developed post primary leaves at

28 DPI (***P < 0.001).

(c) Inhibition of chimeric floral organ development in clb5 ap1-3 compared to clb5 (scale bar = 1 mm).

(d–f) Transcript levels of AP2-like floral repressors (d), shoot apical meristem identity and floral promoting transcription factors (e) and floral homeotic transcrip-

tion factors (f) relative to the albino control LerNFZ (n ≥ 3, each in triplicate) (FDR < 0.05). Data are represented as the mean � SEM.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804
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Ler-0 and ap1-1, a null mutant of AP1 (Figure 7). The flower

phenotypes of ap1-1 demonstrate incomplete termination

of the determinate FM consistent with disrupted FM iden-

tity, as well as altered floral organ development in the con-

version of sepals to leaf-like bracts and an absence of petals

consistent with a loss of an A-class floral homeotic tran-

scription factor (Figure 7a). Given the dual roles of AP1 as a

FM identity master regulator and a floral homeotic tran-

scription factor, ap1-1 was an ideal mutant to investigate

the potential for floral specific regulation of carotenogen-

esis compared to wild-type. Furthermore, data available

from AtGenExpress on the TAIR database (www.

arabidopsis.org) provided preliminary evidence of an nega-

tive relationship between ZDS and AP1 expression in

flowers (Figure S9).

Over a flower developmental time course for both Ler-

0 and ap1-1, carotenoid biosynthetic gene expression was

examined with the intention of identifying unique

Figure 7. Unique repression of ZDS during in stage 1–6 flowers by APETALA1 supports the putative link between carotenoid biosynthesis and metabolism and

regulation of FM identity.

(a) Developmental phenotypes in anthesis flowers of ap1-1 (right) compared to wild-type Ler-0 (left). The arrow indicates a secondary flower emerging as a

result an indeterminate floral meristem in the ap1-1 mutant.

(b) Stage specific comparison of carotenogenic transcript abundance in ap1-1 (white) relative to Ler-0 (gray). mRNA transcript levels were determined relative to

wild-type (Ler-0) at the same stage (*P < 0.1; **P < 0.05).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 783–804
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regulation of ZDS compared to other carotenogenic genes

in early stages of FM identity and later in floral organ

development (Figure 7b; Figure S9b). Through flower

development transcript levels generally increase as devel-

opment progresses for all genes in the poly-cis-

transformation, as well as for PSY, the major rate-limiting

enzyme of carotenogenesis, regardless of the AP1 function

(Figure S9b). However, flower development stage specific

comparisons between Ler-0 and ap1-1 demonstrated that

carotenoid gene expression early in carotenogenesis is

induced at stage 9 (i.e. PSY and PDS) and stage 12 (i.e.

PDS, ZISO and ZDS) in an AP1-dependent manner

(Figure 7b). More importantly, ZDS displays a unique AP1-

dependent regulation in stages 1–6, during which FM iden-

tity is established and floral organ development is initiated

(Figure 7b). ZDS transcripts are elevated approximately 30–
40% in ap1-1 flowers at stages 1–6 compared to Ler-0, sug-

gesting that AP1 actively represses ZDS accumulation in

the initial stages of wild-type flower development in a

direct or indirect manner (Figure 7b). By contrast, CCD4

expression did not change in ap1-1 at flower stage 1–6
compared to wild-type, but was substantially reduced

throughout the remainder of flower development

(Figure S10).

The AP1 guided repression of ZDS described above is

consistent with the proposed role the accumulation of an

f-carotene-derived apocarotenoid(s) plays in regulating FM

identity. For further confirmation, available transgenic lines

constitutively manipulating ZDS expression in tomato (i.e

Arabidopsis ZDS over-expression, AtZDS.OE, and

endogenous ZDS repression, ZDS-RNAi, lines) were

assessed for aberrations in tomato FM identity and termi-

nation (McQuinn et al., 2020). Compared to the wild-type

tomato, Ailsa Craig (AC), loss of the f-carotene-derived
apocarotenoid(s) because of over-expression of ZDS in

AtZDS.OE lines (AtZDS.OE4.4 and AtZDS.OE7.2) resulted in

significant increases in the development of compound

inflorescences, similar to ap1-1 in Arabidopsis, whereas

AtZDS.OE1A.1 and AtZDS.OE9.1 narrowly missed the sig-

nificance threshold (P = 0.071 and 0.097, respectively) (Fig-

ure 8). It should be mentioned that a low number of

compound inflorescence were observed on the wild-type

tomato plants, whereas ZDS-RNAi lines consistently

showed no incidence of compound inflorescences (data

not shown). These results in tomato confirm that the AP1-

dependent repression of ZDS during the initial stages of

floral development is integral in the regulation of FM iden-

tity and demonstrates a level of conservation across multi-

ple plant species.

DISCUSSION

The present study elucidates a link between carotenoid

biosynthesis/metabolism and the regulation of flower

development, dependent on the massive reprogramming

of gene regulatory networks deep within the meristem,

establishing FM identity and function as observed in the

Arabidopsis albino carotenogenic mutant clb5. In doing so,

we exposed a redundant mechanism to establish FM iden-

tity initiated by AP1 and dependent on the E-class floral ini-

tiator and organ specification transcription factor, SEP3

Figure 8. Increase incidence of compound inflorescences in AtZDS.OE lines of tomato compared to wild-type (AC) tomato plants.

(a) Percentage of compound inflorescences observed on wild-type (AC) and transgenic ZDS over-expression (AtZDS.OE 1A.1, 4.4, 7.2, 9.1) plants. Data collection

was limited to the first five inflorescences on each plant, with each genotype represented as the mean � SEM from four independent biological replicates.

(**P < 0.01). (b) Representative inflorescence of AtZDS.OE lines. (c) Representative inflorescence of wild-type AC plants.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804
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(Figure 9a). We further support this finding through manip-

ulation of ZDS expression in transgenic tomato lines

resulting in the disruption of FM identity and termination

(Figure 9b,c). Our study exposes an additional layer of

redundancy underpinning the regulation of flower develop-

ment in Arabidopsis linked to the over-accumulation and

subsequent cleavage of acyclic carotene substrates of ZDS,

with evidence of conservation across multiple plant

species.

The synthesis and identification of the causal

apocarotenoid signal(s) in clb5 remains complex and

difficult to define

In depth analysis of clb5’s f-carotene profile exposed a

complexity in the poly-cis-transformation of 15 cis-phy-

toene to all trans-lycopene not seen before, with 19 f-
carotene isomers identified extending well beyond the

seven f-carotene isomers previously identified in tomato

fruit (Fantini et al., 2013; McQuinn et al., 2020). Impaired

accumulation of the 19 f-carotene isomers upon chemical

inhibition of PDS with NFZ restores close to normal leaf

development and associated transcriptional deregulation

in clb5 seedlings, confirming that the floral developmental

phenotypes of clb5 can be attributed to the accumulation

of these f-carotenes isomers, rather than a loss of down-

stream carotenoids or carotenoid-derived phytohormones

(i.e. ABA and strigolactones), in agreement with our previ-

ous work (Avenda~no-V�azquez et al., 2014).

The data accumulated so far suggest that enzymatic

and/or non-enzymatic f-carotene cleavage is required to

generate the apocarotenoid(s) that initiate the retrograde

signaling cascade(s) driving the transcriptional reprogram-

ming in clb5. It is possible that multiple f-carotene deriva-

tives underpin the broad transcription reprogramming

observed in clb5, similar to the complex array of strigolac-

tones affecting different aspects of plant development and

plant–microbe interactions (Al-Babili & Bouwmeester, 2015).

Although the ability of CCD4 to cleave f-carotenes remains

to be determined (Bruno et al., 2016), a role for CCD4 was of

particular interest because of the reversion to normal leaf

development and of a majority of genes transcriptionally

deregulated in clb5 previously reported in clb5 ccd4

(Avenda~no-V�azquez et al., 2014; Escobar-Tovar et al., 2020).

In clb5 ccd4 seedlings, increased levels of ten putative

Figure 9. Summary of proposed link between carotenoid biosynthesis/metabolism and FM identity and floral organ initiation.

(a) In the monopodial Arabidopsis, the accumulation and subsequent cleavage of f-carotene isomers produces an unidentified apocarotenoid signal(s) identified

as ACS1(s), which is involved in the regulation of FM identity (stage 1–4 floral buds) and floral organ initiation (stage 4–6 floral buds). FM Identity: the results

demonstrate the role of AP1 in regulating ACS1(s) synthesis, whereas the available ChIP-seq data further indicate other FM identity master regulators LFY and

SEP3 as potential additional regulators of ACS1(s) production. SEP3 is an early target of ACS1(s) in the clb5 seedlings, the induction of which is hypothesized to

facilitate downstream repression by ACS1(s) of AP2-like floral repressors (pink oval), with meristem maintenance (blue oval) and floral promoting (green oval)

transcription factors restricting their expression to the inflorescence meristem (IM) and securing the determinate FM identity in the developing floral bud. Floral

Organ Initiation: Early induction of SEP3 and AP3 as a result of ACS1(s) accumulation in clb5 facilitates the strong induction of PI in an AP1-dependent manner

enabling the initiation of the stamen primordia in stage 4–6 floral buds. In addition, ACS1(s) represses AG in an AP1-dependent manner.

(b) Visual diagram demonstrating how manipulation of ACS1(s) impacts inflorescence architecture in the sympodial tomato (S.lycopersicum) plant. Each repre-

sents a sympodial inflorescence meristem (SIM) that matures and transitions into a terminating FM (open circle). The arrows indicate the continuing progress of

inflorescence development. The numbers on the compound inflorescence indicates the 1st and 2nd SIM that develop from the preceding SIM leading to a

branched compound inflorescence architecture.

(c) Visual depiction of how the loss of ACS1(s) impairs sympodial floral development compared to wild-type (AC) and the COMPOUND INFLORESCENCE

mutant, s, which delays SIM maturation and transition to the FM rather than impair FM identity and termination.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 783–804
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CCD4 f-carotene substrates were associated with a delay in

the conversion to the FM and subsequent chimeric floral

organ development. The observed delay in chimeric floral

development in clb5 ccd4 is linked to a minimal reversion

of flower development associated genes deregulated in

clb5, with only WUS, CLV3 and FUL returning to control

levels and PI and AG only partially recovering. That said,

the ccd4 mutation was able to revert the early induction of

AP3 and SEP3 completely in the clb5 ccd4 double mutant.

Given the limited developmental reversion and small sub-

set of genes restored in clb5 ccd4, it is likely the apocarote-

noid signal(s) generated by CCD4-dependent f-carotene
cleavage represents only a part of the f-carotene derived

regulation of flower development.

Alternate means of apocarotenoid synthesis may also

be required (i.e. non-enzymatic cleavage by 1O2) (Escobar-

Tovar et al., 2020; Hou et al., 2016) (Table S2). It is well

documented that non-enzymatic cleavage provides some

level of redundancy with enzymatic cleavage carried out

by CCDs. This is a result of the capability of ROS to cleave

randomly any, and all, unsaturated carbon–carbon double

bonds on the carotenoid backbone, some of which are spe-

cific cleavage targets for CCD1, CCD4 and CCD7. Further-

more, ROS-mediated non-enzymatic cleavage is

not restricted by limitations in active site size and

shape and therefore can target any carotenoid available.

In agreement, inferred reduction in random non-enzymatic

f-carotene cleavage by 1O2 under very low light conditions

resulted in a complete reversion to normal leaf develop-

ment associated with an increase in all 19 f-carotene iso-

mers. A more comprehensive reversion of gene expression

in clb5vLL followed, with five genes (i.e. SOC1, FD, TFL1,

WUS and CLV3) returned to control levels and seven genes

(i.e. SNZ, TOE1, TOE3, FUL, SVP, PI and AG) partially

restored, of which FUL was fully reverted and PI and AG

were partially reverted in clb5 ccd4, demonstrating some

level of redundancy (Figure 3; Table S2). These results par-

tially explain the more complete reversion of clb5vLL to

normal leaf development and support a putative role of
1O2 mediated non-enzymatic cleavage of f-carotenes in the

clb5 associated regulation of FM identity and floral organ

development. Furthermore, non-enzymatic cleavage by

light induced 1O2 may represent just one step in a multi-

step synthesis of the causal apocarotenoid signal(s) similar

to that of carotenoid derived hormones (i.e. ABA and stri-

golactone) and other apocarotenoid signals (i.e. anchor-

ene). Alternatively, developmental reversion in clb5vLL may

reflect that light regime is altering other downstream ele-

ments involved in the clb5 associated transcriptional repro-

gramming. Therefore, further investigation into potential

roles of light intensity in f-carotene cleavage and the regu-

lation of flower development in clb5 is required.

Currently, the hypothesized synthesis of the f-carotene-
derived apocarotenoid signals remains complex and difficult

to define. Other CCDs (i.e. CCD1 and CCD7) and an unrelated

lipoxygenase (LOX2) remain as potential candidates

involved in the f-carotene-derived apocarotenoid synthesis

associated with clb5 developmental aberrations (Bruno

et al., 2016; Gao et al., 2019; Sierra et al., 2022; Simkin

et al., 2004). Indeed, considering the AP2-like floral repres-

sors SNZ, TOE1 and TOE3 remained unchanged in clb5 ccd4

and were only partially restored in clb5vLL, it is plausible

another carotenoid cleavage enzyme may be required for

the synthesis of an additional causal apocarotenoid signal

(s). Although the introduction of ccd7 did not restore leaf

development in our previous work, this may be a result of

the stage of development that was analyzed (10 DPI, not 14

DPI) or may imply some level of redundancy (Avenda~no-

V�azquez et al., 2014). An exhaustive investigation into all

CCDs and additional unrelated carotenoid cleavage enzymes

(e.g. lipoxygenases) is required to better define the synthesis

and identity of the f-carotene derived causal apocarotenoid

signal(s) regulating FM identity and floral organ develop-

ment in clb5.

A redundant mechanism to secure FM identity and

function emerges in the clb5 mutant linked to carotenoid

biosynthesis and metabolism

We demonstrate that loss of ZDS in clb5 mutant seedlings

reprograms the shoot apical meristem from vegetative to

reproductive development, producing a determinate FM

from which whorled chimeric floral organs emerge. This

altered meristematic function in clb5 is accompanied by an

accumulation of f-carotene isomers and results from the

reprogramming of meristematic and FM identity gene reg-

ulatory networks closely mirroring the transcriptional regu-

lation normally associated with AP1 activity (Kaufmann

et al., 2010) (Figure 9a). The similarities are especially evi-

dent in the repression of the same three of six AP2-like

transcription factors: SNZ, TOE1 and TOE3. These three

AP2-like transcription factors are directly repressed by AP1

in the early stages of FM emergence and development

(Kaufmann et al., 2010) (Figure 9a). Furthermore, our analy-

sis supports that the determinate FM in clb5 seedlings may

be established similar to AP1 through the repression of

TFL1 and the floral promoters FD, SOC1 and FUL (Kauf-

mann et al., 2010) (Figure 9a). In the wild-type inflores-

cence meristem, TFL1 enhances indeterminate

development by repressing FUL, SEP1 and SEP3 and

restricting LFY and AP1 expression to the FM, whereas

SOC1, FD, FUL and AGL24 together promote the sequential

emergence of floral primordia (Hanano & Goto, 2011). The

direct repression by AP1 of TFL1, SVP, SOC1, FD, FUL and

AGL24 is required to ensure the determinate nature of the

FM, as evidenced by the increased incidence of indetermi-

nate compound flowers in the ap1-1 mutant (Bowman

et al., 1993; Kaufmann et al., 2010). This transcriptional reg-

ulation (minus AGL24) is largely mirrored in clb5

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804
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(Figure 9a). Therefore, given that the well-orchestrated

transcriptional reprogramming by AP1 is critical in estab-

lishing Arabidopsis FM identity, it is likely that the repro-

gramming observed in clb5 is also sufficient to establish

FM identity in clb5 seedlings (Bowman et al., 1993; Kauf-

mann et al., 2010).

By exploring floral development in the available trans-

genic tomato lines disrupting ZDS expression either by

removing or increasing the levels of f-carotene-derived
apocarotenoid signal(s) (i.e. through the over-expression

or inhibition of ZDS, respectively) during early floral devel-

opment, we further confirm the significance of this unique

carotenogenic regulation in the establishment of FM iden-

tity and termination and suggest that this regulation is

maintained in diverse species (Figure 9b,c). In both mono-

podial and sympodial plant species, FM termination is cru-

cial in determining the floral architecture which has strong

implications in crop yield. The monopodial Arabidopsis

enabled the identification of the link between carotenogen-

esis and FM identity, which is sufficient to drive the transi-

tion from a vegetative meristem to a terminating FM.

Furthermore, disruption of the gene regulatory networks

targeted by the f-carotene derived apocarotenoid signal(s)

results in compound inflorescences as indicated by ap1-1

and ap1-3 mutants in Arabidopsis (Bowman et al., 1993).

This phenotype is shared in the null mutant mc-vin dis-

playing a compound vegetative inflorescence (Yuste-

Lisbona et al., 2016). Accordingly, MC is suggested to

repress SVP and AGL24 orthologues, SINGLE FLOWER

TRUSS and JOINTLESS, respectively, to prevent the re-

emergence of a vegetative meristem (Yuste-Lisbona

et al., 2016).

In the sympodial tomato, the sympodial inflorescence

meristem (SIM) goes through a maturation phase prior to

terminating into a FM (Park et al., 2011). During this matu-

ration phase, an additional SIM emerges, in a process that

repeats on subsequent SIMs to establish a sequence of

flowers and fruits on the tomato inflorescence (Figure 9b).

Upon impairing FM termination by removing the f-
carotene-derived apocarotenoid signal(s), in the case of

AtZDS.OE tomato lines, additional SIMs emerge prior to

FM termination generating compound inflorescences simi-

lar to the s mutant of tomato, but with a lower level of

complexity (Figure 9b,c) (Park et al., 2011). A small percent-

age of these compound inflorescences is observed on and

varies among wild-type tomato plants grown under the

same conditions, suggesting that a level of sensitivity to

environmental fluctuations may exist. Interestingly,

increased f-carotene-derived apocarotenoid signal(s) accu-

mulation in the case of ZDS-RNAi tomato lines eliminated

the incidence of compound inflorescences, potentially

removing this environmental regulation. Together, our

results confirm a link between carotenogenesis and floral

development, where the strict regulation of ZDS and

associated transcriptomic reprogramming is both sufficient

and required to regulate FM identity and termination with

a level of conservation across plant species.

In clb5, the transition to the FM is achieved indepen-

dent of AP1 activity. Furthermore, LFY is not required

because no plants out of 232 examined displayed signs of

normal leaf development or an indeterminate meristem in

the clb5 lfy-4 albino population homozygous for clb5 and

segregating for lfy-4. However, the role of CAL, a partially

redundant paralog of AP1 in Arabidopsis (Bowman

et al., 1993), has not been tested and remains an area for

further investigation. It is unlikely that CAL is required

given that, even with a functional CAL, the weaker allele of

ap1, ap1-3, displays a reversion to indeterminacy in early

FMs, whereas cal mutants do not display any floral pheno-

types. Additionally, although the cal mutant does enhance

ap1 phenotypes in ap1 cal double mutant, information is

limited regarding the direct transcriptional targets of CAL.

The SEP3 transcription factor is an interesting alterna-

tive, given its strong induction early in clb5 development,

and SEP3 transcriptional targets early in floral develop-

ment (around stage 4) largely overlap with that of AP1 dur-

ing the regulation of FM identity (Pajoro et al., 2014). SEP3

has been suggested to act as a pioneer transcription factor,

similar to LFY (Jin et al., 2021; Wu et al., 2012), and

delayed accumulation of LFY and SEP3 in the inflorescence

meristem is suggested to be crucial for the prevention of

precocious differentiation and termination of the floral

meristem (Winter et al., 2011). Moreover, induction of

SEP3 in Arabidopsis results in transcriptional modulations

similar to that observed in clb5 plants; specifically, the

early induction of AP3, delayed induction of PI, and the

repression of SOC1 and SVP transcription factors (Kauf-

mann et al., 2010). We hypothesize the induction of SEP3

may signify an initial transcriptional regulation required for

the premature transition to a terminating FM in clb5

(Figure 9a). This is supported by the inability to return

SEP3 transcript levels back to that of LerNFZ upon transfer-

ring clb5 plants to media contain NFZ at 5 DPI, suggesting

that its induction occurs very early during clb5 seedling

development. Therefore, we propose that the reprogram-

ming of gene regulatory networks initiated in clb5 seed-

lings represents an alternative mechanism redundant to

and independent of AP1 to safeguard the regulation of FM

identity and reproductive success.

Unlike the establishment of the determinate FM, the

subsequent formation of chimeric floral organs in clb5 is

dependent on AP1 activity (Figure 9a). The emergence and

development of chimeric floral organs with stamenoid and

carpelloid features is associated with a strong induction of

the B-class MADS Box gene PI (Figure 9a). Although PI

was the only floral homeotic gene from the ABCE model to

be induced in clb5 at 14 DPI, the detection of transcripts for

all other floral homeotic genes, except SEP4, suggests that

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), 114, 783–804
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the necessary MADS-box multimeric complexes were able

to be formed. Furthermore, this chimeric floral organ

development may also be dependent on an earlier induc-

tion of SEP3 and AP3 observed at 10 DPI (Figure 9a). This

is supported by reports of SEP3 induction resulting in a

strong but delayed induction of PI, in combination with the

observed reversion of PI transcript levels and loss of chi-

meric floral organs associated with an absence of SEP3

transcription in the clb5 ap1 double mutant at 14 DPI. Fur-

thermore, although AP3 is not initially required for PI

induction in the wild-type developing flower, AP3 is

required for PI transcript maintenance (Goto et al., 1994).

Therefore, we propose that, once the FM is established,

the AP1 dependent induction of PI and subsequent chime-

ric floral organ initiation and development in clb5 at 14 DPI

is conditional on the induction of SEP3 and AP3 at 10DPI

(Figure 9a).

The f-carotene associated conversion to the FM in clb5

seedlings is dependent on long photoperiods and repre-

sents a redundant mechanism to safeguard FM identity

and floral organ development potentially regulated by AP1

indirectly

The transition to flower development and ultimately the

emergence of the FM requires both the accumulation of

FLOWERING LOCUS T (FT) in the shoot apical meristem,

which is heavily influenced by environmental factors (e.g.

photoperiod and temperature) and the downstream induc-

tion of FM identity master regulators AP1, LFY and CAULI-

FLOWER (CAL) in the floral primordia, respectively (Andres

& Coupland, 2012; Ferrandiz et al., 2000; Wils & Kauf-

mann, 2017). In that regard, it was expected similar require-

ments exist for the f-carotene associated conversion of the

shoot apical meristem to the FM in clb5 seedlings.

Extended photoperiods (16:8 h light/dark) promote FT

expression through the GI and CO pathway driving the

transition to reproductive development (Sawa et al., 2007;

Tiwari et al., 2010; Valverde et al., 2004). This transition can

be significantly delayed under short photoperiods (8:16 h

light/dark) or if the GI/CO regulation of FT is disrupted by

genetic mutation. Although short photoperiods inhibit the

FM conversion of clb5 and restore normal leaf develop-

ment similar to LerNFZ, GI was unnecessary for the induc-

tion of flowering by long photoperiods in clb5. Even

though a decrease in day light hours may reduce the accu-

mulation of light-induced 1O2 in clb5 seedlings, this reduc-

tion of 1O2 is not considered sufficiently significant given

our previous observations related to the severity of light

reduction required to revert clb5 developmental pheno-

types and associated gene expression (Escobar-Tovar

et al., 2020). This suggests that the FM-like transition in

clb5 seedlings is long photoperiod dependent and may be

induced via FT regulation occurring either downstream of

or epistatic to the GI and CO pathway. Alternatively, long

photoperiods may also induce additional genetic factors

requisite for downstream regulation of floral development

and f-carotene associated regulation of FM identity inde-

pendent of FT, as is the case for the meristematic transcrip-

tion factor AGL24 (Torti et al., 2012 and Torti &

Fornara, 2012). Regardless, further exploration into the

requirement of long photoperiods and the potential depen-

dence on FT accumulation earlier in clb5 development will

be paramount to define its role in the transition to flower-

ing. Furthermore, given the hypothesized role of 1O2 in the

synthesis of the proposed mobile f-carotene-derived apoc-

arotenoid(s), it is tempting to consider whether the tran-

scriptional reprogramming may represent a means of

triggering flowering in response to chloroplastic or abiotic

stress under long photoperiods.

Chromatin immunoprecipitation-sequencing (ChIP-

seq) analysis with SEP3, a direct transcriptional target of

AP1, provides evidence of SEP3 binding near the ZDS locus

early on in floral development, first observed at stage 4

(Pajoro et al., 2014). Importantly, this link between SEP3 and

the poly-cis-transformation pathway of carotenogenesis is

highly specific to ZDS because no SEP3 binding sites were

identified near other genes in the pathway (i.e. PDS, ZISO

and CRTISO) (Pajoro et al., 2014). As a master regulator, it

remains plausible that AP1 may regulate the carotenogenic

pathway within the FM as a redundant mechanism to safe-

guard FM identity and floral organ development. Indeed,

AP1 uniquely regulates the poly-cis-transformation of 15-

cis-phytoene to all trans-lycopene via the transcriptional

repression of ZDS in stage 1–6 developing buds, when FM

identity is established and floral organ development is initi-

ated (Smyth et al., 1990). This regulation by AP1 is likely to

be indirect given the lack of AP1 binding sites near the ZDS

locus according to the available ChIP-seq data (Pajoro

et al., 2014). Therefore, we propose that, in the early stages

of floral development, AP1 promotes the redundant FM

identity regulatory pathway observed in clb5 through SEP3

induction and subsequent SEP3 mediated repression of

ZDS (Figure 9a). Moreover, the AP1-dependent indirect

repression of ZDS early in floral development remains con-

sistent with the deregulation of transcription factors

involved in FM identity coinciding with f-carotene over-

accumulation and cleavage in clb5 mirroring the regulation

by AP1 of FM identity in Arabidopsis.

Interestingly, CCD4 was not regulated by AP1 during

the establishment of the FM. However, CCD4 is regulated

by AP1 throughout the later stages of flower development.

Similar to ZDS, CCD4 does not appear to be a direct target

of AP1, but rather may be indirectly regulated by AP1

through direct interaction with SEP3. Although CCD4 does

not seem to be induced by AP1 during the early stages of

floral development, there is evidence that CCD4 may be a

direct target of and induced by LFY (Moyroud et al., 2011).

All together, this suggests that carotenoid biosynthesis

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 114, 783–804

800 Ryan P. McQuinn et al.

 1365313x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16168 by E

.N
.E

.A
., W

iley O
nline L

ibrary on [09/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and metabolism may be regulated by FM identity master

regulators to safeguard and induce FM identity as

observed in clb5.

The small but significant increase in ZDS transcripts

observed in stage 1–6 developing flower buds of the ap1-1

mutant compared to wild-type in Arabidopsis suggests

that AP1-dependent indirect repression of ZDS in the

developing wild-type flower may be under strict spatiotem-

poral regulation because these samples comprise a com-

plex mixture of cell/tissue types. Such a restriction on ZDS

repression would be advantageous for the protection of

photosynthetic tissues in the developing flower, ensuring

adequate biosynthesis of downstream photoprotective

carotenoids and xanthophylls where required. That said,

we propose that AP1-dependent repression of ZDS is con-

strained to the L2 layer of the FM where undifferentiated

proplastids are considered to predominate (Charuvi

et al., 2012). This localization is consistent with the role of

AP1 in establishing FM identity during early stages of

flower development and would limit negative impacts on

photosynthetic tissues. Future high-resolution localization

studies are essential to determine the exact spatiotemporal

regulation of ZDS by AP1 and SEP3 at the point of floral

primordia emergence and beyond.

CONCLUSIONS

Our data demonstrate a link between carotenoid biosyn-

thesis and metabolism and the regulation of FM identity

and function in Arabidopsis. The over-accumulation and

subsequent cleavage of f-carotenes in clb5 establishes FM

identity redundant to and independent of AP1 under long

photoperiods, whereas chimeric floral organ development

in clb5 remains dependent on functional AP1. Targeted

transcriptomic analysis in the clb5 mutant and revertant

seedlings exposes a regulation of FM identity hypothesized

to be conditional on the induction of SEP3, whih is based

on the early strong induction of SEP3 in clb5 in combina-

tion with reports on the impacts of SEP3 manipulation and

its transcriptional targets with respect to FM identity and

function. Furthermore, investigation into the physiological

relevance of the clb5-associated regulation of flower devel-

opment has exposed a redundant regulatory mechanism

to safeguard FM identity promoted by AP1 through its

transcriptional upregulation of SEP3, as well as the subse-

quent interaction of SEP3 with the ZDS locus.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

Wild-type (Arabidopsis thaliana, ecotype Landsberg erecta, Ler-0),
and ccd4 (SALK_097984), ap1-1 (CS28), ap1-3 (CS6163), gi-3
(CS51) and lfy-4 (CS6274) mutant seeds, were obtained from Ara-
bidopsis Biological Resource Center (abrc.osu.edu). Heterozygous
clb5 seeds were provided by Professor Patricia Leon (Universidad

Nacional Aut�onoma de M�exico, Cuernavaca, Mexico). YJ-STIG::
GUS and SHP1::GUS seeds, previously described in Alvarez
et al. (2009) were acquired from Professor John L. Bowman (Mon-
ash University, Melbourne, VIC, Australia). Mature green plants
were grown on Seed Raising mix (Debco, Australia) with Osmoco-
teTM Exact Mini (1 g kg�1) (Scotts, Australia) for crosses and bulk-
ing seeds. All albino single and double mutant seedlings were
grown on 1/29 MS medium (Caisson Laboratories, Inc., Smith-
field, UT, USA) with Gamborg B-5 vitamins (PhytoTechnology
Laboratories, Lenexa, KS, USA), supplemented with 3%(w/v)
sucrose and solidified with 0.6%w/v phytoagar under white light
(125 lmol m�2 sec�1) and long day conditions (16:8 h light/dark),
unless otherwise noted. Wild-type Ler-0 seedlings grown on the
above 1/29 MS media supplemented with 15 lM Norflurazon rep-
resent albino control plants. Wild-type (AC) and third generation
(T3) transgenic (AtZDS.OE and ZDS-RNAi) tomato plants were
grown as described in McQuinn et al. (2020). The first five inflores-
cences on each plant were assessed and the presence of com-
pound inflorescences was documented.

DNA isolation

Genomic DNA from Arabidopsis plants was isolated via a modi-
fied CTAB extraction method. Approximately 50–100 mg of fresh
leaf tissue was homogenized with two 1/8″ steel ball bearings in
300 lL of CTAB buffer [2% (w/v) CTAB, 0.02 M EDTA, 1.4 M NaCl,
0.1 M Tris–HCl pH 8.0; preheated at 65°C] using a TissueLyser�
(Qiagen, Hilden, Germany) for 1 min, and incubated for 30 min.
Once samples were cooled to room temperature, 300 lL of chloro-
form was added, samples were vortexed thoroughly and the aque-
ous and organic phases were separated upon centrifugation at
8000 g for 30 min. Genomic DNA in the aqueous phase was pre-
cipitated in 300 lL of ice cold 100% isopropanol and subsequently
washed with 500 lL of 70% ethanol. Air dried genomic DNA pel-
lets were resuspended in Milli-Q water (Millipore Corp., Burling-
ton, MA, USA) and diluted for subsequent genotyping.

Double mutant generation and genotyping

All clb5 mutant seed stocks were maintained as heterozygous
because of the homozygous lethality associated with the muta-
tion. Heterozygous plants were selected based on a CAPS marker
analysis with primers, clb5-For and clb5-Rev (Table S3) and the
BamHI restriction enzyme (Avenda~no-V�azquez et al., 2014). The
clb5 ccd4 double mutant was generated via a cross with ccd4
(SALK_097984) and backcrossed three times. Positive ccd4
mutants were selected using gene specific primers CCD4-For and
CCD4-Rev, in combination with the SALK insert primer BP-LBb1.3
(Table S3) (Alonso et al., 2003). Positive clb5 gi-3 and clb5 ap1-3
double mutants were selected based on clear morphological phe-
notypes (Araki & Komeda, 1993; Bowman et al., 1993) and con-
firmed via sequencing with primers gi-3_For and gi-3_Rev, and
ap1-3_For and ap1-3_Rev, respectively (Table S3).

RNA extraction and quantitative RT-PCR analysis

Total RNA was isolated using a modified protocol from the
RNeasy Minikit (Cat. No. 74106; Qiagen) as described in McQuinn
et al. (2020). A qRT-PCR was performed using the Power SYBR�
Green RNA-to-CT

TM 1-Step Kit (Cat No. 4309169; Applied Biosys-
tems, Waltham, MA, USA) in a 5-lL reaction volume (2.5 lL of 29
Master Mix; 1 lM forward and reverse primers; 1 ll of total RNA;
0.46 ll of diethyl pyrocarbonate-treated water; 0.04 ll of RT
enzyme mix). All genotypes and treatments were represented by a
minimum of three biological replicates, each with triplicate techni-
cal replicates. Gene specific primers were checked for efficiency

� 2023 The Authors.
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using reference RNA composed of equal volume of RNA from
each genotype and treatment (for primer sequences, see
Table S3). A standard curve was included on each plate for the
specific gene being analyzed using reference RNA (serial dilutions:
50, 5, 0.5, 0.05 and 0.005 ng) in triplicate. For each gene analysis,
template-free and negative-RT controls were included. RT-PCR
reactions were carried out using a LightCycler� 480 System
(Roche, Basel, Switzerland) under the following reaction condi-
tions: reverse transcription at 48°C for 30 min; enzyme activation
at 95°C for 10 min; followed by 40 cycles of 95°C for 15 sec and
60°C for 1 min. A dissociation curve was added at the end of the
run for verification of primer specificity.

Software provided with the LightCycler� 480 instrument
(Roche) was used to determine gene specific threshold cycles (CT)
including the endogenous reference (18S rRNA) for every sample.
CT values were extracted and the standard curve method was
applied to calculate relative mRNA levels in comparison to the
albino control (LerNFZ).

Cryo-SEM

Seedling and flower samples were mounted on a metal sample
holder with a conductive adhesive [mixture of Tissue-Tek OCT
(Sakura Finetek Japan Co., Ltd, Tokyo, Japan) and colloidal graph-
ite] and then snap frozen by plunging into a LN2 slush. Samples
were subsequently transferred through the CRYO preparation
chamber (Oxford CT1500; Oxford Instruments, Abingdon, UK) to
the CRYO stage on a field emission gun SEM (model 4300; Hitachi,
Tokyo, Japan) for etching. Here, unwanted frost was sublimated
from the frozen sample surface at �90°C. After etching, the sam-
ple was transferred to the CRYO preparation chamber and sputter
coated with Au at ~5 mA at near LN2 temperature. After coating,
the sample was transferred back onto the SEM CRYO stage for
observation at 3.0 kV accelerating voltage using a secondary elec-
tron detector and Hitachi SEM software.

Histochemical GUS staining

Intact Arabidopsis flowers and seedlings were first fixed in ice
cold 90% acetone under vacuum for 10 min and incubated at
room temperature for 30 min. Flowers and seedlings were subse-
quently incubated in staining buffer (50 mM NaPO4 pH 7.2, 0.5%
Triton X-100, 10 mM EDTA), 2 mM potassium ferrocyanide
[K4F3(CN)6], 2 mM potassium ferricyanide [K₃Fe₃(CN)6:H2O] under
vacuum for 15 min, and then incubated again in staining buffer
containing 2 mM 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid
(X-gluc) on ice, under vacuum for 20 min, three times. Tissue sam-
ples were then incubated at 37°C in staining buffer with X-gluc
overnight or until the blue precipitate (dichloro-dibromoindigo)
was observed. Chlorophyll was extracted by washing with 70%
ethanol. Samples were stored in 70% ethanol. Images of GUS
staining in the flowers and seedlings were acquired using an
SZX16 stereomicroscope (Olympus, Tokyo, Japan).

Carotenoid separation and quantification

Carotenoids were extracted in the dark from ~50 mg of ground
clb5 seedlings grown under standard (125 lmol m�2 sec�1) or low
light (<10 lmol m�2 sec�1) with 360 lL of ethyl acetate:acetone
(3:2 v/v) and separated with 240 lL Milli-Q water. The upper phase
was transferred to a new tube and dried down under nitrogen
gas. Carotenoids were resuspended in 45 lL of 100% ethyl acetate
in preparation for separation and quantification by HPLC. HPLC
analysis was carried out as described previously (McQuinn

et al., 2020). All solvents used were HPLC grade. There was a mini-
mum of three replicates per genotype and treatment.

f-Carotene isomer identification via LC-APCI-HRMS

Carotenoid extraction was performed as previously described
(Fiore et al., 2012). Settings for HRMS equipped with an APCI
source were as previously described (Diretto et al., 2019). f-
carotene isomers were identified by comparing chromatographic
and MS properties of each compound with the literature data for
f-carotene and f-carotene-related compounds (Fantini et al., 2013)
(http://carotenoiddb.jp), on the basis of the m/z accurate masses
according to the Pubchem database for monoisotopic masses and
on the basis of mass fragmentation in Metlin, or through the com-
parison between experimental and theoretical mass fragmenta-
tion, performed using MASSFRONTIER, version 7.0 (Thermo Fisher
Scientific, Waltham, MA, USA).

Statistical analysis

Statistical analysis of carotenoid amounts (ng/ll) acquired via
HPLC was carried out using unpaired two-sided Student’s t-test
comparing each carotenoid from a genotype/condition back to the
corresponding carotenoid in clb5 separately. P < 0.05 was consid-
ered statistically significant. An unpaired two-sided Student’s t-
test was also used to analyze the change in organ development
between clb5 and clb5 ap1-3 (significance threshold, P < 0.05) and
to determine significance of carotenoid biosynthetic gene specific
qRT-PCR results for individual stages of flower development
between the two genotypes, Ler-0 and ap1-1. For the gene expres-
sion analysis, a significance threshold of P < 0.1 was applied
because of the reduced number of biological replicates and
increased variability related to limited tissue and staging strategy
employed, respectively. Regarding transcriptomic analysis of
flower development related genes in seedlings via qRT-PCR, for
each comparison of gene transcript abundance between each
genotype and/or condition, an ANOVA was performed to deter-
mine whether at least one of the genotypes and/or conditions was
significantly different (P < 0.05). If satisfied, significantly different
genotypes and/or conditions were identified using the least sign-
iifcant difference with a FDR < 0.05.

ACCESSION NUMBERS

Germplasm: Wild-type Arabidopsis thaliana, ecotype

Landsberg erecta, Ler-0, CS20; ccd4, SALK_097984; ap1-1,

CS28; ap1-3, CS6163; gi-3, CS51; and lfy-4, CS6274; Wild-

type Solanum lycopersicum, Ailsa Craig, AC; AtZDS.OE

lines 1A.1, 4.4, 7.2, and 9.1; ZDS-RNAi lines, 2.2 and 7.1.

Genes: PSY, AT5G17230; PDS, AT4G14120; ZISO,

AT1G10830; ZDS, AT3G04870; CRTISO, AT1G06820; AP2,

AT4G36920; SMZ, AT3g54990; SNZ, AT2g39250; TOE1,

AT2g28550; TOE2, AT5g60120; TOE3, AT5g67180; AGL24,

AT4G24540; SOC1, AT2G45660; FD, AT4G35900; FUL,

AT5G60910; SVP, AT2G22540; TFL1, AT5G03840; AP1,

AT1G69120; AP3, AT3G54340; PI, AT5G20240; AG,

AT4G18960; SEP1, AT5G15800; SEP2, AT3G02310; SEP3,

AT1G24260.
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