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Abstract

Le Rubiacee costituiscono un buon modello per studiare espres-
sione e funzione dei geni in relazione alla diversita morfo-anatomica
dei frutti che si sviluppano da ovario infero, con il contributo di tessuti
extracarpellari. Nell’articolo, la cui analisi € oggetto di questa tesi, viene
presentata la rete di geni che regolano il patterning di diversi frutti, con-
frontandoli in termini di numero di copie e modelli di espressione con i
sistemi modello delle Eucotiledoni, Brassicaceae e Solanaceae. I metodi
utilizzati comprendono: microscopia ottica per seguire lo sviluppo tis-
sutale, estrazione di RNA con generazione di trascrittomi di riferimento
e studio dei fattori di trascrizione coinvolti nell’istogenesi. Su questi &
stata condotta un’analisi filogenetica, confrontata I’omologia con geni di
Solanacee e Brassicacee, valutata la conservazione dei domini proteici
e validata I’espressione nei tessuti mediante RT-PCR. Le analisi sug-
geriscono che, nelle Rubiacee, il pattern di espressione di geni omologhi
di geni di Brassicacee o Solanacee varia in risposta al tipo di frutto e
allo stadio di sviluppo. In conclusione, frutti morfologicamente simili
possono avere anatomie differenti come risultato di tessuti convergenti
sviluppati dall’epicarpo, che mascherano i cambiamenti anatomici del
pericarpo. Il network dei geni che regolano il modello di sviluppo del
frutto nelle Eucotiledoni non puo essere estrapolato al taxa delle Aster-

idi con ovario infero.
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1 Stato dell’arte

1.1 Organismi modello per lo sviluppo del frutto
1.1.1 Arabidopsis (Brassicaceae)

Lo sviluppo del frutto e stato oggetto di studio nella pianta modello Arabidop-
sis thaliana, appartenente alla famiglia Brassicaceae (Rosidae). A. thaliana
produce silique, frutti secchi deiscenti!, derivanti da un gineceo? bicarpellare
sincarpico®. L’ovario costituisce le valve del frutto, tra le quali & presenti
il replo, un falso setto a cui sono collegati i semi. A maturita le valve si
aprono lungo i margini, scoprendo i semi che distaccandosi vengono dispersi
nell’ambiente (Abbate et al. 2015). La superficie adassiale* delle valve ¢ cos-
tituita da due strati di tessuto endocarpico: lo strato di separazione, formato
da cellule con parete sottile che secernono enzimi idrolitici; e quello lignificato,
le cui cellule sono di dimensioni inferiori. La lignificazione e la produzione
di enzimi idrolitici sfociano nella separazione delle valve e generazione di una
tensione tale da permettere la dispersione dei semi con un meccanismo di shat-
tering, mantenendo il replo intatto (Seymour et al. 2013, Ortiz-Ramirez et al.

2019).

1.1.2 Solanaceae

Le Brassicaceae presentano un limite importante: possiedono solo frutti sec-
chi. Per questo, la ricerca e stata estesa alle Solanacee (Asteridae), essendo
che ne presentano sia di secchi che carnosi. Tuttavia, questo gruppo ha subito
una WGM?® e diversi eventi di riarrangiamenti cromosomici, anche in tempi
recenti. Molti geni duplicati hanno subito perdita di funzione, ma la pos-
sibilita che abbiano un’espressione residua complica le analisi il cui scopo e
correlare I’espressione genetica con la sua conseguenza fisiologica (Grozsmann
et al. 2011).

1.1.3 Rubiaceae

Rubiaceae (Asteridae) ¢ una famiglia di Angiosperme in cui ¢ stato possibile

determinare che i frutti carnosi si sono evoluti indipendentemente almeno 12

1Che a maturita si aprono per disperdere i semi.

2Struttura riproduttiva femminile del fiore.

3In cui i carpelli sono fusi tra loro e possono essere divisi o meno da un setto.
4Pil vicina al fusto.

5 Whole Genome Multiplication.



volte. Questo gruppo estremamente diversificato fornisce un modello adeguato
per studi di anatomia comparata tra frutti filogeneticamente vicini tra loro.
Non sono stati rilevati eventi di WGDS in questa famiglia. Sono stati condotti
alcuni studi sui cambiamenti morfo-anatomici che caratterizzano la transizione
da carpello a frutto, ma non e ancora stata esplorata la genetica alla base della
diversita dei frutti. Uno dei fattori limitanti in questi studi e la presenza di
un ovario infero, inserito all’interno dell’ipanzio, che si sviluppano fusi tra
loro. L’ovario si dice infero quando e inserito nel ricettacolo e sopra di sé ha

posizionati stami, petali e sepali.

1.2 Origine assiale e appendicolare dell’ipanzio

L’ipanzio € una struttura del fiore che avvolge l'ovario infero. La sua origine,
che puo essere assiale (derivata dal ricettacolo) o appendicolare (derivata dal
perianzio) ha rilevanza in ambito botanico. Infatti, costituisce un riferimento
per studi di evoluzione e sviluppo di gruppi di piante. Uno degli obiettivi degli

autori e stato di determinare ’origine di questa struttura nelle Rubiaceae.

1.3 Ruolo della duplicazione genica nell’evoluzione delle
Angiosperme

La duplicazione genica € un evento chiave della storia evolutiva delle piante a
fiore. Il risultato ¢ la creazione di geni paraloghi, che rappresentano il substrato
della selezione naturale. Gli effetti possono andare dalla comparsa di nuovi

fenotipi fino alla speciazione e generazione di famiglie geniche.

1.3.1 Small Scale Duplication vs. Whole Genome Duplication

Le duplicazioni possono essere localizzate (SSD)7 o poliploidizzazioni ( WGD).
Esse non producono gli stessi effetti e possono essere selezionate nel tempo in
maniera differente. Generalmente, geni paraloghi generati da SSD si evolvono
piu velocemente rispetto a quelli frutto di WGD. Tuttavia, il loro destino
dipende maggiormente dalla funzione, specie e dosaggio; piuttosto che dal
meccanismo di duplicazione da cui si originano (Carretero-Paulet et al. 2012).

Infatti, esistono casi sia di duplicazioni che di perdita di geni specie-specifici.

8 Whole Genome Duplication
"Small Scale Duplication



1.4 Genetica di base dello sviluppo del frutto in Ara-

bidopsis thaliana

Un grande numero di geni e coinvolto nello sviluppo del frutto in A. thaliana.
Questi codificano per fattori di trascrizione appartenenti a diverse famiglie.
Le principali, a cui appartengono i geni analizzati in questo articolo sono:
MADS-boz, bHLH e POX (Plant Homeoboz).

1.4.1 MADS-box

I geni appartenenti alla famiglia MADS-box codificano per fattori di trascrizione
in grado di riconoscere I'omonima sequenza ripetuta. Essi possiedono una
struttura di base detta MIKC che comprende:

e M; un DNA binding domain localizzato all’N-terminale, in grado di ri-

conoscere sequenze ripetute.

e [; una regione che conferisce specificita e contribuisce alla dimerizzazione

tra subunita.
e K; una regione adibita all’interazione proteina-proteina.

e (C; il dominio C-terminale, che si pensa essere coinvolto in interazioni

proteiche e attivazione della trascrizione.

I geni che fanno parte di questo gruppo sono: AGAMOUS (AG), APETALA1
(AP1), FRUITFULL (FUL) e SHATTERPROOF1/2 (SHP).

AGAMOUS (AG) ¢ il gene implicato nella determinazione d’identita dei
carpelli e degli stami. AG regola positivamente SHP, e viene inibito da RPL
(Roeder et al. 2006).

I geni SHATTERPROOF1/2 (SHP) sono coinvolti nella determinazione
dell’identita della zona di deiscenza e nella differenziazione del tessuto en-
docarpico. L’espressione di SHP & regolata positivamente da AG in vitro
(Roeder et al. 2006); e negativamente da FRUITFULL e REPLUMLESS
(Ortiz-Ramirez et al. 2019). A sua volta, SHP regola positivamente AL-
CATRAZ e INDEHISCENT.

FRUITFULL (FUL) ¢ un gene implicato nella crescita e differenziamento
delle cellule delle valve. FUL regola negativamente geni che specificano l'identita
dei margini delle valve: SHP, IND e ALC (Roeder et al. 2006).

APETALA1 (AP1) ¢ un gene chiave nella determinazione meristematica e

nell’organizzazione del fiore, in particolare di petali e sepali.



1.4.2 bHLH

bHLH (basic Helix-Loop-Heliz) & una delle piu grandi famiglie di fattori di
trascrizione in A. thaliana. Essi contengono 'omonimo motivo, adibito al
legame del DNA. Fanno parte di questo gruppo i geni: ALCATRAZ (ALC),
SPATULA (SPT), HECATE1/2/3 (HEC) e INDEHISCENT (IND).

ALCATRAZ (ALC) ¢ un fattore di trascrizione che impedisce la lignifi-
cazione ectopica nello strato di separazione dell’endocarpo (Roeder et al. 2006).
ALC ¢ parzialmente ridondante con SPT durante lo sviluppo precoce del
ginoceo, e la loro espressione si sovrappone (Groszmann et al. 2011).

SPATULA (SPT) & un fattore di trascrizione coinvolto nello sviluppo carpel-
lare indipendente da AGAMOUS. SPT viene represso da FUL, analogamente
ad ALC (Groszmann et al. 2011).

HECATE1/2/3 (HEC) & un gruppo di geni che controlla lo sviluppo di
stigma, stilo e tessuto di trasmissione. HFEC stimola la proliferazione delle
cellule staminali nei meristemi in maniera dipendente da SPT (Reyes-Olalde
et al. 2017).

INDEHISCENT (IND) ¢ un gene che guida la lignificazione della zona di

deiscenza. IND ¢ regolato positivamente da SHP e negativamente da FUL.

1.4.3 POX (Plant Homeobox)

REPLUMLESS (RPL) appartiene al BELLI-like homeodomain gene lineage.
Tale fattore di trascrizione ¢ implicato nello sviluppo del replo. RPL regola
negativamente ’espressione di SHP e AG. Insieme a FUL, confina I’espressione
di SHP ai margini delle valve in modo da assicurare lo sviluppo preciso di tale
confine (Roeder et al. 2006).

RPL ﬁ_ ALC SPT

SHP |F—— FUL

APL AG IND HEC

Figura 1: Network regolativo di base dei principali geni che regolano lo sviluppo
del frutto in A. thaliana.



2 Approccio sperimentale

Le sette piante appartenenti alle Rubiaceae utilizzate in questo articolo sono
state selezionate principalmente in base al tipo di frutto e alle loro relazioni
filogenetiche. In particolare, due piante producono bacche (B. patinoi, G.
hypocarpium), due producono drupe (C. arabica, P. angustifolia), M. citrifolia
frutti composti, C. corymbosa capsule® e C. occidentalis acheni®.

Il borojo, il caffe e C. corymbosa appartengono alle Ixoroideae. C. occi-
dentalis appartiene alle Cinchonoideae e tutte le altre (G. hypocarpium, M.

citrifolia e P. angustifolia) fanno parte delle Rubioideae.

2.1 Estrazione RNA e assemblaggio trascrittomi di rifer-

imento

L’estrazione permette di ottenere RNA di qualita, disponibile per essere sot-
toposto a sequenziamento e analisi d’espressione genica. [ tessuti utilizzati
sono boccioli, frutti e foglie. Sono stati esclusi frutti vecchi, fiori in fioritura,
brattee e pedicelli. Queste ultime due sono strutture fibrose e difficilmente
frantumabili, con resa bassa in termini di quantita di RNA. Inoltre, spesso
sono ricche di metaboliti secondari e mucillagini, in grado d’interferire con
I'estrazione. I boccioli vengono preferiti rispetto ai fiori in antesi': i tessuti
immaturi contengono bassi livelli di polisaccaridi e polifenoli (Sasi et al. 2023).
La frantumazione e avvenuta in azoto liquido per minimizzare la degradazione
del’RNA.

Tra i quattro metodi testati per ’estrazione, PureLink Plant RNA Reagent
ha assicurato resa maggiore e minor contaminazione da DNA. La qualita
del’RNA e stata quantificata in 3 modi:

e spettrofotometria; per verificare le contaminazioni da carboidrati (425 >

A230
2) e proteine (1.9 < 428 < 2.0).

e fluorimetria; per valutare la presenza e la concentrazione di RNA, impie-
gando fluorofori specifici per tale molecola. Questo metodo permette di

evitare la sovrastima della quantita di RNA causata da contaminazioni

da DNA.

e clettroforesi; per valutare I'integrita del’RNA. L’RNA ¢ stato fatto cor-

rere su gel di agarosio 1.5%, osservando la corretta separazione delle sub-

8Frutti secchi deiscenti formati da pill di un carpello.
9Frutti secchi indeiscenti contenenti un solo seme; derivanti da un ovario monocarpellare.
OFioritura.



unita di RNA. Il segnale dato dall'rRNA sara preponderante. Le bande
di 18s rRNA e 25s rRNA saranno ben distinte e visibili se ’estrazione e
andata a buon fine. In caso RNA altamente frammentato, si osservera
uno smear, mentre in presenza di contaminazione da DNA, bande a pesi

molecolari alti.

La costruzione di una libreria e avvenuta mediante 1'utilizzo di Truseq mRNA
library construction kit (Illumina, San Diego, CA, USA). Esso utilizza un
meccanismo basato su beads di oligo-dT sintetici: sfruttando la complemen-
tarieta con le code di poli-A, vengono catturati gli mRNA poliadenilati. 11
risultato sara ’eliminazione di tutti i tipi di trascritti non codificanti proteine,
e I'isolamento del’RNA messaggero.

Dopo aver ottenuto 'mRNA, esso viene frammentato mediante meccanismi
chimici o enzimatici. Ogni frammento viene retrotrascritto con primer casu-
ali. Il kit prevede che la seconda elica di cDNA venga sintetizzata adottando
il metodo dei dUTP. In seguito, ai frammenti vengono ligati gli adattatori, che
in questi casi, possono essere Y-shaped, differenti in base all’estremita legata
(5" 0 3’). Il cDNA marcato viene selettivamente degradato dall’enzima uracil-
DNA-glicosilasi. Post-trattamento, in soluzione rimangano esclusivamente i
frammenti di cDNA privi di uracile. Questo metodo garantisce la strandness
della libreria, in modo che sia sufficiente utilizzare un primer disegnato su uno
dei due adattatori per portare a termine il sequenziamento. Ogni frammento
viene sequenziato nella stessa direzione (proseguendo nello stesso senso), ot-
tenendo ampliconi direzionati. I vantaggi di questo sono principalmente la
possibilita di riconoscere trascritti antisenso ed essere un riferimento durante
I’assemblaggio dei trascrittomi.

Gli adattatori con doppio indice univoco (unique dual index, UDI) sono
utilizzati frequentemente con questo kit. L’index € un frammento di circa 7 bp
noto, sequenziabile, contenuto negli adattatori. Quando si conducono sequen-
ziamenti multipli, ogni campione possiede adattatori (e quindi indici) differ-
enti. L’indice li identifica univocamente, permettendo di sequenziare contem-
poranecamente diversi trascrittomi senza necessita di caricarli separatamente.

Il sequenziamento e stato attuato mediante HiSeq 2000 Illumina. Il sequen-
ziamento [llumina fa parte delle metodiche di seconda generazione. La tecnica

si basa su 5 step principali:

1. preparazione di DNA templato (vedi Paragrafo 2.1).

2. bridge PCR. Questo passaggio e necessario a causa del fatto che sequen-

ziando una sola molecola di templato, essa emetterebbe un segnale di



fluorescenza troppo scarso e non rilevabile.

3. sequencing by synthesis. Questo processo ha come substrato le molecole
di ssDNA dei cluster, generate dalla bridge PCR. Lo scopo ¢ sintetiz-
zare il filamento complementare un nucleotide alla volta, sequenziandolo
contestualmente. Per questo, viene impiegata una DNA polimerasi op-
portunamente modificata, un buffer, dei primer e dei dNTPs, marcati
con 4 fluorofori distinti. In realta essi sono ulteriormente modificati:
infatti, contengono un blocco al 3’-terminale. A causa di questa carat-
teristica, vengono detti terminatori reversibili. La DNA polimerasi puo

estendere il primer di un singolo nucleotide alla volta.

4. acquisizione di immagini di fluorescenza.

Ogni cluster emettera il segnale luminoso associato alla base presente
nella prima posizione dei propri filamenti. Per ogni nucleotide incorpo-

rato, viene acquisita un’immagine di fluorescenza.

5. processamento e base calling. L’identita di ogni frammento che compone
i cluster viene letta come una serie di immagini di fluorescenza sequen-
ziali. Per il base calling viene utilizzato un software che associa ad ogni
cluster una sequenza; ricavata dal segnale fluorescente emesso per ogni

nucleotide incorporato, tradotto nell’opportuna base azotata.

Durante il sequenziamento, gli autori hanno prodotto reads paired-ends di
lunghezza 100 bp I'una. La strategia paired-ends prevede il sequenziamento di
entrambe 'estremita dei frammenti di DNA. La procedura descritta nell’elenco
sopra permette di ottenere solo una sequenza per ogni filamento: per quella
opposta sara necessario sintetizzare i filamenti complementari di DNA, elim-
inare i frammenti stampo e procedere con il sequenziamento sui nuovi cluster.
Questa strategia permette sia di studiare la struttura dei trascritti, che di
risolvere ripetizioni mediante sovrapposizione delle reads.

Per assemblare de-novo un trascrittoma, viene comunemente utilizzato
I’approccio overlap layout consensus. Una volta ottenute le reads, questo

metodo consiste in:

1. rimozione porzioni a bassa qualita.

2. rimozione di eventuali adattatori gia presenti (dalla costruzione della

libreria).

3. assemblare le reads in una singola sequenza genomica mediante la costruzione

di contigs.



Il processamento delle reads, che comprende gli avvenimenti illustrati nel
punto 1 e 2 dell’elenco sopra, e stato portato a termine dal software PRINSEQ-
LITE. PRINSEQ ¢ uno strumento in grado di filtrare, analizzare ed eventual-
mente accorciare le sequenze. Il suo scopo e facilitare 1'utilizzo dei dati di
sequenziamento e verificarne la qualita.

I contigs sono classi di reads generate in base alla loro similarita recip-
roca. Durante ’assemblaggio dei trascrittomi, vengono per prime individuate
le regioni di sovrapposizione (overlap), poi il loro ordine reciproco (layout),
infine ipotizzata la sequenza sulla base di queste informazioni (consensus).
Costruendo la sequenza del trascrittoma, si notera che alcuni trascritti sono
maggiormente rappresentati di altri. Questo e direttamente correlato al livello
di espressione genica: il coverage di ogni sequenza ¢ direttamente proporzionale

al suo livello di espressione.

2.2 Analisi filogenetica

L’analisi filogenetica ha lo scopo d’individuare, nelle Rubiaceae, i geni omologhi
a quelli coinvolti nello sviluppo del frutto in Arabidopsis. 1l software utilizzato
¢ BLASTN!  in grado di confrontare una o piut sequenze nucleotidiche (query)
con altre presenti all'interno di un database, restituendo quelle con maggiore
grado di similarita. In questo caso, le sequenze di riferimento per la ricerca di
ortologhi'? sono quelle canoniche di AGAMOUS /SHATTERPROOF, APETA-
LA1/FRUITFULL, REPLUMLESS, ALCATRAZ /SPATULA, HECATE1, HE-
CATE2, HECATE3/INDEHISCENT, di A. thaliana.

Inizialmente, le sequenze di A. thaliana sono state utilizzate come queries,
ovvero input, per la ricerca di simili nei trascrittomi di riferimento delle Rubi-
aceae. Le hits (sequenze output) risultanti sono state sottoposte ad un BLAST
reciproco, questa volta come queries, con il database TAIR!® e NCBI*. Gli
autori hanno costruito una matrice genetica delle Angiosperme. Per fare cio
sono state incluse specie a distanze filogenetiche variabili, sia appartenenti alle
Rubiaceae (es. Chinchona ledgeriana) che Solanaceae (es. Solanum lycoper-
sicum) arrivando ai Rosidae (es. Fragaria vesca) e anche alle Monocotiledoni
(es. Zea mays, Oryza sativa). Tutte le sequenze utilizzate sono contenute

nell’Appendice S2 dell’articolo. BioEdit ¢ il software utilizzato dagli autori

1 Nucleotide Basic Local Alignment Search Tool.

12Geni che codificano per proteine con funzione conservata, presenti in specie diverse.
Possono derivare da eventi di speciazione in seguito ad una duplicazione ancestrale.

13 The Arabidopsis Information Resource.

14 National Centrer for Biotechnology Information.



per la modifica di sequenze. Grazie ad esso sono stati mantenuti solamente gli
open reading frame. Successivamente si e verificata la fase di allineamenti mul-
tipli, testando gli algoritmi MAFFT e TranslatorX. IQTree & stato il software
impiegato per le analisi filogenetiche (modello massima verosimiglianza). Con
lo strumento ModelFinder dello stesso programma ¢ stato calcolato il mod-
ello evolutivo pitt adatto ai set di dati in analisi. Infine, i valori di bootstrap'®
sono stati calcolati per ogni albero filogenetico mediante Ultra-Fast Bootstrap.
Il supporto di bootstrap € un parametro utilizzato per valutare la robustezza
della topologia degli alberi filogenetici. Il suo valore quantifica la significativita
dell’albero, ovvero misura la bonta e riproducibilita dello stesso. Tanto piu un
gruppo viene mantenuto costante, tanto piu il supporto & alto (e viceversa).
In altre parole, il supporto di bootstrap € la percentuale di volte che viene
ritrovato un gruppo invariato tra i diversi alberi. Piti un ramo ¢ frequente, piu

viene considerato supportato dai dati.

2.3 Identificazione motivi proteici conservati

Durante questa procedura i prodotti dei geni in analisi sono stati sottoposti
a identificazione di motivi proteici. Oltre alle 7 specie di Rubiaceae, sono
stati incluse sequenze di A. thaliana e alcune Solanaceae. Il server MEME!S,
impiegato per quest’analisi, ¢ in grado d’individuare, in un gruppo di sequenze
input, i motivi proteici maggiormente conservati. Ad ognuno di essi & associato
un E-value. 1 motivi proteici sono raggruppati per significativita: i primi
risultati sono i motivi maggiormente conservati e rilevanti, mentre i restanti

sono comuni solo a sottogruppi di sequenze, oppure unici.

2.4 Microscopia ottica

L’analisi microscopica ha interessato strutture di transizione da fiore a frutto in
quattro Rubiaceae. Essa ha permesso di descrivere accuratamente il processo
e osservare da vicino i cambiamenti a cui vanno incontro i diversi tessuti, in
particolare I'ipanzio, la cui origine & un quesito a cui gli autori hanno cercato
di dare risposta. Tutte le specie in esame (C. corymbosa, G. hypocarpium,
P. angustifolia e M. citrifolia) possiedono un ginoceo bicarpellare. Ognuna
di esse produce un diverso tipo di frutto, rispettivamente: capsule, bacche,

drupe e frutti composti. I frutti a diversi stadi di sviluppo sono stati raccolti e

5 Tecnica di campionamento con reimmissione per approssimare la distribuzione campi-

onaria di una statistica.
16 Multiple Em for Motif Elicitation.



disidratati mediante alcohol-Histochoice Clearing Agent. In seguito, mediante
un microtomo sono state tagliate sezioni di 10 um. Alcuni tessuti lignificati
hanno impedito 1'utilizzo del microtomo e in alternativa, sono stati sezionati
con una lama sottile. Per la colorazione dei tessuti le soluzioni utilizzate sono
state la safranina O, che evidenzia la cuticola e le zone di lignificazione, e 0.5%
astra blue in acqua e acido tartarico, che si lega a componenti di parete come

cellulosa, pectine e polisaccaridi (Kraus et al. 1998).

2.5 Analisi d’espressione mediante RT-PCR

Tre delle quattro specie sottoposte ad analisi microscopica, sono state sotto-
poste ad analisi d’espressione genica mediante RT-PCR. Questa metodica si
differenzia dalla normale PCR per la possibilita di monitorare in tempo reale
I’andamento della reazione di amplificazione in corso. Questo e possibile at-
traverso metodi ottici come la fluorescenza (diretta o indiretta). Gli autori
hanno scelto di analizzare I'espressione genica in due stadi dello sviluppo, de-
nominati SO e S1. Lo stadio SO corrisponde ai carpelli nel bocciolo pre-antesi,
mentre lo stadio S1 corrisponde allo sviluppo precoce del frutto.

La procedura ha previsto un’iniziale estrazione del’RNA, trattato poi con
DNAsil e quantificato mediante spettrofotometria (NanoDrop 2000). 3 ug
di RNA sono stati il substrato della trascrittasi inversa (Super-Script I1I). I
primer selezionati per la sintesi del cDNA sono oligo-dT, che permettono di
ottenere cDNA solamente da mRNA poliadenilati.

I primer di PCR sono stati manualmente disegnati, evitando regioni al-
tamente conservate. Per una buona riuscita della procedura e necessario che
essi abbiano temperatura di melting simile e non includano regioni di alta
complementarieta. Le sequenze di tutti i primer si trovano in Appendice S3
dell’articolo.

La mix di PCR contiene:

e 9 ul. EconoTaq, contenente oltre alla DNA-polimerasi termostabile (non
proofreading), anche i ANTPs e buffer.

e 6 ul. H,O nucleasi-free.

e 1 uLL BSA, un additivo utile a minimizzare ’azione di alcuni contaminanti

come composti a base di fenolo.

e 1 L soluzione Q, contenente betaina (5ug/ul). La betaina ¢ un additivo
che diminuisce la probabilita di formazione di strutture secondarie negli

acidi nucleici, soprattutto frammenti ricchi in GC.
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o 1 ul. Primer-FOR.
o 1 uL Primer-REYV.
e 1 ul cDNA.

Il protocollo di amplificazione e stato portato a termine in un termociclatore,
su cui sono stati selezionati 2 profili diversi. Il primo e un touchdown thermal
cycling profile, un profilo modificato che sfavorisce I’amplificazione aspecifica e
favorisce la generazione di ampliconi da coppie primer-templato ad alta affinita

(Korbie et al. 2008). La procedura si compone di 10 cicli composti di 3 fasi:
1. Denaturazione: 94°C - 4 minuti.
2. Ibridazione: Temperatura di annealing + 10°C - 40 secondi.

3. Estensione: 72°C - 40 secondi.

Ad ogni ciclo, nella seconda fase, la temperatura d’annealing si abbassa di 1°C.

In seguito, ¢ stato applicato un protocollo convenzionale per 20 cicli:
1. Denaturazione: 94°C - 4 minuti.
2. Ibridazione: Temperatura gene-specifica - 40 secondi.

3. Estensione: 72°C - 40 secondi; 72°C - 10 minuti durante il ventesimo

ciclo.

Per controllare il corretto funzionamento della procedura, ¢ stato introdotto
un reference. In questo caso ¢ stato scelto il gene per actina (housekeeping),
la cui espressione viene ritenuta costante tra diversi campioni. Il controllo e
necessario anche per tarare la quantita di templato all’inizio dell’analisi.

I prodotti di PCR sono stati fatti correre su gel d’agarosio 1.5% ed etidio

bromuro, annotando i loro pesi molecolari.
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3 Risultati

3.1 Analisi filogenetica e di motivi proteici

[ risultati dell’analisi filogenetica ottenuti mediante TranslatorX non sono stati
inclusi nell’articolo a causa del ridotto supporto di bootstrap. Per ogni gruppo
di geni e stato generato un albero filogenetico. In esso sono evidenziati diversi
cladi, generati da eventi come duplicazioni su larga scala o specie specifiche
(segnalate differentemente negli alberti).

Per il gruppo AP1/FUL & stato determinato che: tutte le Rubiaceae possiedono
uno o due geni omologhi a AP1/FUL, ad eccezione di P. angustifolia con 4,
come risultato di duplicazioni specie-specifiche. API & un gene che si pre-
senta frequentemente in singola copia nelle Brassicacee e nelle Eucotiledoni,
costituendo il clade euAP1. Al contrario, i geni FUL si sono divisi in 2 cladi:
euFFULI ed euFULII Nelle Rubiaceae si trovano diversi geni appartenenti a
euFF'ULI e euAP1, con numero di copie taxon-specifico, che non sembra cor-
relato al tipo di frutto prodotto dalla pianta. Dall’analisi di motivi proteici e
emersa una maggiore variabilita di sequenza tra i geni F'UL rispetto agli AP1I.

Per i geni AG/SHP ¢ stato possibile identificare sia una duplicazione a
livello delle Eucotiledoni, la quale ha generato i cladi AGAMOUS e SHAT-
TERPROOF,; che una duplicazione circoscritta alle Brassicaceae, che ha dato
origine ai cladi SHP1 e SHP2. Tutte le Rubiaceae in analisi hanno mantenuto
gli ortologhi di AG e SHP, ad eccezione di G. corymbosa e G. hypocarpium,
che hanno subito la perdita rispettivamente di AG e SHP. L’analisi di motivi
proteici ha rivelato la presenza di 2 pattern specifici delle Rubiaceae.

A livello dei geni ALC/SPT, ¢ stato individuato I'evento di duplicazione
che nelle Eucotiledoni, ha dato origine al clade ALCATRAZ e SPATULA.
Quasi tutte le piante di questo gruppo possiedono ortologhi a questi geni,
anche le Rubiaceae. Alcune di esse hanno subito duplicazioni o perdite specie-
specifiche. Per quanto riguarda la loro struttura proteica, e stato possibile
individuare in ALC' 3 motivi caratteristici a tutte le Rubiaceae esaminate.
Anche SPT possiede 2 motivi proteici comuni alla maggior parte di esse.

Per il gruppo HEC/IND si ¢ potuto risalire ad un evento di duplicazione
comune a tutte le Angiosperme, che ha generato il clade HEC1/HEC2 e
HEC3/IND. Come per i geni AG/SHP, le Brassicaceae hanno subito un’ulteriore
duplicazione localizzata, che ha suddiviso ulteriormente i geni in cladi: HEC1,
HEC2, HEC3 e IND. Solo G. hypocarpium e C. arabica possiedono tutti e tre i
geni HEC'; le altre Rubiaceae mancano almeno di uno degli omologhi. I’analisi

di questi fattori di trascrizione non ha rivelato motivi proteici condivisi tra le
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Rubiaceae.

Infine, RPL e stato rinvenuto in duplice copia in P. angustifolia. Nella
maggior parte delle Angiosperme, Rubiaceae comprese, RPL si trova in singola
copia. Fanno eccezione B. patinoi, C. occidentalis, C. ledgeriana e Coffea spp.,
che hanno subito perdite specie-specifiche di tale gene. L’analisi di sequenza di

RPL ha rivelato la presenza di un motivo proteico esclusivo delle Rubiaceae.

3.2 Analisi morfo-anatomica e RT-PCR

L’analisi microscopica ha volto la sua attenzione maggiormente alla vascolariz-
zazione dei tessuti, spesso utilizzata come indicatore per l'origine dell’ipanzio.
I fattori valutati sono stati il numero, posizione e suddivisione degli anelli
vascolari. G. hypocarpium e P. angustifolia possiedono un unico anello at-
torno all’ovario, che si estende al perianzio. M. citrifolia e C. corymbosa
possiedono tre anelli, che dal pit interno al piu esterno, si diramano rispetti-
vamente verso ovario; stami e petali; e sepali. I tessuti presenti esternamente
rispetto all’anello periferico costituiranno I’epicarpo carnoso. Il pericarpo puo
differenziare in tessuto parenchimatico, sclerenchimatico o entrambi; in base al
tipo di frutto e al meccanismo di dispersione dei semi, cosi come ’endocarpo.
In C. corymbosa e M. citrifolia, le analisi anatomiche suggeriscono che I'ipanzio
abbia origine appendicolare. Si potrebbe pensare che, data la riduzione del nu-
mero degli anelli vascolari da tre a uno, G. hypocarpium e P. angustifolia si
siano evolute indipendentemente da C. corymbosa e M. citrifolia e cosi anche il
loro ipanzio. Tuttavia, questo cambiamento e probabilmente una conseguenza
del rimpicciolimento dei loro fiori piuttosto che il risultato di un percorso evo-
lutivo distinto.

I risultati di PCR hanno fatto emergere notevoli differenze nell’espressione
genica, soprattutto tra diverse specie. La diversita di espressione interspecifica
maggiore riguarda i geni FUL, SHP, ALC e RPL. E’ interessare notare che
non ¢ stata rivelata alcuna espressione dei geni FUL in C. corymbosa, SHP in
P. angustifolia e ALC in G. hypocarpium. Per confutare la possibilita di falsi
negativi, sono stati condotti controlli positivi utilizzando il gene dell’actina.
Rispetto alla rete genetica regolativa di A. thaliana, quella delle Rubiaceae e
ridotta in termini di numero di geni espressi, perlomeno durante le fasi esam-
inate. Inoltre, I'espressione dei medesimi geni varia notevolmente tra piante
con frutti differenti, e in stadi di sviluppo diversi nello stesso individuo. Un
altro aspetto importante e la diversita funzionale dei geni in analisi, anch’essa

specie-specifica.
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4 Discussione

A differenza delle Brassicaceae, Solanaceae e il resto delle Asteridae, non sono
stati individuati eventi di WGD circoscritti alle Rubiaceae. Infatti, si ritiene
siano avvenute solo duplicazioni o perdite di geni specie-specifiche. Questo &
un punto di forza di questa famiglia come organismo modello per studi sullo
sviluppo del frutto. In questo articolo, i trascrittomi sono stati assemblati de
novo. Tale strategia ha permesso di circoscrivere ’analisi a geni codificanti
proteine, in particolare fattori di trascrizione d’interesse. L’approccio adot-
tato dagli autori e utile per ottenere informazioni di base, come: numero di
geni duplicati, sequenza dei trascritti, motivi proteici e relazioni filogenetiche.
Tutto cio e sufficiente per ottenere un primo inquadramento dell’espressione
genica in fiori e frutti di questa famiglia. Tuttavia, soprattutto per future
analisi filogenetiche, sarebbe utile avere a disposizione la sequenza dell’intero
genoma delle piante in esame. Potrebbero infatti essere presenti ulteriori copie
di geni non funzionali. Uno dei destini dei geni duplicati e il silenziamento:
pur essendo inattivi, costituiscono una traccia di eventi rilevanti per ricostruire
la storia evolutiva di una specie.

La mancata rilevazione di alcuni trascritti durante la RT-PCR (vedi Para-
grafo 3.2) e stata verificata con un controllo positivo con actina. Essendo
andato a buon fine, questo risultato non e da attribuirsi a difetti nell’azione
della polimerasi o ad altri componenti di PCR. L’assenza di espressione di
alcuni geni ¢ probabilmente dovuta a: stadio di sviluppo scelto, tipo di tes-
suto o a meccanismi di PTGS'". Durante la RT-PCR, ¢ stato utilizzato RNA
proveniente solo da carpelli di boccioli (S0) e frutti ai primi stadi di sviluppo
(S1). Durante 'assemblaggio dei trascrittomi di riferimento, il materiale ge-
netico estratto proveniva da boccioli, frutti precoci; ma anche foglie e frutti
maggiormente sviluppati. Un’ipotesi plausibile potrebbe essere 'espressione
tessuto-specifica di alcuni geni. L’alternativa piu probabile e che 1’assenza
d’espressione di alcuni gruppi di geni sia correlata allo stadio di sviluppo in
esame. Un fattore che complica ’analisi in questo senso e la modalita con cui
vengono determinati gli stadi di sviluppo, in particolare S1. Infatti, gli autori
non sono riusciti ad individuare direttamente il momento di fertilizzazione e
inizio dello sviluppo del frutto nelle piante in analisi. In alternativa, hanno
stabilito come S1 il momento in cui il frutto raggiunge una certa dimensione
(da 2 a b mm in G. hypocarpium, P. angustifolia e C. corymbosa) oppure, nel

caso di M. citrifolia, 'antesi degli ultimi fiori apicali dell’infiorescenza. Questo

17 Post Transcriptional Gene Silencing
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metodo potrebbe contribuire a rendere inconsistenti i risultati di RT-PCR,
soprattutto nell’ottica di un confronto di espressione tra stadi S1 di specie
diverse. Pur essendo il tempo post-fertilizzazione il parametro ideale per uni-
formare la scelta dello stadio di sviluppo, se tale evento non e riconoscibile,
I’alternativa immediata ¢ la grandezza del frutto. Il fatto che non sia stata se-
lezionata la stessa dimensione per tutte le specie, potrebbe essere attribuito sia
a fattori intrinseci alla pianta, oppure dipendenti dagli autori (es. dimensione
minima che ha permesso loro di individuare il frutto).

Come ultima, la scelta dei geni gioca un ruolo fondamentale nello studio di
sviluppo e diversita del frutto. Alcuni, non presi in considerazione in questo ar-
ticolo ma identificati in altre piante (es. SEPALLATA in F. vesca) potrebbero
interagire con geni gia noti, avere funzioni simili ad essi oppure contribuire in

maniera sconosciuta ai processi di transizione da fiore a frutto.
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5 Conclusioni

Questo studio rappresenta il primo tentativo d’utilizzo delle Rubiaceae come
modello per lo sviluppo del frutto da fiori con ovario infero, con il contributo
di tessuti extra-carpellari. Non e possibile estrapolare il circuito regolativo
dei geni responsabili del patterning del frutto nelle Eucotiledoni, alle Rubi-
aceae. Le motivazioni sono principalmente 'assenza di WGD e genetica di
base differente, sia a livello di ruolo dei geni, che di regolazione. Queste ultime
proprieta contribuiscono, insieme al reclutamento di tessuti come l'ipanzio,
a generare grande diversita tra frutti di questa famiglia. Per le ragioni de-
scritte nel Paragrafo 4, attuare un sequenziamento del genoma delle piante
d’interesse costituirebbe una risorsa per studi futuri su questa famiglia. In-
fatti, permetterebbe di validare le analisi filogenetiche, possibilmente aumen-
tando la loro robustezza, e approfondire gli studi di funzione genetica. A tal
proposito, sarebbe opportuno stabilire un sistema indiretto piu rigoroso per
definire gli stadi di sviluppo del frutto. Le strade da percorrere sono molteplici,
dall’approfondimento dei meccanismi regolativi di geni gia noti, alla ricerca di
omologhi e al loro studio di sequenza. Questo articolo pone le basi per futuri
sviluppi sul tema della genetica e trasformazioni morfo-anatomiche del fiore a

frutto nelle Rubiaceae.
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Abstract

Premise: The Rubiaceae are ideal for studying the diversity of fruits that develop from
flowers with inferior ovary. We aimed to identify morpho-anatomical changes during
fruit development that distinguish those derived from the carpel versus the extra-
carpellary tissues. In addition, we present the fruit genetic core regulatory network in
selected Rubiaceae species and compare it in terms of copy number and expression
patterns to model core eudicots in the Brassicaceae and the Solanaceae.

Methods: We used light microscopy to follow morphoanatomical changes in four
selected species with different fruit types. We generated reference transcriptomes for
seven selected Rubiaceae species and isolated homologs of major transcription factors
involved in fruit development histogenesis, assessed their homology, identified con-
served and new protein motifs, and evaluated their expression in three species with
different fruit types.

Results: Our studies revealed ovary-derived pericarp tissues versus floral-cup-derived
epicarp tissues, Gene evolution analyses of FRUITFULL, SHATTERPROOF, ALCATRAZ,
INDEHISCENT and REPLUMLESS homologs suggest that the gene complement in
Rubiaceae is simpler compared to that in Brassicaceae or Solanaceae. Expression patterns of
targeted genes vary in response to the fruit type and the developmental stage evaluated.
Conclusions: Morphologically similar fruits can have different anatomies as a result
of convergent tissues developed from the epicarps covering the anatomical changes
from the pericarps. Expression analyses suggest that the fruit patterning regulatory
network established in model core eudicots cannot be extrapolated to asterids with
inferior ovaries.

KEYWORDS
bHLH genes, epicarp, fruit diversity, MADS-box genes, pericarp, REPLUMLESS, Rubiaceae

The Rubiaceae (Gentianales; asterids) is the fourth largest
angiosperm family, occurring on all continents, with ca.
13,000 species circumscribed in three subfamilies, more
than 40 tribes, and 620 genera (Wikstrom et al., 2015). The
family presents outstanding variation in terms of carpel
number, degree of fusion, and fruit types largely unexplored
both morphologically and genetically. In the family, simple
fruits that are dry dehiscent, drupaceous, or fleshy can
occur (Bremer et al, 1996). The independent occurrence
of dense-headed inflorescences has also facilitated the

development of multiple fruits, formed by the fusion of dif-
ferent flowers, like in the case of Morinda citrifolia (Mor-
indeae) in the Rubioideae (Razafimandimbison et al., 2012).
According to the most recent phylogenetic analyses, different
fruit types have evolved independently several times with no
less than 12 independent acquisitions of fleshy fruits within
the family (Bremer and Eriksson, 1992; Bremer, 1996). In
addition, analyses within specific clades suggest that fleshy
fruits have evolved from dry fruits independently several
times, as the earliest divergent groups in each subfamily are
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FRUIT DEVELOPMENT IN RUBIACEAE

characterized by having capsules (Rova et al.,, 2002; Motley
etal., 2005). Despite such diversity of fruit types in the family,
few comparative studies have explored the morphoanatomical
changes of the carpel to fruit transformation (Roth and
Lindorf, 1971; Bremer and Eriksson, 2009; De Toni and
Mariath, 2011; Giacomin, 2015), and not one study is avail-
able on the genes shaping such diversity.

One aspect that complicates the study of fruit diversity
in the family is the generalized presence of inferior ovaries,
as in most other Asterales (Endress, 2011; see exception on
“secondarily superior” by Igersheim et al., 1994). In turn,
the floral cup develops fused to the ovary wall. The common
occurrence of inferior ovaries raises two difficulties, namely,
the interpretation on the homology of the floral cup and the
addition of extra-carpellary tissue to late developmental
processes like fruit development. The axial (axis-derived)
versus the appendicular (floral-organ-derived) nature of the
cup, has been historically debated (Douglas, 1944, 1957 and
references within), but in general the number, course, and
splitting of the vascular rings, is used to determine whether
the inferior ovary is surrounded by the axis or by the fused
floral organs (Douglas et al., 1944, 1957; Puri et al., 1951;
Fukuoka, 1980). However, this is not a straightforward task
and has proven to be a complex feature to evaluate onto-
genetically (Puri et al., 1951).

The genetic underpinnings of the carpel to fruit
transformation are known from the model core eudicot
Arabidopsis thaliana (Brassicaceae, Rosids). Fruits of A.
thaliana are capsules with longitudinal dehiscence and a
persistent medial replum, called siliques. The histogenesis
and the resulting shattering in the A. thaliana fruit have
been associated with the role of specific transcription
factors. A first tier in the genetic regulation of fruit de-
velopment is based on the tissue-specific activation of
FRUITFULL (FUL), SHATTERPROOF 1 and 2 (SHP 1/2)
and REPLUMLESS (RPL). FUL is responsible for proper
cell division and proliferation in the valves, while SHP 1
and 2 control the differentiation of the dehiscence zone
(Gu et al, 1998; Ferrandiz et al, 1999; Liljegren
et al., 2000, 2004). Both are members of the MADS-box
gene family (Ferrandiz et al, 1999; Liljegren
et al,, 2000, 2004). RPL controls the identity of the outer
medial persistent tissue called the replum, and it belongs to
the BELL-like homeodomain gene lineage (Roeder
et al, 2003). FUL negatively regulates SHP (Ferrindiz
et al., 2000; Liljegren et al., 2000), and negative regulation
of RPL and FUL together defines the expression layers of
SHP (Roeder et al., 2003). SHP is a major regulator in the
second tier of the genetic control in fruit histogenesis, as it
interacts with ALCATRAZ (ALC) and INDEHISCENT

(IND) to form the dehiscence zone (Alvarez and
Smyth, 1999; Rajani and Sundaresan, 2001; Liljegren
et al, 2004). While IND controls both the

lignified and the separation layers, ALC maintains the
parenchymatous nature of the separation layer (Alvarez
and Smyth, 1999; Rajani and Sundaresan, 2001; Liljegren
et al., 2004). Comparative analyses across Brassicaceae

have suggested that shifts in the expression of the same
transcription factors could control changes from dehiscent
to indehiscent fruits in closely related species (Mithlhausen
et al., 2013; Carey et al., 2019). However, the Brassicaceae
have only dry fruits; hence, tissue specialization associated
with fleshy fruit formation cannot be studied in this family.

Despite numerous plant families having diverse fruit
types that can be comparatively studied from morphoana-
tomical and genetic perspectives, few have emerged suc-
cessfully as systems where functional analyses have been
implemented. For instance, the Solanaceae (Solanales, aster-
ids) have been used as a reference family to study the genetic
mechanisms underlying fruit type diversity because both dry
and fleshy fruits are present among the members (Chung
et al,, 2010; Dong et al,, 2013). Moreover, phylogenetic op-
timization of fruit types results in a single major transition
from dry to fleshy fruits coinciding with the radiation of the
Solanoideae (Knapp, 2002). Tobacco (Nicotiana tabacum)
and tomato (Selanum lycopersicum) have served as model
species for studying the function of the reference transcrip-
tion factors in different fruit types of species sharing a recent
common ancestor, with particular reference to ripening in
tomato and dehiscence in tobacco (Seymour et al, 2013;
Gomez et al, 2014; Garceau et al, 2017; Ballester and
Ferrandiz, 2017). However, a whole-genome multiplication
(likely triplication) event resulted in numerous copies of each
gene lineage and an added difficulty for expression and
functional analysis of the fruit development genetic network
(Tomato Genome Consortium, 2012; Kim et al, 2014;
Ortiz-Ramirez et al., 2018).

The Rubiaceae provides a unique framework for com-
parative developmental studies. The diversity of fruits in
the family provides an appropriate system to implement
developmental and evolutionary studies aimed to assess
the underlying morphological and genetic mechanisms re-
sponsible for divergent fruit types in closely related species.
Fruit development and ripening studies in the Rubiaceae are
key to better understand the reproduction of important
crops like Coffea arabica (coffee), Borojoa patinoi (borojo),
and Morinda citrifolia (noni), with very different fruit types
that have not been studied in a comparative evolutionary
and developmental context. In this study, we specifically
aimed to (1) document the morphoanatomical changes
occurring during the carpel-to-fruit transformation in four
species with different fruit types, (2) assess anatomical
homologies and homoplasies, taking into account the spatial
distribution of the carpellary versus the extracarpellary tis-
sues, (3) record evidence in favor of either the axial (axis
derived) versus appendicular (floral organ derived) nature
of the floral cup, (4) identify gene homologs from major
fruit patterning genes (i.e., ALC, IND, FUL, RPL, and SHP)
in representative Rubiaceae species, and (5) compare the
expression patterns of targeted genes in the three fruit types
in Rubiaceae to better understand the functional fruit gene
regulatory network in this plant family. We hope that this
work will serve as a framework for morphoanatomical
features of different fruit types in the family and for the
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basis of homolog identification of most transcription factors
involved in fruit development in this specious family of
flowering plants.

Here, we sampled selected species across the phylogeny,
based on their fruit type. Specifically, we selected a member
of the Cinchonoideae, Cephalanthus occidentalis, with
thickened flowering heads and dry fruits; three members of
the Ixoroideae, including Condaminea corymbosa with cap-
sules, Borojoa patinoi with giant berries, and Coffea arabica
with drupes; and three members of the Rubioideae including
Galium hypocarpium with berries, Palicourea angustifolia
with drupes, and Morinda citrifolia with multiple fleshy
fruits (Figure 1). Our work provides (1) a comprehensive
description of the morphoanatomical changes underlying the
development of different fruit types in the family in four
selected species (C. corymbosa, G. hypocarpium, M. citrifolia,
and P. angustifolia), (2) the identification of gene homologs
for major gene families involved in fruit histogenesis in the
seven selected species of Rubiaceae for which de novo tran-
scriptomes were generated, and (3) the assessment of target
gene expression in three different fruit types.

MATERIALS AND METHODS

RNA extractions and the generation of
reference transcriptomes

Reference transcriptomes from each species were gener-
ated from mixed material including leaves, floral buds,
and young fruits. Species sampled included Borojoa pati-
noi Cuatrec. (Pabén-Mora N & Salazar-Duque H, NP392,
Cocornd, Antioquia, Colombia), Cephalanthus occidenta-
lis L. (Pabon-Mora N, NP445, cultivated, Botanischer
Garten, Dresden, Germany), Coffea arabica Benth.
(Pabon-Mora N & Salazar-Duque H, NP393, Cocornd,
Antioquia, Colombia), Condaminea corymbosa Ruiz &
Pav. (Pabon-Mora N & Salazar-Duque H, NP413,
Medellin, Antioquia, Colombia), Galium hypocarpium (L.)
Forsberg. (Pabon-Mora N & Salazar-Duque H, NP390,
Medellin, Antioquia, Colombia), Morinda citrifolia
L. (Pabon-Mora N & Salazar-Duque H, NP401, Medellin,
Antioquia, Colombia), and Palicourea angustifolia Kunth.
(Pabon-Mora N & Salazar-Duque H, NP414, Santa Elena,
Antioquia, Colombia). All vouchers are deposited in HUA
(Medellin, Colombia).

Plant material derived from different flower to fruit
developmental stages and from young leaves from one in-
dividual per species was ground in liquid nitrogen. Different
methodologies for total RNA extraction were evaluated and
standardized for each species. Different protocols including
phenol-chloroform extraction, the use of Trizol reagent
(Invitrogen, Carlsbad, CA, USA), CTAB with LiCl, pre-
cipitation (Chang et al, 1993) and PureLink Plant RNA
Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA)
were tested. The different protocols were used to minimize
the impact of mucilage-rich tissue and abundant secondary

metabolites during RNA extraction. In general, only young
leaves, floral buds, and fruits were included in the extrac-
tions, avoiding bracts, pedicels, anthetic flowers, and old
fruits. The best-performing protocol (i.e., the one that re-
sulted in large amounts of RNA and low DNA or protein
contamination) was PureLink Plant RNA Reagent. RNA
quality was verified by spectrophotometry, by fluorometry,
and by visual inspection of the ribosomal subunits separated
electrophoretically in a 1.5% agarose gel.

The RNA-seq libraries were done using a Truseq mRNA
library construction kit (Illumina, San Diego, CA, USA) per
species and sequenced in a HiSeq. 2000 Illumina instrument
reading 100-bp paired-end reads. The transcriptomes were
assembled de novo. Read cleaning was performed with
PRINSEQ-LITE with a quality threshold of Q35, and contig
assembly was computed using the Trinity package v2.5.1
(https://github.com/trinityrnaseq/trinityrnaseq/wiki) and the
default settings (Trinity -seqType fq -max_memory 250 G
~-CPU 40 -trimmomatic —full_cleanup). Transcriptome me-
trics can be found in Appendix S1.

Fruit gene homologs isolation and phylogenetic
analyses

BLASTN searches for each of the candidate genes were
performed using the Arabidopsis thaliana canonical sequences
AGAMOUS/SHATTERPROOF, APETALAI/FRUITFULL, RE-
PLUMLESS, ALCATRAZ/SPATULA and HECATEI/HEC2/
HEC3/INDEHISCENT as queries to identify homologues in the
Rubiaceae species transcriptomes. BLASTN was used to find
homologues with two different e-values of up to 1 x 10 and
1 x 10, The resulting hits were submitted to reciprocal
BLAST in NCBI and TAIR. Putative positive hits were cleaned
to obtain the corresponding CDS.

Several contigs usually matched a specific gene homolog,
and in turn, all variants were carefully evaluated. Gene copies
were retained as such when (1) they corresponded to different
contigs or (2) they corresponded to the same contig but had
significant variation. For the latter, significant changes in-
cluded (1) premature stop codons, (2) more than 5% differ-
ences in their CDS nucleotide sequences, and (3) alternative
splice forms. However, the assessment of true copies versus
allelic variation or any form of mRNA variation during and
after transcription will need confirmation from genome se-
quencing in the future. All genes isolated in this study have
been deposited in GenBank (MW356675-MW356760).

For building a comprehensive matrix for angiosperm genes
as a framework for the isolated Rubiaceae genes, BLAST
(Altschul et al,, 1990) was implemented to search all the re-
positories available for plant transcriptomes such as OneKP
database (https://sites.google.com/a/ualberta.ca/onekp), Phyto-
Metasyn (https://bioinformatics.tugraz.at/phytometasyn), and
the genomes available via Phytozome (https://phytozome.jgi.
doe.gov/pz/portal.html). Gene matrices also used previous data
from Pabon-Mora et al. (2014) and Ortiz Ramirez et al. (2018).
All sequences used are in Appendix 52. Full-length nucleotide
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sequences were compiled with Bioedit (http://www.mbio.ncsu.
edu/bioedit/bioedithtml) and manually edited to exclusively
keep the open reading frame for all transcripts, as many se-
quences include the 5" and 3" untranslated regions (UTRs). All
sequences isolated here and those included in the analyses can
be found in Appendix 52. Nucleotide sequences were then
aligned using alternative algorithms. On one hand, the online
version of MAFFT (http://mafft.cbrc.jp/alignment/software)
(Katoh et al., 2002), with a gap open penalty of 3.0, offset
value of 1.0, and all other default settings was implemented.
In this case, manually refined alignments were done using
Bioedit especially for large domains that were easily re-
cognizable. Alternatively, codon-based alignments using
TranslatorX were performed (Abascal et al., 2010). Maximum
likelihood (ML) phylogenetic analyses using the nucleotide
sequences were performed through IQTree (Nguyen LT
et al, 2015) using the CIPRES Science Gateway (Miller
et al,, 2010). The molecular evolution model that best fit the
data was calculated using the ModelFinder tool incorporated
in IQ-TREE (Kalyaanamoorthy et al.,, 2017). Bootstrapping
was performed with 1000 Ultra-Fast Bootstrap replicates.
Trees were observed and edited using iTOL (Interactive Tree
Of Life online tool, Letunic and Bork, 2019) (https://itol.
embl.de). Here, only MAFFT alignment results are shown,
because alignments derived from Translator X resulted in
reduced bootstrap support (BS) in phylogenetic analyses.

Identification of protein motifs

For identifying conserved motifs and protein motifs in Ru-
biaceae fruit development genes, motif search analyses were
done using full-length protein sequences from Borojoa pati-
noi, Cephalanthus occidentalis, Coffea arabica, Condaminea
corymbosa, Galium hypocarpium, Morinda citrifolia, and
Palicourea angustifolia. For comparison, we also included
sequences from AGAMOUS/SHATTERPROOF, APETALA1/
FRUITFULL, REPLUMLESS, ALCATRAZISPATULA, and
HECATE1/HEC2/HEC3/INDEHISCENT from Arabidopsis
thaliana and some selected Solanaceae species. All sequences
were permanently translated and uploaded as amino acids to
the online MEME server (http://meme.nbcr.net). This suite
finds in the given sequences, the most statistically significant
(low E-value) and conserved motifs across all sequences first,
followed by unique motifs found only in a subset of the
sequences. The e-value of a motif is based on its log like-
lihood ratio, width, sites, and the size of the set.

Developmental series and anatomy of fruits in
selected species of Rubiaceae

For anatomical studies and identiflandmarks during devel-
opment four species were selected. Condaminea corymbosa
capsules Galium hypocarpium berries Palicourea angustifolia
drupes Morinda citrifolia multiple fruits. Fruits in different
developmental stages were collected in the field and

immediately placed in 70% ethanol until they were dehy-
drated through an alcohol-Histochoice Clearing Agent (Sig-
ma Aldrich, St Louis, MO, USA) series and embedded in
Paraplast X-tra (Leica Biosystems, Richmond, IL, USA).
Samples were 10 pum with an AO Spencer 820 rotary micro-
tome. When the embedded material was too lignified and
failed to be sectioned with the microtome, sections were cut
with a thin blade. Sections were stained with safranin O so-
lution to identify lignification and presence of cuticle, and
0.5% w/v astra blue in water with tartaric acid, and mounted
in Entellan (Merck, Darmstadt, Germany) and viewed and
digitally imaged with a Zeiss Axioplan compound microscope
equipped with a Nikon DXM1200C digital camera with ACT-
1 software (Nikon, Tokyo, Japan).

Expression analyses using RT-PCR

For gene expression analyses, C. corymbosa, G. hypo-
carpium, and P. angustifolia were studied. Two different
developmental stages were processed based on the previous
observations in the anatomical studies. Stage 0 here is de-
fined as the carpels in preanthetic floral buds, and Stage 1
corresponds to the first stage of fruit development docu-
mented after anthesis. Specific sizes and anatomical de-
scriptions corresponding to these stages (preanthesis and
S1) are described in the anatomical result sections. Primers
were designed for all homologs found, taking special
care not to use largely conserved regions for amplification
(Appendix 53). Total RNA was prepared as described above
from specific developmental stages. Samples were treated
with DNAsel (Roche, Basel, Switzerland) and quantified
with a NanoDrop 2000 spectrophotometer (Thermo Fisher,
Waltham, MA, USA). Three micrograms of RNA were used
as a template for cDNA synthesis (Super-Script III RT, In-
vitrogen, Waltham, MA, USA) using OligodT primers. The
¢DNA was used undiluted for RT-PCR. Primers were
manually designed for AP1/FUL, AG/SHP, ALC/SPT, HEC,
and RPL genes and can be found in Appendix 53. The final
amplification 20-pL reactions for the RT-PCR included 9 uL
of EconoTaq (Lucigen, Middleton, WI, USA), 6puL of
nuclease-free water, 1 uL of BSA (bovine serum albumin;
5mg/mL), 1puL of Q solution (betaine, 5pg/uL), 1pL of
forward primer (10 mm), 1 pL of reverse primer (10 mm)
and 1 pL of diluted template cDNA. Expression tests were
performed using a touchdown thermal cycling profile,
which followed an initial denaturation step (94°C for 4 min)
then (94°C for 40s), an annealing step (10°C above real
annealing temperature, for 40 s), an extension step (72°C for
up to 40 s), a following step (10 cycles -1°C, each time going
to step 2). This protocol was followed by a conventional
thermal cycling profile with a denaturation step (94°C for
405s), an annealing step (gene specific for 40 s), an extension
step (72°C for up to 40 s) repeated for 20 amplification cycles,
and a final extension (72°C for up to 10 min) and storage
(4°C). ACTIN was used as a control. Primers pairs that
resulted in no expression in the selected stages were further
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tested using the original mixed RNA for each species.
PCR products were visually verified in a 1.5% agarose gel
stained with ethidium bromide (Sigma-Aldrich, Darmstadt,
Germany), molecular weight determined, and digitally pho-
tographed using a Whatman Biometra BioDoc Analyzer.

RESULTS

The APETALA1/FRUITFULL (AP1/FUL) gene
lineage

The AP1/FUL gene lineage evolution was reconstructed using
99 coding sequences from among all major angiosperm
groups (i.e., 43 specifically from the Rubiaceae, 37 sequences
from other core eudicots, eight sequences from monocots, six
from basal eudicots, and five from among magnoliids,
Chloranthaceae, and ANA). The molecular evolution model
that best fit API/FUL genes was TIM+F+R4. Using
Amborella trichopoda single-copy FUL as the outgroup, the
maximum likelihood (ML) phylogenetic analysis recovered
the previously identified euFULI, euFULII, and euAPI clades
(UFB values = 94, 100, and 100, respectively; Appendix 54).

All Rubiaceae species sampled have gene representatives
from euFULI and euAPI clades (UFB =100 and 99, respec-
tively). In fact, most euFULI and euAPl homologs have
undergone taxon-specific duplications or are present as di-
vergent transcript variants. Thus, euFULI genes are multi-
plied in Condaminea corymbosa (4 copies), Coffea arabica
(2 copies), Galium hypocarpium (5 copies), Morinda citrifolia
(3 copies), and Palicourea angustifolia (3 copies) (Table 1;
Appendix S4). Similarly, euAPI genes are found duplicated
in C. corymbosa, C. occidentalis, M. citrifolia, and G.
hypocarpium, while four copies were found in P. angustifolia.
All other taxa including Coffea canephora, C. arabica, and
Borojoa patinoi have one euAPI copy. A very different trend
can be seen in the euFULIl clade, as Cephalanthus occi-
dentalis, Coffea arabica, C. canephora, and Morinda citrifolia
have one euFULIl homolog. The exceptions are Cinchona
ledgeriana and Borojoa patinoi, which have two copies. All
other sampled species may have lost euFULII homologs al-
together (Table 1; Appendix 54).

To assess how the FUL homologs in Rubiaceae have
evolved compared to their counterparts in core eudicots, we
evaluated a total of 39 sequences from among selected
Rubiaceae, Solanaceae, and Brassicaceae sequences, using
the Motif Elicitation (MEME) suite. Only proteins puta-
tively involved in fruit development were chosen, namely,
FUL proteins (from both euFULI and euFULII gene clades).
Sequences of Solanum lycopersicum (Sly) and Brunfelsia
australis (Brau) were included as representatives from the
Solanaceae. Sequences from Arabidopsis thaliana (AT)
where used to represent Brassicaceae homologs (Appen-
dix 55). For this particular gene lineage, motifs were iden-
tified as described by Pabon-Mora et al. (2014). As expected,
FUL proteins have a highly conserved MADS-box, I and K
domains across all representative sequences, here recovered

in motifs 1, 2, 3, 4, and 7 (Appendices 55, 56). Most changes
were concentrated in the C-terminal region, but even there
some conserved motifs were identified (e.g., motifs 6, 8, 9,
and 10). The FUL motif (MPPWML) is part of motif 6.
Species-specific motifs are rare, but all FULI proteins from
Galium hypocarpium have motif 12 (RSSFBNTDTS) in the
C-terminal region. Because of the location, it may play
important roles in protein-protein tetrameric interactions
(Appendices 55, S6).

The AGAMOUS/SHATTERPROOF (AG/SHP)
gene lineage

The compiled matrix for the AGAMOUS/SHATTERPROOF
(AG/SHP) lineage, included 71 sequences for the alignment
(i.e., 25 from the Rubiaceae; 23 from other core eudicots, 11
from monocots, 7 from basal eudicots, and 5 sequences
from among magnoliids, Chloranthaceae, and ANA). The
molecular evolution model that best adjusted to the AG/
SHP genes was TIM2e + R4,

The ML phylogenetic analysis of the AG/SHP gene
lineage recovered the core eudicot duplication event re-
sulting in the AGAMOUS (UFB=100) and SHATTER-
PROOF clades (UFB =99; Appendix 57). Our analysis also
recovered the Brassicaceae-specific duplication resulting in
the SHPI and SHP2 gene clades (UFB =100 and 99, re-
spectively). Rubiaceae species have retained both AG and
SHP orthologues. AG and SHP genes are found as a single
copy in Borojoa patinoi, Cinchona ledgeriana, Coffea ara-
bica, C. canephora, and are found duplicated in all other
species sampled, including Cephalanthus occidentalis (with
2 copies) Galium hypocarpium (with 2 copies), Morinda
citrifolia (with 2 copies), and Palicourea angustifolia (with 3
copies). Our analyses revealed two independent losses: loss
of AG in Condaminea corymbosa and loss of SHP in Galium
hypocarpium. However, due to the lack of reference genome
for this species such losses remain to be confirmed (Table 1;
Appendix S7).

A total of 32 selected sequences including all Rubiaceae
AG/SHP proteins were analyzed for conserved motifs. AG/
SHP proteins are highly conserved and exhibit the MADS-
box, I, K, and C terminal domains (Appendices S8, 59).
Inside the MADS box region, motifs 7 and 1 correspond to
the GRGKIE and TNRQVTEFCKR, respectively, two motifs
characteristic of all AG/SHP proteins. The latter includes
a putative phosphorylation site for the calmodulin-
dependent protein kinase. Motifs 2, 3, and 5 include most
highly conserved sequences in the I and K domains. In the
C-terminal region, the AGI and AG Il motifs were iden-
tified (Zhu et al, 2018). The AG motif [ corresponds
to motif 6 and the AG motif II corresponds to motif 9
(Appendices 58, 59).

Two new motifs were identified exclusively in Rubiaceae
proteins: motif 12, upstream of the typical MADS-box do-
main in all SHP homologs; motif 11, exclusively upstream of
the MADS-box domain of Morinda citrifolia AG proteins
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(Appendices S8, 59). Morinda citrifolia is the only species in
the present study with multiple fruits. These new complete
amino acid sequences were searched against the PFAM 23.0
database (http://pfam.sanger.ac.uk/) with the goal of re-
cording any putative reported role; however, thus far, they
remain uncharacterized.

The REPLUMLESS (RPL) gene lineage

To reconstruct the RPL gene lineage evolution, we used the
complete coding sequence of 34 homologs from all major
angiosperm groups (i.e., 5 sequences from Rubiaceae species,
16 from other core eudicots, 3 from basal eudicots, 5 se-
quences from monocots, and 5 from among magnoliids,
Chloranthaceae, and ANA) (Appendix S10). The molecular
evolution model that best adjusted to the RPL genes was
TPM3u+F + R4. Using the Amborella trichopoda single-
copy REPLUMLESS as the outgroup, the ML analysis re-
covered single-copy RPL genes across the angiosperms.

As in most angiosperms, RPL genes are found as single
copy in all Rubiaceae species sampled with a single excep-
tion; Palicourea angustifolia has 2 RPL copies (UFB = 100)
(Table 1; Appendix 510). However, a detailed examination
of the two sequences suggest they may be alternative tran-
scripts, as PaanRPL2 is shorter compared to PaanRPLI
(Appendices S11, S12). RPL orthologs, however, were not
recovered from Borojoa patinoi, Cephalanthus occidentalis,
and Coffea spp., or Cinchona ledgeriana, suggesting species-
specific losses (Table 1; Appendix 510).

The REPLUMLESS genes belong to the HOX family, whose
main characteristic is the presence of the canonical HOME-
ODOMAIN and BELL domain, as well as the SKY and ZIBEL
motifs (Mukherjee et al., 2009; Pabon-Mora et al, 2014;
Appendices S11, 512). The MEME analysis for RPL proteins
recovered those highly conserved motifs as part of motifs 1, 2,
and 4 (Mukherjee et al., 2009; Pabon-Mora et al., 2014). The
SKY motif corresponds to motif 3 (SKFL) showing a sub-
stitution of the constant amino acid Y for F. Motif 11 contains
the ZIBEL (VSLTL) box (Appendices S11, 512). The analysis
recovered motif 10 as mostly exclusive to Rubiaceae RPL
proteins. Finally, motif 6 is absent in Condaminea corymbosa,
the dried fruited species. None of the latter two motifs have any
recorded function.

The ALCATRAZ/SPATULA (ALC/SPT) gene
lineage

The alignment for the ALC/SPT gene lineage includes
56 sequences from among all major seed plant groups
(i.e., 14 sequences from Rubiaceae species, 27 from other
eudicots, 6 from monocots, 3 from basal eudicots, and
5 from among magnoliids, Chloranthaceae, and ANA;
Appendix 513). The molecular evolution model that best
adjusted to the ALC/SPT genes was TPMuF+R4. The to-
pology of this tree recovered the core eudicot duplication

resulting in the ALC (UFB=93) and SPT (UBF=93)
clades (Pabon-Mora et al, 2014; Zumajo-Cardona
et al, 2017; Appendix S13). As a result, most core
eudicots, including members of the Rubiaceae have ALC
and SPT orthologs. In addition, species-specific duplica-
tions of SPT genes were detected in Palicourea angustifolia
(Rubiaceae) and Brassica rapa (Brassicaceae). Possible
losses in Rubiaceae were identified for ALC orthologs in
Palicourea angustifolia and SPT orthologs in Borejoa pa-
tinoi, Cephalanthus occidentalis, and Galium hypocarpium
(Table 1; Appendix S13). However, as explained above,
confirmation of these results is required upon genome
availability for these species.

A total of 21 ALC/SPT proteins were analyzed using the
MEME suite. The bHLH (basic, Helix1, Loop and Helix 2;
Groszmann et al., 2011) domain corresponds to motifs 1
and 3. The bipartite NLS segment is part of motif 3 in our
analysis. Both the bHLH and the NLS segment are present
in all ALC/SPT proteins evaluated as expected (Appen-
dices 514, S15). Finally, the acidic domain corresponds to
motif 8, and it is only present in the majority of the SPT
proteins while lacking in the ALC proteins.

Different exclusive motifs have been fixed independently
in Rubiaceae ALC and SPT proteins (Appendices S14, S15).
Motifs 5, 6, and 10 are only present in Rubiaceae ALC
proteins. On the other hand, motifs 7 and 9 are found in
most Rubiaceae SPT proteins. Also, motif 11 is present in a
few SPT Rubiaceae sequences at the beginning of the bHLH
domain (Appendices 514, 515).

The HECATE/INDEHISCENT (HEC/IND) gene
lineage

The phylogenetic reconstruction of the HEC1/2/3/IND gene
lineage was generated using 72 sequences (i.e., 13 from the
Rubiaceae, 35 from other core eudicots, 10 from monocots,
5 from species of basal eudicots, and 9 from magnoliids,
Chloranthaceae, and ANA; Appendix 516). The ML analysis
recovered an early duplication event for all angiosperms
resulting in the HECI1/2 (UFB=88) and the HEC3/IND
(UFB = 78) clades (Pfannebecker et al., 2017). Our analysis
also recovered local duplications in Brassicaceae resulting in
the HEC1 (UFB =100) and HEC2 (UFB = 100) clades and
in the HEC3 and IND clades (UFB =97). Sampling within
Rubiaceae only recovered HECI orthologs from Borojoa
patinoi, Coffea arabica, Galium hypocarpium, and Pali-
courea angustifolia; HEC2 orthologs from the two species of
Coffea and Galium hypocarpium, and finally, HEC3 ortho-
logs from Cephalanthus occidentalis, Coffea arabica, Galium
hypocarpium, Morinda citrifolia, and Palicourea angustifo-
lia. Thus, only G. hypocarpium and Coffea arabica have all
three expected HEC copies, while from all other Rubiaceae
sampled, only one or two HEC homologs were recovered
(Table 1; Appendix S16).

A total of 24 selected HEC/IND proteins were analyzed
in the search of conserved motifs using the MEME suite
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(Appendices 517, 518). The highly conserved bHLH domain
corresponds to motifs 1, 2, and 6 (Appendices 517, S18).
Motifs were identified as described by Gremski et al. (2007)
and Groszmann et al. (2008). Exclusive domains found for
all Rubiaceae proteins were not identified. However, motifs
5 and 11 are specific to a few HEC1 and HEC3 Rubiaceae
proteins. Similarly, motifs 4, 7, and 12 are exclusive of a few
HEC2 Rubiaceae proteins (Appendices 517, 518).

Floral and fruit anatomy in Condaminea
corymbosa

Condaminea corymbosa flowers are pentamerous with a
tubular calyx formed by five sepals, five connate petals, five
adnate stamens, and a bicarpellate gynoecium within a
concave floral cup (Figure 2A-C). The inferior ovary has
two locules with numerous ovules arranged in an axillar
placentation in each carpel (Figure 2C-G).

Floral vascularization of the inferior ovary/cup fusion
shows three concentric rings of vascular bundles, hereafter
referred to as the outer, middle, and inner rings. The outer
ring has a total of six vascular traces, three in each locule.
The middle ring has 10 vascular traces, five in each locule.
The innermost traces are scattered in the floral cup reaching
30 smaller bundles (Figure 2C, D, H). In pre-anthesis, the
ovary wall and the floral cup form a continuous tissue of
20-22 cell layers (Figure 2A, C). The epidermis is formed by
small isodiametric cells, sometimes interrupted by stomata
or trichomes covered by cuticular wax (Figure 2C). The
remaining cell layers vary dramatically depending on the
level at which the cross section is made in the flower. To-
ward the apex of the ovary/cup, the cells surrounding the
inner and medial rings of vascular tissue (ca. 10 layers)
remain mostly parenchymatic, while collenchyma occupies
the 12-14 layers from the outer vascular ring until the
epidermis (Figure 2C, D). Moreover, collenchymatic cells
closer to the epidermis are smaller than those closer to the
vascular bundles (Figure 2D, E). Conversely, toward the
base of the ovary/cup the distinction between the inner
parenchyma and outer collenchyma is more evident, as
some cells in between the two tissues appear crushed.
Cellular changes are likely due to cell thickening in
the inner collenchyma cells and the lack of periclinal
cell division (Figure 2, G). However, the most striking
difference at this level is the beginning of lignification in
the innermost epidermis and the 2-3 layers adjacent to it,
as well as in the proximal corners of the placenta
(Figure 2F, G). Sclerenchyma is only beginning to differ-
entiate, and it does not form a continuous layer through the
pericarp at this time (Figure 2F, G).

Post-anthesis marks the beginning of fruit development
after pollination takes place. Stage 1 (S1) for fruit develop-
ment is here recognized as a fruit that reaches ca. 5 mm
(Figure 2A, H-L). The fruit/cup continuum at S1 changes
dramatically, and three distinct tissues are readily seen
across the ca. 28 layers in both the apex (Figure 21, ) and

the base (Figure 2K, L). From the inside out, the first 8-10
layers are now completely lignified (Figure 21-L). The two
medial innermost vascular bundles are embedded in the
lignified tissue, but most of the peripheral inner small vas-
cular traces do not integrate into the sclerenchymatic layers
and remain surrounded by parenchymatic cells (Figure 2H).
Parenchymatic tissue occupies the next ca. 6-8 cell layers
flanked on the outside by the middle ring of vascular
bundles (Figure 21-L). Next, ca. 10 layers of collenchyma
cells differentiate outside of the middle vascular ring
and surrounding the outer ring of bundles (Figure 21, L).
Finally, the epidermis is found, covered by a thick cuticle
(Figure 21-1). The main difference between the apex and
the base of the elongating fruit/cup continuum is the degree
of lignification, and at the top, some of the inner cell lumen
still remains (Figure 21, |), while in the latter, most cells
forming the lignified tissue lack lumen (Figure 2K, ). At S1,
the lignified proximal corners of the placenta fuse with the
lignifying layers of the pericarp; however, the placenta at-
tachment point does not lignify, nor does the septum,
leaving parenchymatic tissue in between the two locules
(Figure 2H-L).

In Stage 2 (S2) of fruit development, the fruit/cup re-
tains ca. 28 layers, suggesting that periclinal cell division no
longer occurs, but anticlinal cell division continues as the
fruit reaches ca. 1 cm (Figure 2A). At Stage 2, up to ca. 13
lignified cell layers have formed (Figure 2M-Q). Smaller
traces corresponding to the inner ring are no longer de-
tected (Figure 2M-Q). As the fruit matures, the parenchy-
matic tissue is reduced to ca. 5 layers, adjacent to 9 or 10
layers of collenchymatous tissue (Figure 2N-Q). There are
no major differences between the anatomy of the apex and
the base of the fruit/cup.

The fruit reaches ca. 1.5cm at Stage 3 (S3), and lig-
nification of the pericarp has completed (Figure 2A). The
final result is a dehiscent, dry fruit (capsule) with a septi-
cidal opening for seed dispersal (Figure 2A).

Floral and fruit anatomy in Galium
hypocarpium

Flowers of Galium hypocarpium consist of four connate
sepals, four petals, four stamens alternating to the petals,
and two carpels with inferior ovaries (Figure 3A, B). A
nectar disk at the level of petal and stamen insertion sur-
rounds the style in the flowers (Figure 3C). A single ovule is
present in each carpel (Figure 3B, D).

Floral vascularization shows six vascular bundles irri-
gating the floral cup/ovary continuum (Figure 3D). They
will supply vascular traces for all floral organs at the top
levels. In addition, there are two massive medial bundles to
irrigate the disk (Figure 3D). Pre-anthesis, the ovary wall
and the floral cup form a continuous tissue of ca. 5 or 6
layers (Figure 3D, E). The ovary wall/cup has outer idio-
blasts rich parenchyma cells and inner smaller parenchyma
cells (Figure 3E). The epidermis is formed of smaller
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Fruit S1

FIGURE 2 (A) Developmental stages of Condaminea corymbosa flower to fruit transition. (B-G) Floral bud cross sections. (H-L) Cross sections of the

fruit at Stage 1 (S1). (M-Q) Cross sections of the fruit at Stage 2 (52). dz,

dehiscence zone; p, petal; st, stamen; tt; transmitting tract tissue; arrowhead,

outermost vascular ring likely irrigating the sepals; thick arrows, middle vascular ring irrigating petals and stamens; thin arrows, innermost vascular ring
irrigating the carpels. Scale bars = 10pm in ], L; 20 pm in E, G, O, Q; 50 pm in D, F, I, K, N, P; 0.5 mm in M; 1 mm in B, C, H

rectangular cells sometimes interrupted by papillary cells
and trichomes, both with a thick cuticle (Figure 3D).

We were not able to directly trace the timing of ferti-
lization and fruit initiation. Nevertheless, post-anthesis,

when fruits reach ca. 2 mm in size, is here recognized as
fruit development Stage 1 (S1) (Figure 3A). The fruit/cup
continuum tissues at S1, have homogenous large par-
enchymatic cells with sparse idioblasts (Figure 3F-I1).
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FIGURE 3

(A) Developmental stages of Galium hypocarpium flower to fruit transition. (B) Floral bud longitudinal section. (C-E) Cross sections at two

levels of the floral bud, at the level of petal and stamen insertion (C) and at the ovary/cup level (D, E). (F-H) Cross sections of the fruit at Stage 1 (51).
(I-K) Cross sections of the fruit at Stage 2 (S2). (L-N) Cross sections of the fruit at stage 3 (S3). br, bract; cz, constriction zone; e, embryo; p, petal; s,
sepal; sc, seed coat; se, seed; stx, stamen vascular trace; sy, style; arrowhead, single vascular ring; arrows, medial bundles likely irrigating the disk.

Scale bars =50 um in B-E; 100 pm in F-H; 200 pm in 1-K; 250 pm in L-N

No periclinal cell division is evident concomitant with
fruit formation (Figure 3I') because the same number of
cell layers are present compared to earlier stages. Vascular
traces from the fruit/cup are in direct contact with the seed
coat, which begins to separate and isolate itself from the
fruit wall (Figure 3F-1). The endosperm tissue is massive
inside the seed (Figure 3I°), and the embryo has begun its
differentiation (Figure 3G, H).

At 82 (ca. 4 mm fruit size), the fruit/cup continuum un-
dergoes extreme vacuolization (Figure. 3I1-K) as parenchy-
matic cells enlarge and sometimes merge with each other.
The placenta remains fully parenchymatous (Figure 3I).
The only layer that keeps its integrity is the epidermis
(Figure 3], K). The seeds undergo heavy lignification as the
embryo grows (Figure 31-K). The vascular bundles are
retained as small units within the pericarp (Figure 3I).
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The same fruit/cup tissues are retained as the fruit enlarges and
reaches Stage 3 (S3) (Figure 3L-N). At this stage, a constricted
zone begins to form in between the two carpels (Figure 3L).
However, the two units never separate as in other schizocarps
reported for Gallium species (De Toni and Mariath, 2011).

Floral and fruit anatomy in Palicourea
angustifolia

Flowers of Palicourea angustifolia, consist of five connate
sepals, five connate petals, five adnate stamens, and a bi-
carpellate gynoecium (Figure 4A-D). The gynoecium differ-
entiates into an apical bifurcated stigma, a thick style with
well-developed transmitting tissue, and a massive solid in-
ferior ovary (Figure 4A-C). The ovary apex forms a con-
tinuous tissue arranged as a ring around the style, named the
“disk” (Figure 4D); Igersheim et al., 1994). A single, basally
attached ovule is present in each carpel (Figure 4B, E, F).

Ten vascular bundles irrigate the floral cup and the in-
ferior ovary, forming a single ring (Figure 4B, E, I'). They
supply the vascular traces for all floral organs. In addition,
two medial lateral bundles flank the transmitting tissue and
supply the disk (Figure 4B). The two main ovary traces run
along the style and the stigmas (Figure 4B-D).

Pre-anthesis, the ovary wall and the floral cup form a
continuous tissue (Figure 4B, E, F). However, the vascu-
lature divides the cells in two different tissues. Inside the
vascular bundles are 6-8 cell layers of small, nonvacuolated,
tangentially elongated cells. Surrounding the vascular bun-
dles and up to the epidermis are 10-12 layers of largely
vacuolated, isodiametrical cells (Figure 4E, I'). Frequently,
idioblasts can be distinguished among them, perhaps with
tannins. The epidermis is formed of rectangular cells
sometimes interrupted by papillary cells, both with a thick
cuticle (Figure 4E, F).

Although we were not able to directly trace fertiliza-
tion, only after anthesis is the pollen tube free to enter the
transmitting tissue and reach the ovules. Thus, fruits
reaching ca. 3mm in size in post-anthesis are here re-
cognized as fruit development Stage 1 (S1) (Figure 4A).
The fruit/cup continuum tissues at S1 can be distinguished
from the inside out into 3-4 inner layers with tangentially
elongated cells, followed by ca. 12 layers of small isodia-
metric cells inner to the vascular bundles. Surrounding the
bundles into the epidermis, the tissue consists of expanded
cells that are largely vacuolated, and idioblasts are more
frequent. Epidermal cells continue to be radially elongated
(Figure 4G, H).

As the seeds mature and expand to fill in the locules
during Stage 2 (52), anticlinal and periclinal cell division
occurs in the surrounding fruit/cup (Figure 4A, I-M). At S2
(ca. 5 mm fruit size), the five vascular bundles in each locule
become major positional landmarks for tissue transforma-
tion. At this stage, the 3-4 inner layers inside the vascular
bundles become lignified and form a continuous endocarp
in each of the locules. The lignification reaches into the

placenta. The rest of the cell layers in the fruit/cup can be
distinguished into ca. 17 layers of parenchymatous cells that
surround the vascular bundles, smaller in the inside and
larger on the outside, as well as 3-5 layers of collenchy-
matous cells differentiated in the proximity of the epi-
dermis. At this stage, the endosperm is surrounded by
parenchymatous tissue in the testa, which remains in close
contact with the lignified endocarp (Figure 41-M),

At Stage 3 (S3) when the fruit reaches ca. 7 mm, lig-
nification of the testa marks the most important change
with respect to S2 (Figure 4A). In the pericarp, the lig-
nified endocarp completes its development and reaches the
placenta, completely surrounding each seed (Figure 4N).
Because the seed remains in close contact with the peri-
carp, the lignified endotesta accompanies the outer, still
parenchymatous exotesta.

The latter is in turn appressed to the fully lignified en-
docarp. The vascular bundles remain embedded in par-
enchymatous cells that have begun expansion and have
stopped cell division. The 3-4 outer collenchymatous cell
layers underneath the epidermis still remain (Figure 4N-R).

Floral and fruit anatomy in Morinda citrifolia

Flowers of Morinda citrifolia are pentamerous, with thick
sepals forming a ring, alternating petals and stamens, and
a massive bicarpellate gynoecium with an inferior ovary
and a protruding style and stigma (Figure 5A-F). The
gynoecium locules are extremely reduced, and the con-
necting transmitting tissue grows surrounded by a massive
ring disk, similar to that of P. angustifolia (Figure 5B). As
flowers grow, the bracts and the massive sepals from
neighboring flowers come into closer contact. Petals,
which start as independent primordia, fuse during flower
development (Figure 5D, E). The base of the filaments is
surrounded by numerous trichomes (Figure 5&). The style
is formed by a massive transmitting tissue, and the stigmas
can be or bi- or tri-lobed (Figure 5D, E).

Pre- and post-anthesis, the ovary wall and the floral cup
form a continuous tissue (Figure 5E-H). However, different
vascular bundles from those in the inflorescence axis irrigate
the sepals and the ovary (Figure 5B, C, G, H). Fruit devel-
opment begins after anthesis. However, we were not able to
directly trace fertilization at this stage, where the pollen tube
is free to enter the transmitting tissue and reach the ovules.
Because flowers developed acropetally, fruits also begin ma-
turation in the same direction. In turn, the infructescence is
actively thickening at the base and the apex will often have
some anthetic flowers (Figure 5A). Stage 1 (S1) fruit devel-
opment is the stage when the last flowers at the apex of the
infructescence are finishing anthesis (Figure 5A). The in-
fructescence reaches ca. 2 cm. Also at this stage, sepals and
ovaries are thickening simultaneously during fruit develop-
ment (Figure 5F-1). The sepal- and the ovary-derived tissues
are always separated by the vascular traces (Figure 5F-H).
While sepal-derived tissues remain collenchymatic, major
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Anthesis

FIGURE 4 (A) Developmental stages of Palicourea angustifolia flower to fruit transition. (B) Floral bud longitudinal section. (C-E) Cross sections in
the three levels (floral organs, disk, and ovary) pointed in (B). (F) Detail of the floral cup/ovary level in (E). (G, H) Cross sections of the fruit at Stage 1 (51).
(I-M) Cross sections of the fruit at Stage 2 (52). (N-R) Cross sections of the fruit at Stage 3 (53). o, ovule; p, petal; s, sepal; se, seed; st, stamen; sy, style;
tt, transmitting tract tissue; arrowhead, single vascular ring; arrows, medial bundles likely irrigating the disk. Scale bars = 20 pm in F, H, K-M, O-R; 50 um
inC, D,E G; 0.5mmin B; 1l mm in I, N
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l 1851

FIGURE 5 (A) Developmental stages of Morinda citrifolia flower to fruit transition. (B, C) Longitudinal sections of a young inflorescence
predominantly with preanthetic flowers. (D, E) Cross sections of young (D) and old (E) preanthetic flowers, dissected from the inflorescence.

(F, G) Longitudinal sections of infructescence at Stage 1 (S1). ia, inflorescence apex; o, ovule; p, petal; s, sepal; st, stamen; sy, style; tt, transmitting tract
tissue. arrowhead, single vascular ring; arrows, medial bundles likely irrigating the disk. Scale bars =2 mm in B, C, F-H; 150 pm in D; 250 pm in E

changes occur in the ovary-derived tissues. In particular, the
apical disk surrounding the transmitting tract enlarges and
protrudes above the sepals, and sclerenchymatic tissue is
accumulating as the fruits and the infructescence matures
(Figure 5A, F-H). In this same stage, the seeds mature and
expand to fill in the locules (Figure 5G, H).

The next stages of fruit development, S2 and S3, were
hard to evaluate due to their large size (3 and 4 cm, re-
spectively; Figure 5A). However, in handmade sections, it
was evident that tissues from the inflorescence axis and the
flowers completely merge, but the vascular bundles and
some tissue differentiation are retained in the sepal- versus
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the ovary-derived tissues. At S3, ripening begins and is
accompanied with a shift to the yellowing and softening of
all tissues, except for the remnants of the sclerenchymatic
ovary disk.

Gene expression analyses of candidate fruit
development genes in three selected species
through RT-PCR

Toward undcrstmﬁding the roles of fruit dcvclopmcnt
homologs (AG/SHP, FUL, RPL, ALC, SPT and HEC1/2/3) in
Rubiaceae, three species were studied further. Fruits of
Condaminea corymbosa (capsules), Palicourea angustifolia
(drupes), and Galium hypocarpium (fleshy fruits), were
dissected in stages SO (carpels of pre-anthetic floral buds)
and S1 (early fruit development) (Figure 6). Gene expres-
sion for all copies found were evaluated using the actin gene
as a positive control (Figure 6).

The euFULI genes were expressed differently in the
three species. Most of the FUL copies from P. angustifolia
and G. hypocarpium were expressed in the carpels pre-
anthesis, but only expression of GahyFULI-4 and Paan-
FUL3 was maintained during early fruit development.
Surprisingly, the C. corymbosa FUL homologs were not
expressed in SO or S1. AG homologs were only identified
in P. angustifolia and G. hypocarpium, and all copies
found were broadly expressed in SO and S1 with the ex-
ception of GahyAG2, that was turned off in young fruits.
On the other hand, SHP orthologs were only identified in
C. corymbosa and P. angustifolia, but were only active

FULI FUL? FUL3 FUL4 SHP1

C. corymbosa S0
. corymbosa 51
FULI FUL2

FUL3 AG3

-

P angustifolia S0

P angustifolia S1 /

C

FUL1 FUL2
G. hypecarpium
. hypocarpium 51

FIGURE 6
Palicourea angustifolia (with drupes)

at SO and S1 (CocoSHPI at least) in the dry fruits of
C. corymbosa.

The expression of RPL genes in the three species was
very different. The P. angustifolia and G. hypocarpium RPL
homologs were expressed in carpels and young fruits,
while the RPL homolog from C. corymbosa was only active
during carpel development. ALC orthologs were only
recovered from C. corymbosa and G. hypocarpium, but
only CocoALC was active during carpel development. SPT
homologues were recovered from C. corymbosa and
P, mrgu_\‘n;,ﬁi!m and were active in both species during|
C;lrpcl and carly fruit dL‘\-'clupl‘ncm. with the exception of
PaanSPT2 whose expression was undetected in carpels or
young fruits.

Importantly, HEC homologues were only found in
P. angustifolia and G. hypocarpium. While all HEC homo-
logues in G. hypocarpium and PaanHEC2 were expressed at
S0 and S1, expression of PaanHECI was low at S1 (Figure 6).
For ;1111p|i[“\_-'ing all genes isolated from the transcriptomes,
mixed cDNA was used to confirm the validity of all contigs
im:luding those that were not active in the two stages tested
(Appendix 519).

DISCUSSION

Fruit types in the Rubiaceae and modifications
in the floral cup

With the goal of evaluating the axial versus appendicular
nature of the floral cup in Rubiaceae, we paid special

SHP! SHP? S§HP3 RPLI RPL! SPT1 SPT2 HECI HEC? ACT

HEC2Z

Expression analyses of fruit development genes in Condaminea corymbosa (with capsules), Galium hypocarpium (with berries), and
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attention to vasculature traces. To date, on the basis of the
presence of 2-3 concentric rings of vasculature surrounding
the locules, several Rubiaceae ovaries have been assigned to
the most frequently occurring appendicular type floral cup
(Fukuoka, 1980; Igersheim, 1993; Igersheim et al., 1994;
Dessein et al., 2001). In fact, the outermost bundles are
thought to correspond to the sepal-irrigating traces; the
middle bundles to petal and stamen traces, and the inner-
most bundles to the ovary traces (Fukuoka, 1980). Our
observations, at least in Condaminea corymbosa and
Morinda citrifolia, show 2-3 vascular rings supporting the
appendicular origin of the floral cup. The presence of
multiple vascular rings contrasts with the reduction to a
single ring of vasculature in Galium hypocarpium and
Palicourea angustifolia, which could be indicative of in-
dependent origins with the axial nature of the floral cup or,
more likely, a result of extreme reduction in floral size.

Less is known about the transformation of the floral cup
tissue during fruit maturation and the effect it has on the final
mechanisms used for seed dispersal in different taxa. For
example, in Melastomataceae, the presence of a hypanthium
is associated with the presence of fleshy indehiscent fruits,
whereas capsules form mostly from superior ovaries
(Clausing et al., 2000; Cortez and Carmello-Guerreiro, 2008).
However, in Rubiaceae, fleshy, drupaceous, and capsular
fruits can occur from inferior ovaries (Figures 2-5). The only
evolutionary trend identified so far in Rubiaceae is the re-
current, independent acquisition of fully fleshy fruits in dif-
ferent groups from a dry-fruited ancestor (Eriksson and
Bremer, 1991; Razafimandimbison et al., 2012). However, it is
possible that the fleshiness optimized in most phylogenetic
analyses comes from the extracarpellary floral-derived tissues
persisting during fruit maturation of an inferior ovary.

The floral-cup-derived tissues have recently been in-
tegrated into the histogenetic terminology coined for the
pericarp (i.e., endocarp, mesocarp, and exocarp) and collec-
tively are called the epicarp (Bobrov and Romanov, 2019).
Nevertheless, the practical identification of the limits between
the floral cup and the gynoecium-derived tissues in Rubia-
ceae seems to be complicated by the variation in the number
of concentrical rings of vasculature (1-3) and the anatomical
changes in between. Small flowers, like those of G. hypo-
carpium and P. angustifolia tend to have a single vascular
ring, which invariably nourishes the ovary tissue. This ring
then splits above the ovary level to supply the independent
portions of the floral organs (Figures 3 and 4). Larger flowers,
like those of C. corymbosa and M. citrifolia, have three vas-
cular rings. The innermost supplies the ovary, the middle
ring irrigates the stamens and petals, and frequently, and the
outer ring supplies the sepals (Figures 2 and 5).

Our data suggests that most tissues present outside
the innermost vascular ring correspond to the epicarp
(Figures 2-5). If so, the epicarp remains fleshy and
can thicken, undergo cell expansion and ripening, in-
dependent of the transformations of the pericarp. The
pericarp can remain parenchymatic, like in G. hypocarpium
(Figure 3), transform into a continuous or discontinuous

sclerenchymatic tissue, like in the case of P. angustifolia
(Figure 4), and C. corymbosa (Figure 2), respectively, or
alternatively, have a combination of collenchymatic and
sclerenchymatic tissues, like in M. citrifolia (Figure 5).
Changes in the pericarp and epicarp control differences in
the seed strategy dispersal. For instance, in C. corymbosa,
the epicarp dries out, and the placenta and the seeds are
released at maturity. Conversely, in G. hypocarpium, M.
citrifolia, and P. angustifolia, the fleshy epicarp remains
until maturity and thickens, protecting the seeds.

Genetic complement of the fruit patterning
genes in the Rubiaceae

As the fourth largest plant family in terms of species
number, the Rubiaceae have one of the most diverse re-
pertoires of fruit types. However, the genetic mechanisms
responsible for the diversity of anatomical changes during
the carpel to fruit transformation are poorly studied. A first
step for comparative developmental studies of fruit devel-
opment in Rubiaceae is the isolation and preliminary ana-
lyses of protein sequences and expression patterns of the
main gene families controlling fruit histogenesis in Arabi-
dopsis. In this study, we isolated homologs of API/FUL, AG/
SHP, RPL, SPT/ALC, and HEC/IND from seven species
spanning the three subfamilies: Cinchonoideae, Ixoroideae,
and Rubioideae. Here we concentrate on discussing their
evolution and expression only and will not emphasize the
MEME analyses, because the motifs found are mostly those
that define the different gene families. In the results, we
reported the protein motifs that in fact characterize Ru-
biaceae proteins or those that appear to be synapomorphies
or autapomorphies for some species, but we will not discuss
them further because their functions are still unknown.
Future experiments are needed to functionally characterize
these exclusive motifs in further detail and analyze their
contribution to protein function in different fruit types.

API1/FUL gene homologs in Rubiaceae

FRUITFULL (FUL) belongs to the APETALAI (API)/
FRUITFULL MADS-box gene lineage. FUL is essential for
the normal growth and differentiation of valve cells while
repressing the expression of SHP, IND, and ALC, which are
involved in the identity of the valve margin (Ferrandiz
et al., 2000). Its closest homologs in Arabidopsis, AGL79 and
API/CAL, are specialized for root development and peri-
anth identity, respectively (Coen and Meyerowitz, 1991;
Parenicova et al, 2003). Our phylogenetic analyses re-
covered the three major core eudicot clades of the API/FUL
gene lineages, namely, the euAPI, euFULI and euFULII
genes (Appendix 54; Pabon-Mora et al., 2014).

All Rubiaceae species sampled have one to two API
copies, with the exception of Palicourea angustifolia with
four copies. All of them are species-specific duplicates. The
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occurrence of API as single copy is a common trend found
in other core eudicots, with the exception of the Brassica-
ceae with 2-4 copies in two clades, namely, API and CAL,
as a result of a duplication event before the diversification of
the family (Litt and Irish, 2003). FRUITFULL genes are
by far more diverse, when compared to euAPI genes
(Appendix 54). Our analyses resulted in a larger number of
euFULI homologs (17 genes) isolated when compared to the
euFULII homologs (5 genes). Such diversity of FULI genes is
particularly noticeable in Galium hypocarpium, Morinda
citrifolia, and Palicourea angustifolia, all of which are
members of the Rubioideae (Table 1; Appendix 54). There is
no obvious relation between the increase in copy number
and a particular fruit feature, given that they range from
berries (Galium hypocarpium), to multiple and fleshy
(Morinda citrifolia), to drupes (Palicourea angustifolia).

Expression analyses by RT-PCR was evaluated only for
euFULI genes in pre- and post-anthetic carpels during early
fruit development. As expected, most of them are active in
the two stages in G. hypocarpium and P. angustifolia.
The exception is the lack of expression of all FUL homologs
in C. corymbosa during SO and S1, which was unexpected
because these genes play key roles in carpel and fruit de-
velopment. This case is worth studying carefully in the fu-
ture, because this species lacks euFULII homologs that could
be fulfilling the fruit patterning roles at these early stages.
One aspect worth highlighting is the slightly different ex-
pression patterns recorded for alternate splice forms or
different euFULI loci in P. angustifolia, which suggest they
are not fully redundant (Figure 6). The expression of the
euFULI orthologs in the Rubiaceae is consistent with their
putative roles in proper cell division during carpel and fruit
wall development in most core eudicots studied so far
(Miller et al., 2001; Jaakola et al., 2010; Bemer et al., 2012).
However, spatiotemporal gene expression analyses are
needed to identify whether the roles of FUL genes in
Rubiaceae are restricted to ovary-derived tissues or have
expanded their expression domains and functions to
extracarpellary tissues.

AG/SHP gene homologs in Rubiaceae

AGAMOUS and SHATTERPOOF are the MADS-box
founding members of the AG/SHP gene lineage. AG is
probably the most essential gene in plant sexual reproduction,
since it controls stamen and carpel identity and floral mer-
istem determinacy (Bowman et al, 1989, 1991; Coen and
Meyerowitz, 1991). On the other hand, the two SHATTER-
PROOF genes (SHPI and SHP2) in Arabidopsis specify valve
margin identity and the formation of the dehiscence zone
during fruit development (Liljegren et al., 2000). AG and SHP
homologs are present in all core eudicots because their origin
maps to a duplication event before the diversification of this
large plant group (Kramer et al., 2004; Appendix 57). Con-
sistent with this pattern, the Rubiaceae species sampled have
at least one (and up to two) representative gene in each clade

(Appendix S7; Table 1). The exceptions are Condaminea
corymbosa for which no AG homologs were found and Ga-
lium hypocarpium for which no SHP genes could be isolated.

RT-PCR expression patterns detected for AG/SHP
homologs show a degree of functional compensation. While
no AG genes were detected in C. corymbosa, the three AG
copies isolated from P. angustifolia and the two copies of
AG found in G. hypocarpium are broadly expressed and
active in the carpel during the transition to fruit develop-
ment (Figure 6). Conversely, although SHP genes are not
expressed in any of the carpel to fruit stages sampled in
P. angustifolia, the two SHP paralogs in C. corymbosa are
expressed in the carpel, and at least CocoSHPI remains
active until fruit development (Figure 6). These results raise
the possibility that SHP orthologs can compensate for
fundamental roles in stamen and carpel identity, at least in
C. corymbosa. This possibility is highly likely because SHP
and AG and their close paralogs STK play redundant roles
in ovule development and have common functions in carpel
identity in Arabidopsis (Pinyopich et al., 2003). Similarly, in
other core eudicots including Nicotiana benthamiana and
Petunia hybrida, both AG and SHP orthologs have re-
dundant stamen and carpel identity roles (Fourquin and
Ferrandiz, 2012; Heijmans et al., 2012).

The idea of functional compensation between lineage
members during evolutionary time is supported by data
from Antirrhinum majus, where PLENA, the SHP ortholog,
plays the same roles as AG in Arabidopsis (Davies
et al,, 1999). However, functional compensation in the op-
posite direction, where AG orthologs can control the dif-
ferentiation of the valve margins and the formation of the
dehiscence zone during fruit development has not been
reported. However, it is clear that other factors can control
fruit dehiscence, because SHP proteins and their specific
domains are a relatively recent acquisition in core eudicots
and in non-core eudicots, which only have PaleoAG genes
from dehiscent fruits where valves separate from each other
(Pabon-Mora et al, 2014; Becker, 2020). Such possible
factors include the closely related SEEDSTICK genes, whose
expression defines the dehiscence zone in the basal an-
giosperm Aristolochia fimbriata (Sudrez-Baron et al., 2016).
Alternatively, downstream bHLH transcription factors such
as SPT and ALC can be activated independently or auton-
omously in the absence of SHP expression. However, an-
other interesting possibility arises from our data. Because
the P. angustifolia fruits lack a dehiscence zone and, at late
stages, do not open but ripen, SHP gene function may not
be required in the two developmental stages sampled.
However, in other drupaceous fruits, albeit from superior
ovaries, like peach, SHP genes are expressed, together with
STK homologs in the endocarp early during fruit transition
(Dardick and Callahan, 2014), which would contradict our
hypothesis. Nevertheless, no specific roles have been as-
signed to SHP homologs in other fruits outside of core
eudicot capsules. Such function may vary among families
and in particular in taxa with fruits developing protected by
a floral cup like most Rubiaceae.
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RPL homeobox gene homologs in Rubiaceae

REPLUMLESS, a TALE homeodomain protein, is an im-
portant player in the development of the medial domain in
the bicarpellate gynoecium derived silique in Arabidopsis
(Roeder et al., 2003). Since a specific reduction in the re-
plum that is seen in rp/ mutants is accompanied by ectopic
valve margin cells in this medial region, a role in the re-
pression of SHP has also been assigned to RPL (Roeder
etal,, 2003, 2005). The gene family to which RPL belongs to,
has been mostly retained as single copy, with exceptions in
Poaceae, Solanaceae, and the Ranunculales (Ortiz-Ramirez
et al, 2018; Zumajo-Cardona et al.,, 2018; Appendix S10).
Nevertheless, roles assigned to RPL homologs include
controlling fruit shedding in grasses and specifying the
dehiscence zone in poppies (Lin et al, 2007; Arnaud
et al,, 2011; Zumajo-Cardona et al., 2018). RPL genes also
have divergent expression patterns between fleshy and dry
fruits in Solanaceae species, because RPL is turned off
during maturation of fleshy fruits, contrasting with its
continuous expression in dry-fruited taxa (Ortiz-Ramirez
et al., 2018). However, RPL homologs in any Solanaceae
species have not yet been functionally characterized.

We only found RPL homologs in Condaminea cor-
ymbosa (Ixoroideae) and all species within Rubioideae
sampled (Table 1; Appendix S10). Although found as single
copy in most species, two copies are present in Palicourea
angustifolia (Table 1; Appendix S10). The lack of RPL or-
thologs isolated from Borojoa patinoi, Cephalanthus occi-
dentalis, either Coffea spp., or Cinchona ledgeriana suggests
species-specific losses and little or no functional contribu-
tion of RPL to flower or fruit development in these species.

The expression patterns detected for RPL homologs in
C. corymbosa, G. hypocarpium, and P. angustifolia differ.
The active expression of RPL homologs during carpel and
fruit development in G. hypocarpium and P. angustifolia
contrasts with active RPL transcripts restricted to carpels of
C. corymbosa (Figure 6). Based on these data, we suggest
that RPL is differentially expressed during fleshy versus dry
fruit development, but there is not enough data to point to
specific roles in the presence of an epicarp. The fact that
RPL and SHP expression does not overlap in species with
fleshy epicarps studied suggests that RPL genes may be able
to repress SHP in Rubiaceae to some extent. Nevertheless,
spatial resolution in the expression of these genes needs to
be performed to support any of these functional hypotheses.

The bHLH ALC/SPT gene homologs
in Rubiaceae

ALCATRAZ and SPATULA genes result from a duplication
event traced to the core eudicots (Pabon-Mora et al., 2014;
Ortiz-Ramirez et al., 2018; Appendix 513). Together, SPT
and ALC genes control gynoecium patterning and the de-
velopment of the separation layer in the Arabidopsis fruit
(Alvarez and Smyth, 1999; Heisler et al.,, 2001; Groszmann

et al., 2008; Rajani and Sundaresan, 2001). The two genes
have opposite expression patterns in dry versus fleshy So-
lanaceae fruits but act redundantly to repress lignification in
time and space independent of fruit type (Ortiz- Ramirez
et al,, 2018, 2019). As expected from the mapping of the
core eudicot duplication, most Rubiaceae species have gene
representatives in the gene clades ALC and SPT. However,
only ALC orthologs were isolated from the Cephalanthus
occidentalis, Borojoa patinoi, and Galium hypocarpium
transcriptomes. Similarly, only SPT orthologs were found in
Palicourea angustifolia (Appendix 513).

The expression patterns detected for ALC/SPT homo-
logs in C. corymbosa, G. hypocarpium, and P. angustifolia
suggest that both ALC and SPT may play important roles
during carpel development in C. corymbosa, and only
SPT orthologs stay active during fruit development in
C. corymbosa and P. angustifolia. However, a putative role
in specifying when and how lignification patterns start,
like those identified in Solanaceae (Ortiz-Ramirez
et al., 2018, 2019) cannot be readily assigned to ALC/SPT
genes in Rubiaceae. Similar to other gene lineages discussed
so far, spatial expression resolution in additional develop-
mental stages as well as more comparative studies in species
with different fruit types are required to assess their con-
tribution in Rubiaceae.

The bHLH HEC/IND gene homologs
in Rubiaceae

Our reconstruction of the IND/HEC gene phylogeny recovers
a first duplication early during angiosperm diversification
resulting in the HEC3/IND and the HEC1/2 clades and a
Brassicaceae-specific duplication resulting in the HEC3 and
IND clades (Appendix 516). Same duplication patterns were
reported in previous studies (Pabon-Mora et al, 2014;
Pfannebecker et al., 2017; Ortiz-Ramirez et al., 2018). Because
of the duplications mapped, most core eudicots have HECI1/
2/3 homologs but lack IND orthologs. In Arabidopsis, IN-
DEHISCENT (IND) controls lignification in the dehiscence
zone and, in turn, the separation between the valve margins
and the lignified layers (Liljegren et al, 2004). On the
other hand, HECATE1/2/3 genes control style, stigma, and
transmitting tract development (Gremski et al, 2007;
Schuster et al., 2015). Considering that these roles are crucial
for plant reproduction, it is interesting that other HEC gene
expression in Solanaceae is largely absent from gynoecium in
different species, except perhaps for HEC3 homologs, which
remain broadly expressed during carpel and fruit develop-
ment (Ortiz-Ramirez et al.,, 2018).

In Rubiaceae, we were able to isolate one HEC ortholog of
each clade only in Coffea arabica and Galium hypocarpium. All
other species conserved only one of the three copies, in par-
ticular, the ortholog HEC3. No HEC homologs were isolated
in Condaminea corymbosa. Expression of HEC homologs in
Galium hypocarpium and Palicourea angustifolia was found in
carpels and fruits (Figure 6). These results suggest some
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contribution of HEC homologs in gynoecium patterning in
Rubiaceae, more similar to the data gathered in Brassicaceae,
than Solanaceae, and some roles in fruit development. The fact
that massive stigmas, thick styles, and very conspicuous
transmitting tracts are present regularly in Rubiaceae merits an
assessment of the contribution of HEC genes to the formation
of these structures in the family.

Shifts in genetic control of carpel/fruit
development in Rubiaceae in relation
to variation in fruit type

Our data provide the first compilation of carpel/fruit genes in
the Rubiaceae and point to specific transcription factors ac-
tive during carpel versus fruit development in three selected
species. Most canonical genes described in Arabidopsis have
homologs in Rubiaceae. The genetic complement in all the
gene lineages resembles that reported for other core eudicots
(Pabén-Mora et al., 2014; Pfannebecker et al.,, 2017), perhaps
with a notorious reduction in RPL genes. Unlike the Brassi-
caceae and the Solanaceae, the Rubiaceae lack any traces of
WGD events increasing gene copy number in the family
(Denoeud et al, 2014). Our findings support the lack of
WGD, as none of the gene families explored, seems to have
undergone Rubiaceae specific duplications (Table 1; Appen-
dices 54, 57, §10, 513, S16). Thus, the Rubiaceae provide an
excellent system in which to explore gene expression and
function underlying the diversity of fruit types in angios-
perms. In particular, those derived from inferior ovaries with
the recruitment of floral tissue during development. The ex-
pression analyses suggest that different species may be using
the genes in the network differently. For example, while most
genes isolated here are active during carpel and fruit transi-
tion in Galium hypocarpium, fewer genes are transcribed in
the same stages in Condaminea corymbosa. In the latter, only
SHP, RPL and the ALC/SPT genes play roles in carpel de-
velopment, and only SHP and SPT homologs are active
during the transition to fruit. This network is notoriously
reduced compared to that of Arabidopsis.

Our data also points to abundant changes in the func-
tional evolution of the gene homologs among Rubiaceae
species. In Palicourea angustifolia, FUL, AG, RPL, and HEC2
homologs seem to play roles in both carpel and fruit de-
velopment, and only SPT and HECI are turned on ex-
clusively in early stages of fruit development. Although
comparative expression studies by RT-PCR underestimate
the full diversity in spatiotemporal expression and only help
to frame incipient functional hypotheses, they provide a
hint of the extensive functional diversity of these tran-
scription factors in the patterning of carpels and fruits.
However, it is also important to consider that the reduced
number of genes active in fruit development may be a
consequence of histological specialization coming from the
epicarp (floral cup derived) and not from the pericarp (fruit
wall derived). In consequence, other candidate genes, be-
sides the Arabidopsis canonical fruit genes, may be playing

important roles. Among those that stand out are the SE-
PALLATA genes, identified in strawberry and apple devel-
opment (Seymour et al., 2011; Ireland et al., 2013). Future
studies will have to target a more comprehensive set of
transcription factors different from the canonical and most
intensively studied transcription factors from Arabidopsis
and other emerging model core eudicots.

CONCLUSIONS

Fruit diversity in Rubiaceae is the result of (1) the combination
of ovary-derived and floral cup tissues and (2) the different
and independent cellular process that can occur in the
two tissues during fruit maturation. Strictly speaking, the fruits
of C. corymbosa and P. angustifolia correspond to lignified
pericarps  with  fleshy epicarps, while the fruits of
G. hypocarpium and M. citrifolia correspond to fleshy pericarps
covered by fleshy epicarps. The present study is the first sys-
tematic isolation of fruit development genes in Rubiaceae from
seven reference transcriptomes. Our results show that, unlike
other asterids, the Rubiaceae lack traces of whole-genome du-
plication events at the family level. Although both species-
specific duplications and losses are here reported, the latter can
only be confirmed in the future with full-genome sequencing.
Our expression analyses suggest that different species may be
using a slightly different genetic network, where FUL may retain
important roles in fruit wall development in some species, while
SHP, ALC, RPL, and HEC seem to have more flexible roles in
fruit development in the Rubiaceae. Additionally while in gen-
eral FUL, AG, RPL, and HEC2 are active in carpels and fruits,
SPT and HECI homologs are exclusive to early stages of fruit
development. Furthermore, we detect expression patterns that
suggest a different genetic regulatory network in the histogenesis
of Rubiaceae fruits compared to Brassicaceae. For instance, (1)
FUL genes are inactive in early and late stages of fruit devel-
opment in Condaminea corymbosa; (2) SHP orthologs, in the
absence of AG homologues, may be compensating for im-
portant roles in the identity of stamens and carpels in the same
species; and (3) the bHLH homologs SPT and ALC are ex-
pressed in the absence of SHP in Palicourea angustifolia. All of
our hypotheses based on expression patterns, however, must be
tested with more detailed analyses of spatiotemporal expression
and function. This study constitutes the first comprehensive
investigation of the morphoanatomy and genetics of fruit de-
velopment in Rubiaceae, a family with high economic and
ethnobotanical value.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
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Appendix S1. Transcriptomic statistics for all sevenspecies
of Rubiaceae selected.

Appendix S2. List of gene names, corresponding contigs,
and databases sampled for all sequences identified in this
study and those used in all phylogenetic analyses.

Appendix S3. Primers used to amplify all gene copies from
fruit patterning genes in Condaminea corymbosa, Galium
hypocarpium, and Palicourea angustifolia.

Appendix S4. Maximum likelihood analysis of AP1/FUL-like
genes. Big yellow stars indicate large-scale duplication events in
core and basal eudicots. Small red stars indicate local duplica-
tion events at the order/family level. Small gray stars point to
species-specific duplications. Purple branches are used to re-
present all the genes belonging to Rubiaceae species and blue
branches correspond to Brassicaceae homologs. Ultra-Fast
Bootstrap values are shown at nodes.

Appendix S5. Comparative analysis of conserved motifs in
39 selected euFULI and euFULII proteins. All the conserved
motifs were identified using MEME suite. Colored boxes
indicate motifs 1 to 12. Protein names and combined
probability values are shown on the left.

Appendix S6. Sequences of the conserved motifs detected
on the FUL-like proteins in angiosperms. The MADS-box

protein motifs MADS-box, I-region, K-box, and C-region
are underlined. Conserved sites within are dashed.

Appendix §7. Maximum likelihood analysis of AG/SHP-
like genes. Duplication events are indicated by the starts.
Star and branch colors follow the same conventions in-
dicated in Figure 2. Ultra-Fast Bootstrap values are shown
at the nodes.

Appendix S8. Comparative analysis of conserved motifs in 32
selected AG/SHP proteins. All the conserved motifs were
identified using MEME suite. Colored boxes indicate motifs 1 to
12, Protein names and combined probability values are shown
on the left.

Appendix 89. Sequences of the conserved motifs detected
on the AG/SHP homologues in angiosperms. The MADS-
box protein motifs MADS-box, I-region, K-box, and
C-region are underlined. AG motifs I and II in the
C-terminal domain are highlighted.

Appendix $10. Maximum likelihood analysis of RPL genes.
Duplication events are indicated by the starts. Star and
branch colors follow the same conventions indicated in
Figure 2. Ultra-Fast Bootstrap values are shown at nodes.

Appendix S11. Comparative analysis of conserved motifs
from 10 selected RPL proteins. All the conserved motifs
were identified using MEME suite. Colored boxes indicate
motifs 1 to 12. Protein names and combined probability
values are shown on the left.

Appendix $12. Sequences of the conserved motifs detected on
the RPL homologs in angiosperms. Two main domains are
shown: the BELL domain and the complete sequence on the
homeodomain. The dashed rectangles indicate the consensus
from the typical protein domains for the SKY, BELL, the three
amino acid loop helixes (HD) and the ZIBEL box motifs.

Appendix S13. Maximum likelihood analysis of ALC/SPT
genes. The stars indicate duplication events. Star and branch
colors follow the same conventions indicated in Figure 2.
Ultra-Fast Bootstrap values are shown at nodes.

Appendix S14. Comparative analysis of conserved motifs in
21 selected ALC/SPT proteins. All the conserved motifs
were identified using MEME suite. Colored boxes indicate
motifs 1 to 12. Protein names and combined probability
values are shown on the left.

Appendix S15. Sequences of the conserved motifs detected
on the ALC/SPT homologs in angiosperms. The bHLH
domain follows Groszmann et al. (2011). Rubiaceae specific
motifs are highlighted. Black lines point to highly conserved
sites in these consensus sequences.

Appendix $16. Maximum likelihood analysis of HEC/IND
genes. Duplication events are indicated by the starts. Star
and branch colors follow the same conventions indicated
in Figure 2. Ultra-Fast Bootstrap values are shown at
nodes.
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Appendix S17. Comparative analysis of conserved motifs in
24 selected HEC/IND proteins. All the conserved motifs
were identified using MEME suite. Colored boxes indicate
motifs 1 to 12. Protein names and combined probability
values are shown on the left.

Appendix S18. Sequences of the conserved motifs de-
tected on the HEC/IND homologues in angiosperms.
Black line on the left in motif 1 of the bHLH domain
shows the HEC domain identified by Kay et al. (2013),
the conserved regions of bHLH, and its beta strand tale.
Dashed rectangles indicate de NLS region inside of the
Helix 1 in the bHLH domain.

Appendix S19. Positive controls for PCR amplifications from
mixed cDNA of all genes that were not detected at SO or SI.
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