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ABSTRACT

MACHADO, Kleiton Lima de Godoy, D.Sc., Universidade Federal de Vigosa, April,
2022. The module mir156/spl affects bixin biosynthesis pathway in annatto (Bixa
orellana L.). Adviser: Wagner Campos Otoni. Co-adviser: Daniele Vidal Faria.

Annatto [Bixa orellana L. (Bixaceae)] is a woody plant species that can reach up to 6
meters in height, with a fast growth pattern. Annatto produces a main apocaterotenoid
namely bixin, a unique natural dye. This compound is highly used in the textile,
pharmaceutical and food industries, among others, making annatto an important crop
in both ecological and economic aspects. Despite its relevance, there are several gaps
for the understanding of its developmental processes. Perhaps one of the most
interesting is the role of miR156/SPL module in its physiology. This microRNA is
responsible for integrating plant physiology development through modulation of SPL
transcription factors that modulate leaf morphology and anatomy, among other
characteristics that may be linked to secondary metabolites production. In this
particular, the miR156/SPL module regulates the biosynthesis of sesquiterpenes,
flavonoids, anthocyanins, and carotenoids in higher plants. In this context, B. orellana
is a promising woody species with an expressive secondary metabolism activity.
Therefore, we aimed to assess phenotypic changes, plant phenology, hormonal profile,
secondary metabolism, expression of developmental-linked genes, and proteome
portray in overexpressing miR156 lines of B. orellana plants (OE::156). We observed
new patterns in plant architecture and leaf blade features. In addition, higher IAA and
ABA levels were found in OE::156 plants compared to non-transformed plants (Nt).
Moreover, OE::156 plants have lower bixin content than Nt. Furthermore, CCD4
showed lower expression in contrast to higher CCD1 transcriptional levels. Besides
that, the proteome showed ZEP upaccumulation in OE::156 plants, which indicates
that carbons are being translocated from bixin to ABA production. Further studies are
suggested to understand the role of specific secondary metabolites regulation by
miR156/SPL module.

Keywords: microRNA. SPL proteins. Plant development. Phase change. Proteomics.



RESUMO

MACHADO, Kleiton Lima de Godoy, D.Sc., Universidade Federal de Vigcosa, abril de
2022. The module mir156/spl affects bixin biosynthesis pathway in annatto (Bixa
orellana L.). Orientador: Wagner Campos Otoni. Coorientadora: Daniele Vidal Faria.

O urucum [Bixa orellana L. (Bixaceae)] € uma planta lenhosa de porte médio, com
rapido padrdo de crescimento. A espécie possui um metabolismo secundario
relativamente ativo, onde o principal metabdlito € um apocarotenoide denominado
bixina, largamente utilizado nas industrias téxtil, farmacéutica e alimenticia, entre
outras, tornando o urucunzeiro uma cultura economicamente importante. A despeito
de sua relevéancia, existem varias lacunas sobre seus processos de desenvolvimento.
Talvez um dos mais interessantes seja o papel do moédulo miR156/SPL em seu
desenvolvimento e fisiologia, pois microRNA é responsavel por integrar estes dois
processos através da regulacdo de fatores de transcricdo SPL que modulam
caracteristicas morfoanatémicas. Ainda, o médulo miR156/SPL regula a biossintese
de compostos secundarios como sesquiterpenos, flavonoides, antocianinas e
carotenoides em plantas superiores. Portanto, o objetivo desse trabalho foi avaliar
alteracdes fenotipicas, fenologia vegetal, perfil hormonal, metabolismo secundario,
expressao génica ligada ao desenvolvimento e perfil do proteoma em linhagens de
plantas de B. orellana superexpressando miR156 (OE::156). Com isso, observamos
novos padrdes na arquitetura das plantas e nas caracteristicas das laminas foliares.
Além disso, também descobrimos niveis mais altos de AlA e ABA em plantas OE::156.
Ademais, descobrimos que plantas OE::156 apresentam menor teor de bixina do que
plantas ndo transformadas (Nt). Além do mais, observamos que CCD4 apresentou
menor expressao em niveis transcricionais a destarte de niveis mais altos de
transcritos de CCD1. Além disso, o proteoma apresentou acumulo de proteinas ZEP
em plantas OE::156, o que indica que os carbonos estdo sendo translocados da
producdo de bixina para biossintese do fitorménio ABA. Em adigdo aos resultados
apresentados, sugere-se mais estudos para expandir o endentimento do papel do
modulo miR156/SPL na regulagéo de metabdlitos secundarios especificos na espécie-

alvo.



Palavras-chave: microRNA. Proteinas SPL. Desenvolvimento vegetal. Troca de fase.
Proteoma.
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1. INTRODUCTION

1.1 Bixa orellana: importance and potential

Popularly known as Annatto, Bixa orellana L. (Bixaceae) belongs to the order
Malvales, with important representatives such as Cocoa, Hibiscus, and Cotton (The
Angiosperm Phylogeny Group Il 2003; The Angiosperm Phylogeny Group Il 2009).
Although planted around the world, annatto was domesticated from B. urucurana by
the southern Amazonia native people, long before the European invasions of South
America (Moreira et al. 2015). Since the European raids, the western world has used
this plant as the only source of the apocarotenoid bixin, since 80% of all pigments
present in B. orellana is bixin. (Oliveira et al. 1996; Ramamoorthy et al. 2010). In
addition, several emerging countries such as Angola, India, and Brazil have planted
and exploited this culture as a commodity.
(https://www.cabi.org/isc/datasheet/9242#C19AC032-9D96-488E-BE68
7972662568B4). Also, the World Health Organization (WHQO) pointed to bixin as one
of the few non-toxic dyes, as it is taken from a natural source, does not change the
nutritional factors of foods, and has wide use in Brazil, in the form of colorau (Bastos
et al. 1999; Vilar et al. 2014). Furthermore, annatto has one of the few natural
hydrophilic dyes, norbixin. (Giuliano et al. 2003; Rivera-Madrid et al. 2013). As a result,
bixin and norbixin are very important for the pharmaceutical, cosmetic, and textile
industries worldwide. (Valério et al. 2015).

Annatto is a woody plant, native to the Neotropics. This shrub can reach up to 6
meters in height, with heart-shaped dotted or serrated leaves, hermaphrodite flowers
with 5 blue-pink petals with 2 to 3 carpels, from which the ovoid capsules originate.
Flexible spines cover the capsules, and the fruit has an average of 54 seeds with a
reddish integument (Baliane 1982). This species has a rapid growth pattern, reaching
the reproductive age after 18 months of germination (De Gdes 1998). However, these
plants do not show an apparent change of vegetative phases (from juvenile to adult)
like other woody plants such as Eucalyptus globulus (Lucani et al. 2019), Acacia koa
(Rose et al. 2019), and Vachellia collinsii (Leichty and Poethig 2019). B. orellana has

extrafloral nectaries in its stem and in the floral receptacles that exude and offers sugar,
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attracting ants that will defend the plants from possible herbivore attacks (Bentley
1977; Miranda et al. 2017). Additionally, its seeds have a high content of carotenoids
that are stored in their cells with high numbers of chromoplasts and dense globules
that fused with the vacuole (Louro and Santiago 2015). Besides, annatto has broad-
spectrum antimicrobial action (Karmakar et al. 2018), because it produces several
compounds such as terpenes, sesquiterpenes, alkaloids, among others, as reviewed
in Santos et al. (2021).

Along with its economic and cultural aspects, this woody shrub is a potential
model for studies of development and secondary metabolism modulation, as annatto
has rapid growth, flowering, and fruit settling. Further, annatto has a high carbon
demand for bixin biosynthesis, a metabolite biogenesis route that is highly active when
compared to other woody species. Additionally, apart from the high levels of bixin,
constitutively produced in annatto, it also has other secondary compounds. Still,
studies with this species can shed light and expand the understanding of how
molecular hubs, such as the miR156/SPLs module, acts in the regulation of vegetative
phase change (from juvenile to adult) and different types of metabolites production in

woody plants.

1.2 The miR156/SPL module role in plants

Non-coding RNAs are crucial in the gene expression regulation linked to
development in eukaryotes. These molecules have approximately 22 nucleotides that
are capable of pairing in the 3' UTR (untranslated region) or even in the target mMRNAs
ORFs (open reading frames), forming secondary structures that will repress
translation. In plants, these molecules were described by Llave et al. (2002) and their
assigned functions, as part of plant development regulation by Reinhart et al. (2002).
Transcription of primary microRNA (pri-miRNA) is the first step in miRNA biogenesis.
Thereatfter, this pri-miRNA is recognized by the enzyme DICER-LIKE 1, which cleaves
the pri-miRNA into two miRNAs, producing a duplex that is exported by a process
involving exportin proteins HASTY and TREX-2 to the cytoplasm (Bollman et al. 2003;
Kurihara and Watanabe 2004; Park et al. 2005; Fahlgren et al. 2007; Bologna et al.
2018; Zhang et al. 2020). In the cytoplasm, the ARGONAUTE protein, which belongs
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to the RISC (RNA-Induced Silencing Complex), recognizes the duplex. Then, the
duplex is separated and RISC stabilizes and directs the single-stranded miRNA to the
repression target (Kurihara e Watanabe 2004; Baumberger and Baulcombe 2005; Pratt
and MacRae 2009; Liu et al. 2018).

MiRNAs play a central role in various plant development programs as they are
responsible for the regulation of transcriptional factors involving cell division, organ
differentiation, nutrition, and phenological transition in plants (Jones-Rhoades et al.
2006; Johnson et al. 2017). One of the most interesting processes coordinated by
these molecules is the transition from juvenile to adult state, during the vegetative
growth, orchestrated by the miR156-SPL module. This regulatory network appears to
have originated very early in the evolutionary history of plants, as it is conserved in
most angiosperms (Wu and Poethig 2006; Poethig 2009; Fouracre and Poethig 2019;
Zheng et al. 2019).

The Squamosa Promoter-Binding Protein-Like (SPL) family of transcription
factors encompasses genes related to phase switching in most plants. Furthermore,
from 17 SPL genes discovered in plants, 11 are regulated by miR156 (Cardon et al.
1999; Wang et al. 2009; Wu et al. 2009; Yu et al. 2010). Therefore, the SPL family is
largely regulated by miR156 in Oryza sativa (Xie et al. 2012), Nicotiana tabacum (Feng
et al. 2016), Pyrus pyrifolia (Qian et al. 2017), Arabidopsis thaliana (Wu e Poethig
2006; Zheng et al. 2019), Passiflora edulis (Silva et al. 2019), and Populus tremula
(Lawrence et al. 2021). This comprehensive regulation within plants is responsible for
changes in leaf morphology and anatomy, trichome formation, male fertility (anther
development), phytomer length and composition, glucose and trehalose metabolism,
among other characteristics that may be linked to environmental factors as well (Wang
et al. 2009; Xing et al. 2010; Yu et al. 2010; Poethig 2013; Fouracre and Poethig 2016;
Silva et al. 2019; Lawrence et al. 2020b).

Specific studies have shown correlations between miR156/ SPL module and
abiotic and biotic stresses. Plants that overexpress miR156 tend to be more tolerant to
salt and water stress, as demonstrated by Cui et al. (2014), where Arabidopsis plants
delayed their flowering and were able to tolerate such adverse events. The same
phenomenon was observed in alfalfa and even in halophytic plants (Feyissa et al. 2019;
Wang et al. 2019a). Also, jasmonic acid, which is a phytohormone related to the
response against herbivory in plants, had higher levels during the adult phase and,
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contrary to expectations, had lower responses in plants overexpressing miR156. This
metabolic pattern is a result of the SPL9 interaction with the Jasmonate-zim domain
(JAZ) proteins, stabilizing them. As a result, the plants developed the ability to
attenuate responses to jasmonate but were able to proceed with high levels of defense
compounds (Mao et al. 2017). With this example of how the miR156/SPL module
interacts with phytohormonal responses, some authors have observed other processes
related to hormonal signaling such as embryogenesis in Citrus callus, which is a
process mediated by auxins and cytokinins (Long et al. 2018); development of lateral
roots through signal transduction involving auxins (Yu et al. 2015a); stomatal closure
during drought stress via strigolactones (Visentin et al. 2020); attenuation in root
meristems of primary roots via cytokinins, promoting differentiation and thus new roots
(Barrera-Rojas et al. 2020).

In addition to these aspects, the miR156/SPL module regulates the biosynthesis
of secondary compounds during plant growth and development. Even if the increase
or decrease of such compounds production is responsive under different
environmental conditions. For example, in Arabidopsis, sesquiterpene levels are
affected by SPL9 and SPL10, both targets of miR156, through activation of the TPS21
gene (terpene synthase 21) (Yu et al. 2015b). This module also regulates the flavonoid
biosynthesis process, where miR156 prevents the translation of SPL9, resulting in
anthocyanin accumulation at the junction of the stem and leaves of Arabidopsis (Gou
et al. 2011). Furthermore, miR156/SPL hub also regulates carotenoid biosynthesis. In
another study, transgenic Arabidopsis plants overexpressing miR156 showed higher
levels of carotenoids in their seeds, via regulation of the transcription factor SPL15
(Wei et al. 2012). Additionally, the SPL16 gene was shown to be responsible for the
increase in carotenoids in banana (Musa acuminata) fruits (Zhu et al. 2020).
Furthermore, the involvement of the miR156/SPL module in the biosynthesis of the
secondary compound of woody plants was also reported in poplar plants
overexpressing miR156 (Wang et al. 2020b). The authors observed higher levels of
anthocyanins and flavonoids compared to non-transformed plants. Within this
scenario, we hypothesized that, in addition to the development control, biosynthesis of
several compounds, and pigments, the miR156/SPL module also changes the
biosynthesis of bixin in annatto, altering the pattern of related proteins indirectly.



15

2. MATERIALS AND METHODS

2.1 Plant material

The B. orellana cv. Piave Vermelha lines overexpressing miR156 (OE::156)
were obtained following a well-established Agrobacterium tumefaciens based protocol
at Laboratério de Cultura de Tecidos Vegetais I, Bioagro, UFV (Faria et al. 2021). Two
lines were selected according to the miR156 expression levels. Eight plants of each
OE::156 and four wild type (WT) lines were acclimatized as described in Faria et al.
(2019a). Then, the plants were transferred to 5 L polyethylene pots with horticultural
substrate Tropstrato HT Hortalicas (Vida Verde Industria e Comércio de Insumos
Orgénicos Ltda, Mogi Mirim, Brasil), under greenhouse conditions. The plants were
watered daily and maintained under 11/13 h light and 25/16 °C temperature (day/night).
All GMO manipulation was held in the Laboratério de Cultura de Tecidos Il — Bioagro
and in a GMO-adapted greenhouse, following the CTNBio and CIBio-UFV rules (CQB
024/97 (CTNBio n® 19, process n® 01200.002610/9704)).

2.2 Phenotyping

The acclimatized OE::156 lines kept in a greenhouse were evaluated at 15, 30,
45, 60, 75, and 90 days after planting (DAP). The following variables were assessed:
total leaf number, plant height (cm), number of phytomers, diameter of the main axis,
third leaf length (from petiole insertion to the apical portion of leaf blade), leaf area, and
ramification index (total ramification length and main plant axis length) (Morris et al.
2001). For the leaf area, we measured the area of all Nt leaves, and then sampled the
leaf area of OE::156 plants, using the same amount of Nt leaves. For estimation of total
OE::156 leaf area, we multiply for by 15, since the OE::156 has 15 times more leaves
than Nt plants (sampled OE::156 leaf area x 15). All images were analyzed by ImageJ
software Ver. 1.43u, National Institute of Health, US) (Schneider et al. 2012).
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2.3 RNA extraction and cDNA synthesis

The miR156 and SPL gene family expressions profile were assessed through
gRT-PCR in the CFX96 Touch™ Real-Time PCR Detection System (BioRad,
Hercules, CA, United States). We used 40 ng of cDNA, 400 nM of primer, SYBR-green
Supermix (BioRad), and deionized water (daH20) for a final 10 pL reaction volume. The
expression data was gathered from four biological replicates, with at least two technical
replicates (reactions) for each. Specific primers for miR156 and developmental linked
genes were assayed (Table 1). For amplification, the conditions were the following:
95°C for 10 min and 40 cycles under 94°C for 15 s each, and 60°C for 1 min. For gene
expression normalization, we used the genes RPS9 (40S ribosomal protein S9) (Table
1). The gene expression quantification was held by the average comparing method of
2-A8Ct (Livak and Schmittgen 2001), where the relevant differences were compared by
the t-Student test (P < 0.05).



Table 1 Target genes and primer sequence that will be applied in B. orellana Nt and OE::156 lines. R: Reverse primer; F: Forward primer.

Target gene Primer sequences Reference
ALDH3H1 F 5 - TGGTAGATACTTTCAGAGAGG - 3 Cardenas-Conejo et al. 2015
ALDH3H1 R 5 — GTTGGAGCAATCTTCAGC - 3 Céardenas-Conejo et al. 2015
ALDH3I1 F 5' - TGGTAGATACTTTCAGAGAGG - 3' Cardenas-Conejo et al. 2015
ALDH3I1 R 5 - GTTGGAGCAATCTTCAGC - 3' Céardenas-Conejo et al. 2015
CCD1-1 F 5'—TTCTGGCACTTAACGAGGGT - &' Céardenas-Conejo et al. 2015
CCD1-1R 5'— CCTTAGGATGAGCAGTGAATG - 3 Cardenas-Conejo et al. 2015
CCD4-4 F 5'—- TACTGCCAAGATGATCTGG - 3' Céardenas-Conejo et al. 2015
CCD4-4 R 5'— GCATTGAGGACATGTAATGG - &' Cardenas-Conejo et al. 2015
DXS2a F 5'— CAGGCATGGCTTTCACTT - &' Céardenas-Conejo et al. 2015
DXS2aR 5'— CGGCAAAGGTAGATGAGTATG - 3' Cardenas-Conejo et al. 2015
miR156 F 5'— GCGGCGTTGACAGAAGAGAGT -3 Faria et al. 2021
miR156 RT 5 - GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACGTGCTC -3 Faria et al. 2021
miR172 F 5'— CCTGAGAGAATCTTGATGATG - 3' Designed by us
miR172 RT 5'—- GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACATGCAG - 3' Designed by us
PSY1 F 5'—- CGATGAGGCAGAGAAAGGAG - 3 Moreira et al. submitted
PSY1 R 5'-TGGCGATACAACAACAAGGA - 3 Moreira et al. submitted
RPS9 F 5 — ACTTCTCTCTCACCAGTCCGT -3 Faria et al. 2021
RS9 R 5'- GCCTTCTTCATGGAGGCCTT -3 Faria et al. 2021
SABATH1 F 5'— ACGGAGGAAGCTATCACCA -3 Céardenas-Conejo et al. 2015
SABATH1 R 5'— GACGTGATATTCAGGGGATC - 3 Cardenas-Conejo et al. 2015
SABATHS F 5 - TTATGGCCGTCTCTGAGGT - 3' Moreira et al. subimitted
SABATH3 R 5'— ACCTGGCACTCCTGATACG -3 Moreira et al. subimitted
SABATH4 F 5'—- TCCCGTCTACAAATGGCA - 3' Céardenas-Conejo et al. 2015
SABATH4 R 5'— AATTTCGGAGATGACCAGG - 3 Cardenas-Conejo et al. 2015
SPL1F 5'— ACATCCCTTGCGGCATCACA - 3' Designed by us
SPL1R 5 - TCTGCTGACTGGGTCTCCAT - 3 Designed by us
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SPL2F
SPL2R
SPL6 F
SPL6R
SPL9F
SPL9R
SPL13F
SPL13R
SPL16 F
SPL16 R
Universal Reverse
ZDS F
ZDS R
B-LYCI F
B-LYCIR
B-LYC2 F
B-LYC2 R
e-LYC2 F
e-LYC2 R

5 — ACTTCAGTGCAGCAAGGCTC - 3'
5 — CACGCAAAACTTTCACTGGGC- 3
5 — TCAGGCTTCAACAGGTGGTGT - 3'

5 — ACCTTGGTAAATCCCATCGGCA - 3'

5 — CTCGGGGTAACCAACCTGAT - 3'

5'— ACCACCAGCATCACTGCCTT -3
5' — CAGCTGAGGGACGGAACCTA - 3'

5 -TGGAGGTGTTGTCTGCTTGC - 3'
5'—- AATGGTCCAACAGCAACGGAG - 3'

5' - TGCAGATGACCCATGATGCC - 3'

5 — GTGCAGGGTCCGAGG - 3'

5 —TCCTCTCCATGGGATTCAAG - 3'
5' — GACTGAAGGCAAGAGCCAAA -3’

5 - ATTGTCCAGTGCCTTGGTTC - 3'

5' — CCATGCCAATATCGAGGTTC - 3

5 - TTCAAGGCCAGCTTGATCGT -3
5 -GTGTTTGGGTTCGACGAGGA - 3'
5 - TTGGAAGTCTTGGAGAAGGAC - 3'

5 — ACTTATCGGCTAATCTGGACTG - 3'

Designed by us
Designed by us
Designed by us
Designed by us
Designed by us
Designed by us
Designed by us
Designed by us
Designed by us
Designed by us
Tang et al. 2012

Moreira et al. submitted
Moreira et al. submitted

Céardenas-Conejo et al
Cardenas-Conejo et al
Cardenas-Conejo et al
Céardenas-Conejo et al
Cardenas-Conejo et al
Céardenas-Conejo et al

. 2015
. 2015
. 2015
. 2015
. 2015
. 2015
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2.4 Hormonal profile

The following hormone levels were quantified: IAA (Indole-3-acetic acid), zeatin,
ethylene by ACC (1-Aminocyclopropane-1-carboxylic acid), ABA (abscisic acid), JA
(jasmonic acid), and SA (salicylic acid). For this, we collected eight fully expanded
leaves (third from apex to base) from each 3-month-old greenhouse-grown WT and
OE::156 plants. Leaf samples (approximately 110 mg) were powdered in liquid
nitrogen. A 300 pL aliquot of extracting solution (Methanol:lsopropanol:Acetic acid
20:79:1) was added to 1.5 mL microtubes. After that, the samples were vortexed four
times for 20 s each and sonicated for 5 min. Then, the samples were maintained under
4°C, for 30 min. The samples were centrifuged (13,000 xg for 10 min at under 4°C).
Immediately, 350 pyL from the supernatant were collected to a new microtube. The
pellet passed again through the same steps from extraction solution to pellet formation
and supernatant separation. For hormonal identification and quantification, an LC-
MS/MS (Agilent 1200 Infinity Series) coupled to a Triple Quadrupole mass
spectrophotometer QgQ (6430 Agilent Technologies) was used as described in
Napoleéo et al. (2017).

2.5 Bixin content and bixin channels quantification

Bixin contents were quantified according to Napoleéo et al. (2017) and Faria et
al. (2019a). Approximately 10 mg of freeze-dried leaves were ground in liquid nitrogen,
followed by repeated extraction with 300 uL methanol:isopropanol:acetic acid (20:79:1;
v/v/v). Samples were vortexed four times for 20 s, sonicated for 10 min, kept on ice for
30 min, centrifuged at 20,000xg for 10 min at 4 °C, and the supernatant was collected.
Then, the supernatant was filtered (Econofltr PVDF 13mm and 0.2 um; Agilent
Technologies, Santa Clara, CA, USA) and used for liquid chromatography-mass
spectrometry (LC-MS) analysis. Samples of the final supernatant (5 pL) were
automatically injected into the LC-QqQ MS instrument (Triple Quadrupole 6430;
Agilent Technologies, Waldbronn, Germany) equipped with an Eclipse Plus C18
(2.1x50 mm, 1.8 uym) column and a Zorbax SB-C18 guard column (1.8 um, Agilent

Technologies), at 26 °C. The mobile phase consisted of 0.02% acetic acid in water
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(solvent A) and 0.02% acetic acid in acetonitrile (solvent B) at a constant flow rate of
300 uL min~'. A linear gradient was applied as follow: 0—3 min with 2%—-60% of B, 3-8
min with 60%—99% of B, 8—11 min with 99% of B, 11-12 min with 99% to 2% of B, and
12—-15 min with 2% of B. A mass spectrometer electrospray ionization source was used
with the following conditions: gas temperature of 300 °C, the nitrogen flow rate of 10 L
min~", nebulizer pressure of 35 psi, and capillary voltage of 4000 V. Bixin was analyzed
via multiple reaction monitoring of ion pairs with mass transitions (395/157) and
quantified via calibration curves using pure standards (1 to 200 ug and 0.1 to 500 ng,
respectively; Sigma-Aldrich, St. Louis, MO, USA). Data were analyzed using Mass
Hunter Workstation software (Agilent Technologies).

For bixin channels counting, we photographed the abaxial part of Nt and
OE::156_1, and OE::156_4 leaves using a stereomicroscope Olympus SZX7 (Tokyo,
Japan) with a Moticam 580 5.0 MP Nikon (Tokyo, Japan). The images were analyzed
using Imaged version 1.49 (Schneider et al. 2012). We quantified bixin channels in
three leaf portions: Basal, Medial, and Apical. Then took three different portions of each

image. The bixin channels were divided by mm?2.

2.6 Quantification of pigments

Chlorophylls and carotenoid contents were quantified (ug mL') following
protocols by Wellburn (1994) and Warren (2008). A volume (600 pL) of MeOH 100%
was added to 50 mg of freshly frozen macerated leaf samples. The solution was
vortexed for 30 s and incubated at 4 °C under agitation in the dark for 10 min. Later,
the samples were centrifuged at 12000 x g (4 °C, 10 min), and the supernatant was
collected. Then, the same procedure was repeated to the remaining pellet, and the
supernatant was collected and mixed with the first extraction. After extractions, we
collected supernatant (200 uL) and added it to a microplate for absorbance readings
(A) at wavelengths of 470, 653, and 666 nm in a Multiskan FC microplate. The contents
of total chlorophylls (Chl a + Chl b) and carotenoids were determined according to the

following equations:
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Chl a = (15.65 X A666) - 7.34‘ X A653)

Chl b == (27.05 X A653) - (11.21 X A666)

(1000 X A,,,) — (2.86 x Chl @) — (129.2 X Chl b)
221

Carotenoids =

We also quantified anthocyanins as described by Neff and Chory (1998). The
same samples were used as previously mentioned, however using the wavelengths
657 and 530 nm. The relative anthocyanin content was expressed as (Asso - Aes7) g
of fresh weight (FW).

2.7 Proteomic extraction and analyzes

For proteomic quantification, leaf samples from each of three different not-
transgenic and OE::156_4 plants. We chose just one transgenic line because both
independent lines had similar growth, gene expression, pigments, hormone profile, and
bixin content. We collected 10 mg of freeze-dry pulverized mass in liquid nitrogen and
added 1 mL of extraction buffer, which consisted of 7 M urea (GE Health- care), 2 M
thiourea (GE Healthcare, Piscataway, NJ, USA), 2% Triton X-100 (GE Healthcare), 1%
dithiothreitol (DTT, GE Healthcare, Piscataway, NJ, USA), 1 mM
phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldrich), and complete protease
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Then, we vortexed and
centrifuged the mixture. Then, we collected the supernatants and measured the protein
concentration using the 2-D Quant Kit (GE Healthcare, Piscataway, NJ, USA) (Reis et
al. 2021). After that, we precipitated the protein samples using the methanol/chloroform
methodology to remove any interferents from the samples (Nanjo et al. 2012). Then,
we resuspended the samples in a solution consisting of 7 M urea and 2 M thiourea,
and protein digestion was performed using Microcon-30 kDa filter units (Millipore) with
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the filter- aided sample preparation (FASP) methodology described by Wisniewski et
al. (2009), with some modifications. After digestion, the resulting peptides were
quantified with the A205 nm protein and peptide methodology using a NanoDrop 2000c
spectrophotometer (Thermo Fisher Scientific) and then injected into a nanoAcquity
UPLC mass spectrometer connected to a Q-TOF SYNAPT G2-Si instrument (Waters,
Manchester, UK).

The spectra processing and database search were performed using Protein
Lynx Global SERVER (PLGS) software v.3.02 (Waters), and label-free quantification
analyzes were performed using ISO Quant software v.1.7 (Distler et al. 2014). Only
proteins present in at least four runs for differential abundance analysis were
considered, aiming to secure high quality results after data processing. A protein
abundance differentiation was considered if the fold change value was higher than two,
using the Student’s t-test (two-tailed, P < 0.05) and after p-value correction with the
Benjamini-Hochberg test. For Functional annotations, we used the Blast2Go software
v.5.0 (Conesa et al. 2005) and UniProtKB (www.uniprot.org). A Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment pathway analysis between DAPs (P < 0.01)
was performed in Metascape (Zhou et al. 2019) after a BLAST search of NCBI
(https://www.ncbi.nim.nih.gov) to obtain Arabidopsis thaliana reference sequences.
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3. RESULTS AND DISCUSSION

3.1 miR156/SPL module affects architecture and leaf shape in B. orellana

B. orellana does not present an apparent phase shift from juvenile to adult, as
described by Baliane (1982). To determine whether the master regulator of vegetative
phase change miR156/SPL module is functional in B. orellana, we characterized
OE::156 plants. These plants were grown autotrophically under greenhouse conditions
after initial in vitro heterotrophic culture. We took care of choosing in vitro plants with
similar architecture and ramification patterns to avoid any bias that would affect the
next growth steps. As depicted in Figure 1A, after 90 days, OE::156 plants showed a
strong correlative inhibition, changing drastically stem and canopy growth patterns,
with multiple shoots arising from axillary buds. In addition, we observed that OE::156
plants have smaller leaves with different blade shapes as compared to their juvenile
non-transformed (Nt) counterparts (Figure 1B). A similar pattern was observed in
potato (Solanum tuberosum) plants overexpressing miR156, exhibiting more branches
from axillary buds, increased number of nodes, smaller leaves with less leaflet number
than the non-transgenic counterpart (Bhogale et al. 2014). The same phenomenon was
observed in overexpressing miR156 switchgrass (Panicum virgatum L.) plants.
Otherwise, overexpressing SPL4, a target of miR156, the authors observed fewer
auxiliary buds then Nt counterparts (Gou et al. 2017). In poplar (Populus sp.), also a
woody plant species with subtle phase changes, authors reported more buds and
ramification in OE::156 plants, and they were able to see phase change conformations
(Rubinelli et al. 2013; Lawrence et al. 2020a). After these first plant architecture
observations, we next analyzed plant biometric data in a more detailed way to look into
B. orellana development and the miR156/SPL module responsiveness.
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Figure 1. miR156 modulation of growth pattern in B. orellana. A - Architecture and size of non-transformed plants and plants
overexpressing mRNA156 (OE::156) in two distinct lines (OE::156_1 and OE::156_4) at the 90 day after planting in greenhouse. Bar
= 10 cm; B - Leaf shape and size of non-transformed plants and plants overexpressing mRNA156 in two distinct lines: OE::156_1
and OE::156_4 Bar: 10 cm. Leaves from left to right: First to the sixth leaf, where from three are shown fully expanded leafs.
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3.2 miR156/SPL module shapes B. orellana biometric features

To understand what features miR156/SPL module was shaping in B. orellana
plants, we evaluated biometric parameters of plants grown in the greenhouse every 15
days until the 90" day. As expected, both OE::156 lines showed more leaves than their
non-transformed counterparts (Figure 2A). We assumed this because miR156
regulates SPL proteins, which upregulate one of many genes related to leaf initiation,
AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS), inhibiting leaf
initiation in Arabidopsis and Poplar (Hu et al. 2003; Kuluev et al. 2016). Besides, we
observed a higher phytomer number in both transgenic lines 30 days onwards under
greenhouse (Figure 2B). In addition, we quantified the branching ratio (Figure 2C).
Both OE::156 lines had 11-fold more branches than Nt plants. This phenomenon
happens as seen in Petunia axillaris and Petunia inflata plants overexpressing
miR156/miR157 (Zhou et al. 2021).

Then, the main stem height of these plants was considered (Figure 2D). We
found out that OE::156 plants were higher than Nt plants until the 75" day after
planting. The Nt plants were capable to surpass the OE::156 plants on the 90" day and
showed statistical difference when compared to OE::156_4. These differences in
height could be attributed to less investment in secondary growth showed in OE::156
plants, as seen in main stem diameter (Figure 2E), where in most of the sampled times
Nt exhibited significantly higher values than OE::156 plants. A similar pattern was
observed in poplar plants, where non-transformed plants were higher than those
overexpressing miR156, even though without differences in trunk diameter (Rubinelli
et al. 2013).

The first expanded leaf is informative of the physiological status of the plants, in
particular of nutrition, hormone regulation, biotic and abiotic stresses status (Lin et al.
2010; Wang et al. 2014). In B. orellana, the first observed fully expanded leaf is the
third leaf. So, we used to further analysis. We found that on the 15" day, the transgenic
lines grew more quickly than Nt plants, but were surpassed on the 45" day (Figure 2F).
This can be explained by regulations on organ size under the response of some genes.
Such genes are regulated by the miR156/SPL module and very well reported
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elsewhere (Zhang et al. 2015; Fouracre and Poethig 2019; Fang et al. 2021). This
basal to apical leaf length analysis was important to avoid damaged leaves and altered
shoot architecture between transgenic and non-transgenic plants. Therefore, we
quantified leaf area photographing all Nt plant leaves after the 90" day, in a manner to
mitigate any stress that would impact biochemical or molecular analysis. We were able
to quantify all Nt leaves area, but unable to do so in OE::156 plants due the high
number of leaves. In this way, the total OE::156 leaf area were obtained, measuring
the same non-transgenic leaf number. The Nt leaf area was 16 times higher than
OE::156 transgenic lines (Figure 2G). However, when we estimated all transgenic leaf
areas there were no significant differences (Figure 2H). This data makes sense
because if the transgenic lines would not have the leaf dimensions needed to supply
such growth, they probably would not grow and develop. In addition, it would probably
lead to starvation or nutrient reallocation failures. The OE::156 lines seems to not
changed phases and seems to be incapable to mature all their organs and tissues,
since we do not observed presence of mature structures as extrafloral nectaries as
seem in Nt plants. Besides, OE::156 lines have more leaves but with the same amount
of photosynthetic area than Nt counterparts, which was also observed in Eucalyptus
grandis (Levy et al. 2014), Solanum tuberosum (Bhogale et al. 2014), and Arabidopsis
thaliana (Xie et al. 2017).

Then, we asked if this responsiveness to mir156/SPL module would be related
to any phytohormonal changes, since the loss of apical dominance was observed, as
revised in Barbier et al. (2017), we suspected that there is less auxin production or/and

more cytokinin on OE::156 plants.



250 50 1
= b | A B “C
== OE::156_1 * x 9] T 12
5200 { =mmm OE::156 4 £ 401 I I
a = 5 =2
g I £ B1p
[=4 (7} o o
5 150 4 g 30 4 e
= 2 & 81
5 .t £ = T
@ w— o
100 9 S 20 4 o B
g q
z : 2 5 g4
50 Z 10 1 <
., 5
04 by 0 T 0 mi
15 DAP 30 DAP 45 DAP 60 DAP 15DAP 30 DAP 45DAP 60DAP 75DAP 0 DAP 15DAP 30 DAP 45DAP 60 DAP
20 1
60 - =
ey 25
_ e £ i s
£ D 3] E (S F
8% i3 g 15 4 *® 2
b= ® £ 20
B 40 £ . 2
g o 7]
£ = E
. 5104 . 81
5 2 - E
[} L o £
5204 : g = 10
g = - 5 0.5 = "k % - i ..
10 4 X HI 5 5 £ _
“ i | ] |
Lol o 9 L I Y
15DAP 30DAP 45DAP G0DAP 75DAP 90 DAP 15DAP 30 DAP 45DAP 60 DAP 75DAP 80 DAP 15 DAP 30 DAP 45 DAP 60 DAP 75 DAP
4000 + 4000 1
£ 3000 1 T 3000 1
© o
E ©
§ 2000 1 = 2000
3 -
[=% ©
£ e
& 1000 1000 -
» E3
0 04
Nt OE:156_1 OE:156_4 Nt OE::156_1 OE:156_4

27



Figure 2. miR156 impact on biometric features of B. orellana plants. A - Total leaf number until 60 days after planting (DAP); B -
Average phytomer number assessed up to 90 DAP; C - Branching ratio assessed up to 60 DAP; D - Average values for main stem
height assessed up to 90 DAP; E - Average values for main stem diameter until 90 DAP; F - Third leaf length (from petiole insertion
to the end of leaf blade) 75 DAP; G - Sampled Leaf Area in the 90" DAP (n=20); H - Total leaf area [sampled leaf area multiply by
number of Nt leaves (15)] in the 90th DAP. DAP: Days after planting in the greenhouse. Asterisks stand for P-value < 0.05 using t-
Student test; Nt = Non-transformed, OE::156_1 = Plants overexpressing miR156 line 1. OE::156_4 = Plants overexpressing miR156

line 4. Vertical bars correspond to standard error variation.
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3.3 miR156/SPL module altered phytohormones endogenous levels

The endogenous phytohormone profiles from Nt and OE::156 plants were
characterized by LC-MS/MS. The main hormones were quantified and the results are
shown below. The Brassinolides are steroidal plant hormones first isolated from
Brassica napus pollen grains (Grove et al. 1979). Those hormones are linked to cell
elongation and plant growth (Yokota 1997). However, several studies showed the role
of brassionolides in plant architecture, abiotic, and biotic stresses, as revised in Coll et
al. (2015) and Anwar et al. (2018). Unchanged brassinolide 1 and 2 levels in OE::156
plants (Figures 3A and 3B) are consistent with the stem height data, as OE::156 plants
grew alike the Nt in the main stem height feature (Figure 2D), which could be related
to brassinolides levels. Other interestingly feature is the relationship between
brassinolides and SPL proteins in vegetative phase changes. Brassinolides and SPL
proteins act together, whereas plants overexpressing SPL9 were hypersensitive to
brassinolides (Wang et al. 2021). However, in SPL downregulated plants (OE::156) the
brassinolides seem to display the same pattern as Nt plants in main stem height but
did not contribute to leaf maturation and elongation as seen in leaf length data (Figure
2F). Any interaction between SPL activity and brassinolides may therefore reflect
altered sensitivity to brassinolides, rather than upregulation of Brassinolide synthesis.

The ethylene (ET) precursor 1-aminocyclopropane-1-carboxylic acid (ACC) is
an effective marker for quantifying ET levels (Avni et al. 1994). In light of this, we
measured ACC levels in OE::156 and Nt plants. We observed that ACC was slighter
higher in OE::156_4 plants than its Nt counterparts but this level was not statically
significant (Figure 3C). ET is also indirectly responsible for vegetative phase changes,
regulating SPL through DELLA (aspartic acid—glutamic acid—leucine—leucine—alanine)
proteins, activating miR172 and consequently APL2 proteins (Vanstraelen and
Benkova 2012; Wang 2014; Wang and Wang 2015). In contrast, the contrary is not
true; the overexpression of miR156 seems not to have changed the ET production in
B. orellana.

Methyl jasmonate (MeJA) and jasmonic acid (JA) are very important for plant
development processes, as such: root growth, flowering, fruit ripening, and
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senescence, as well-reviewed in Cheong and Choi (2003) and Singh and Dwivedi
(2018). Jasmonate is also related to juvenile phase prolongation, since young maize
plants displayed higher levels of JA in their leaves, besides that the application of
exogenous JA extended juvenile stage duration (Osadchuk et al. 2019). Besides that,
with salicylic acid (SA), these phytohormones are responsible for plant defense against
pathogens, temperature, salt, among others stress that can activate the immune
system of plants (Wani et al. 2017; Yu et al. 2019). Here we quantified both hormones
to have clues about any stresses that the plants were suffering. Both MeJA and SA
(Figure 3D and 3E) did not differ significantly from control plants. We tried to quantify
free jasmonate but the peak areas were too small demonstrating that the JA levels
were too low, despite the sensitivity of the LC-MS/MS technique.

In @ manner to explain the loss of apical dominance in OE::156 plants (Figure
1A), we quantified cytokinins (zeatins) and auxin (IAA). Cytokinins are related to axillary
meristem activation through the adenosine phosphate-isopentenyliransferase (IPT)
gene, which will induce cytokinin production in a positive feedback provoking cell
differentiation in axillary buds (Shimizu-Sato et al. 2009; Su et al. 2011). Thereby, we
quantified the zeatin isoforms 1 and 2 and their isomers, cis-Zeatin and trans-Zeatin,
referring to the position of the terminal hydroxyl group on the isoprenoid side chain. We
observed the same levels of cis-Zea 1 (Figure 4A) and trans-Zea 2 (Figure 4B) in Nt
and OE::156 plants. On other hand, we found significantly higher levels of Zea 2 Cis in
OE::156_1 plants than Nt (Figure 4C). Interestingly, OE::156_1 plants showed lower
levels of Zea 1 Trans than Nt counterparts (Figure 4D). It goes in the opposite direction
because OE::156_1 plants have this divergent plant canopy, with activated axillary
buds. The cis and trans-Zeatin isomers occur in different points of Arabidopsis thaliana
development (GajdoSova et al. 2011), and several authors attributed different functions
for both, from environmental stresses to nitrate metabolism (Schafer et al. 2015;
Lacuesta et al. 2018). In this way, further investigation in Zeatin isomers levels can
reveal new functions to cis-Zeatin in B. orellana plants, suing roots for example, given
that SPL10 has interactions with cytokinins in Arabidopsis roots through
ARABIDOPSIS RESPONSE REGULATOR1 (ARRT1) gene (Barrera-Rojas et al. 2020).

As plant structure depends also on auxin levels, we quantified IAA since it is the
main form of this phytohormone in plants (Mashiguchi et al. 2011). Interestingly, we
found higher levels of auxin in both OE::156 plants than the Nt (Figure 5A). Such data
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do not match with our first hypothesis of loss apical dominance by low levels of auxin
in the whole plant, a well-studied process as reviewed by Barbier et al. (2017). These
findings contradict previous studies that found a negative correlation between miR156
expression and auxin levels, as seen in rice, where overexpressing miR156 plants
showed more tillers and therefore lowest auxin levels (Dai et al. 2018). May auxin levels
are higher because of the interplay auxin-cytokinin. Since OE::156 plants seems to
have higher levels of cytokinin in the leaf cells, the auxin production is also higher, but
with the PIN-FORMED (PIN) proteins in lower expression levels. Therefore, the auxin
is not being transported from leaf cells. The SPL10 is a miR156 target and controls the
cell cycle as shown in rice (Barrera-Rojas et al. 2020). This protein is also responsible
for cytokinin levels (Yu et al. 2015a). Consequently, the lack of SPL10 activity seems
to activate cytokinin production and indirectly decrease PIN protein expression
lowering auxin transports from this region. Such auxin-cytokinin interplay is reviewed
well reviewed elsewhere (Su et al. 2011).

To further explore the interesting development pattern of OE::156 plants, we
quantified gibberellic acid (GA) content in Nt and OE::156 plants Figure 5B and 5C.
We chose GAs and GA4 because of their higher bioactivity among other gibberellins
(Gupta and Chakrabarty 2013). Interestingly, we observed lesser levels of GAs and
GA4 in OE::156_4 plants than in non-transformed line. In garlic, GAs applied
exogenously was responsible for more secondary stems in the plant architecture that
takes after OE::156 B. orellana plants (Liu et al. 2019). However, in Petunia (Petunia
sp), GA insensible transgenic lines showed more branches, shorter leaves, and shorter
plants than non-transformed lines (Liang et al. 2014). In addition, in Arabidopsis, the
SPL proteins interact with DELLA proteins, degrading it and amplifying GA signaling
(Jung et al. 2012; Yu et al. 2012). Therefore, SPL defective plants may have
downregulated GA biosynthesis genes due to the lack of DELLA proteins (Ito et al.
2018), which could explain why OE::156 plants had higher heights in the first 60" days
and then were surpassed by Nt plants in the 90" day (Figure 3D).

Abscisic Acid (ABA) is a plant hormone responsible for a series of
developmental processes, such as cell division and elongation, and floral induction
(Finkelstein 2013). Thus, we quantified ABA levels in OE::156 and Nt leaves (Figure
5D). We observed 2-fold higher ABA levels in OE::156_1 plants and 1.6-fold higher in
OE::156_4 plants than Nt plants. This result was brought to our attention since ABA
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could compete with bixin production. The Bixin is an apocarotenoid that is converted
from Lycopene through Carotenoid cleavage dioxygenase 4 (CCD4) activation
(Cardenas-Conejo et al. 2015). However, the Lycopene is also a precursor of [3-
carotene by Lycopene cyclase 2 beta (3-LYC), transposing the carbons to the xanthins
route, which results in Neoxanthin production. The Neoxanthin is oxidatively cleaved
by the 9-cis-epoxycarotenoid dioxygenase (NCED) enzyme, producing xanthoxin and
then ABA (Chen et al. 2020). To distinguish between the different lycopene metabolic
pathways, we investigated the effects of constitutive miR156 expression on bixin
production.
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Figure 3. Average values for endogenous hormone levels in transformed and non-transformed Bixa orellana plants at the 90" day of
growth under greenhouse conditions. A - Brassinolide 1 (Br1) ; B - Brassinolide 2 (Br2); C - 1-aminocyclopropane-1-carboxylic acid

(ACC); D - Methyl jasmonate (MeJA) average levels; E - Salicylic Acid (SA). The results are adjusted to fresh leaf masses from four

33



plants of each line, where Nt = Non-transformed, OE::156_1 = Plants overexpressing miR156 line 1. OE:156_4 = Plants

overexpressing miR156 line 4. Vertical bars correspond to standard error variation.
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2 (Zea 2 Cis); D - Trans-Zeatin 1 (Zea 1 Trans). Asterisks stand for P-value < 0.05 using student-t test. Nt = Non-transformed,

OE::156_1 = Plants overexpressing miR156 lin 1. OE::156_4 = Plants overexpressing miR156 line 4. Vertical bars correspond to
standard error variation.
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Figure 5. Average values for endogenous hormone levels in transformed and non-transformed Bixa orellana plants at the 90" day of
growth under greenhouse conditions. A - Indole-3-Acetic Acid (IAA); B - Gibberellic Acid 3 (GAs); C - Gibberellic Acid 4 (GA4); D -
Abscisic Acid (ABA). Asterisks stand for P-value < 0.05 using student-t test. Nt = Non-transformed, OE::156_1 = Plants overexpressing

miR156 line OE::156_4 = Plants overexpressing miR156 line 4. Vertical bars correspond to standard error variation.
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3.4 Transgenic plants overexpressing miR156 have reduced bixin content

The higher ABA levels and the possible carotenoid bixin relationship is
intringing, so the main pigments were quantified in OE::156 and Nt plants (Table 2).
We observed that the amount of carotenoids, chlorophylls (a and b), and anthocyanins
did not differ among them. This result does not match with previous data in Arabidopsis,
where anthocyanins accumulated in miR156 overexpressing plants, since SPL9
prevents the expression of anthocyanin biosynthesis-related genes (Gou et al. 2011).
Additionally, overexpressing miR156 Poplar plants, also displayed higher levels of
anthocyanins, flavonols, and flavonoids than their Nt counterparts (Wang et al. 2020b).
These results in B. orellana overexpressing miR156 could be a response to the
greenhouse environment, where plants are growing in a natural light condition,
differently from the two studies cited that used artificial light (Gou et al. 2011; Wang et
al. 2020b). In addition, the miR156/SPL module is not the only mechanism of
anthocyanin biosynthesis responses. This pigment biosynthesis can be up or down-
regulated by temperature, sugars, hormonal signaling, among other factors (Das et al.
2012; LaFountain and Yuan 2021).

Nevertheless, our main objective was to understand how this miR156
overexpressing B. orellana plants are delivering their carbon to ABA biosynthesis
instead of synthetize bixin. As expected, the miR156 overexpressing plants displayed
2.5-fold less bixin than both transformed plants (Figure 6A). Our first thought was then
to quantify the bixin channels in the abaxial face of the leaves (Figure 6B and 6C). We
observed that in the basal part of the leaf, OE::156 and Nt leaves had the same amount
of bixin channels. However, in the medial and apical parts, Nt leaves showed more
bixin channels, since such structures needs structural maturation and the miR156/SPL
module is directly involved in leaf development through Wuschel/Clavata genes, as
shown in Arabidopsis (Fouracre and Poethig 2019). Therefore, it is likely that SPL
proteins promote the formation of bixin channels. As demonstrated, the bixin channels
are develop as laticifer pigment glands which cells gradually coalesce with adjacent
cells and only shared cell walls are degraded (Almeida et al. 2021)



Table 2. Total content of clorophyll a (Chl a) and b (Chl b), carotenoids, and anthocyanin adjusted by fresh weight in Nt (non-
transformed) and OE::156 (OE::156_1 and OE::156_4) leaves of Bixa orellana plants.

Line Chl a(ug mg') Chl b (ug mg) Carotenoids (ug mg')  Chl a/b (ug mg') Anthocyanin (Asso - Aes7) g')
Nt 0.034 £0.0005 0.034 +0.0006 0.235 £0.0187 1.006 +0.0257 0.002 + 0.0001
OE:156 1 0.062+0.0137  0.055+0.0102 0.227 +0.0296 1.104 +0.0876 0.002 + 0.0003
OE::156_4 0.030 +£0.0018 0.032 +0.0012 0.216 + 0.0086 0.923 + 0.0306 0.002 +0.0005
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Figure 6. miR156 modulation of bixin related features in B. orellana. A - Total bixin content average values in B. orellana plants at
90t DAP. The results are adjusted to fresh leaves mass of four plants of each line; B - Average number of bixin channels in different
B. orellana abaxial leaf parts (Basal, Medial and Apical) at 180" DAP; C - Detailed bixin channels (Basal, Medial and Apical) in B.
orellana leaves at 180" DAP. The arrows indicate the bixin channels in the abaxial face of the leaf blade. DAP = Days after planting
in the greenhouse Nt = Non-transformed, OE::156_1 = Plants overexpressing miR156 line 1. OE::156_4 = Plants overexpressing
miR156 line 4. Asterisks stands for P-value < 0.05 using student-t test. Bar = 1 cm. Vertical bars correspond to standard error variation.
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3.5 OE::156 plants have different bixin related gene expression pattern

At the vegetative stage, plants have to pass from juvenile to adult. This process
is mediated by miR156, which controls SPL, a family of transcription factors
responsible for starting the phase change phenomenon (Wu and Poethig 2006; Wu et
al. 2009). Our B. orellana OE::156 plants were obtained through A. tumefaciens
transformation and characterized as miR156 overexpressing plants and, consequently,
with SPL defective expression, using qRT-PCR analyzes (Faria et al. 2021). However,
to be sure that this profile would continue in the greenhouse, we analyzed the miR156
and miR172 levels (Figure 7A and 7B). As expected the miR156 levels were higher in
both OE::156 lines than its Nt counterparts, and the contrary was true to miR172.

The levels of miR172 were lower in OE::156 plants, which is important because
this result is compatible with fewer bixin channels in OE::156 plants since miR172 is
responsible for leaf cell maturation as seen in Rice (Zhu et al. 2009), Arabidopsis (Jung
et al. 2011), and Passiflora (Silva et al. 2019). It is compatible with previous studies
where miR156 represses miR172 activity through SPL destabilization, as reviewed by
Liu et al. (2018).

Then, we proceed with SPL expression levels quantification. All SPLs assessed
were identified from a transcriptome (Moreira et al., submitted), and were further
confirmed as orthologs from Arabidopsis SPLs (data not shown). As foreseen, SPL1
has been suppressed in both OE::156 plants (Figure 8A). In switchgrass, SPL1 is
involved in tiller initiation rather than phase change (Wu et al. 2016). Compared to our
OE::156 plants, it could start to explain why we observed a higher branching ratio
(Figure 2C).

We also quantified SPL6 mRNA abundance and we observed lower expression
levels in both OE::156 plants (Figure 8B). The SPL6 function is linked to cell death, for
example, in rice, authors have observed cell death in the panicle apical region (Wang
et al. 2018). Our plants may have the same patterns in a few branches, which could
contribute to lateral canopy growth in OE::156 plants.

In addition, we quantified SPL9 mRNA levels. The SPL9 levels were
significantly lower in OE::156_1 but not in OE::156_4 (Figure 8C), which could be
explained by the RT-qPCR quantification method. The miR156 could destabilize SPL9
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mRNA in portions where the RT-qgPCR primer still could anneal with its target and
generate a false greater transcripts abundance since this is a major problem for miRNA
identification (Hausser and Zavolan 2014).

Another important SPL protein is the SPL13, which is related to stress
regulation. In alfalfa (Medicago sativa L.), overexpression of miR156 and silencing of
SPL13 was capable to enhance drought tolerance through stomata sensitivity (Arshad
et al. 2017). Also in alfalfa, SPL13 was capable to regulate Dihydroflavonol-4-
reductase (DFR), which is linked to anthocyanin production, binding to its promoter
(Feyissa et al. 2019). In addition, SPL13 seems to be involved in drought tolerance
specific tissue targets, as shown by Feyissa et al. (2020). SPL13 defective plants
displayed different genes expression patterns related to water deficit, such as acyl-
CoA dehydrogenase, ubiquinol-cytochrome-c reductase, and hydroxymethylglutaryl-
CoA reductase (NADPH) activity, mainly in the stems than in leaves or roots. It
demonstrates how SPL13 could be involved in modulating secondary metabolism in
alfalfa. In the light of this, we quantified SPL13 (Figure 8D), in a manner to see how
this gene could be involved in the bixin reduction. A 2.5-fold fewer transcripts were
detected in OE::156 plants. Such results shed light on how OE::156 B. orellana plants
could be more tolerant to drought, activating physiological and metabolic processes,
leading to further studies with these plants.

In rice, SPL16 is related to grain filing and size by cell cycle regulation.
Overexpression of SPL16 in these plants resulted in a proliferation of endosperm cells
and grain yield by 13.5% (Wang et al. 2012). Besides that, SPL16 is also related to
abiotic stress responses. In poplar roots exposed to salt stress, SPL16 expression was
2-fold upregulated (Guo et al. 2021). Moreover, in banana (Musa acuminata), SPL16
was responsible for secondary metabolism regulation. The authors observed that this
transcriptional factor regulates lycopene B-cyclase (B-LYC) in fruits, where SPL16
enhanced transcription leads to upregulation of B-LYC and, consequently, more (-
carotene in such fruits (Zhu et al. 2020). Thereby, we quantified SPL16 expression in
OE::156 and Nt B. orellana (Figure 8E). 7-fold fewer transcripts were found in
transgenic lines. These results are a piece of evidence of how the bixin production is
affected by the miR156/SPL module since it is related to carotenoid production.

Our research group joined a transcriptomic profile analysis of different B.
orellana seed stages (Moreira et al. submitted). The transcriptome-derived information
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was a relevant foundation to better understand how the miR156/SPL module was
interfering in bixin biosynthesis. The bixin is an apocarotenoid and its precursor is the
same as the carotenoid pathway, the glyceraldehyde-3-phosphate (GADP) and
pyruvate. The first step is the conversion GADP to 1-deoxy-d-xylose-5-phosphate
(DXP) by 1-deoxy-D-xylose-5-phosphate synthase 2a (DXS2a) (Vaccaro et al. 2014).
In this way, the levels of DXS2a transcripts were quantified (Figure 9A). A 4-fold fewer
transcripts in OE::156_1 was detected as compared to Nt plants. However, the
OE::156 4 line did not differ from the control. Such difference between the two
transgenic lines is a piece of evidence that the bixin production is regulated
downstream of its pathway.

The next analyzed step was the conversion of dimethylallyl pyrophosphate
(DMAPP) into phytoene by phytoene synthase 1 (PSY1) (Fu et al. 2014). We quantified
the mRNA of this enzyme, since it is present in various tissues and organs, and is
responsive to abiotic stresses as well (Kaur et al. 2017). Our transgenic lines had 2.8-
fold fewer transcripts, on average, than Nt plants (Figure 9B). It is an important result
because showed that the carotenoid biosynthesis route is being suppressed. However,
we still asked how and at which point ABA biosynthetic pathway was upregulated. To
address it, we quantified the Zeta-carotene desaturase (ZDS) mRNA levels (Figure
9C). Interestingly, OE::156 ZDS transcription does not differ from Nt plants. ZDS is a
key enzyme not only in the lycopene biosynthesis but in chloroplast development as
well. In maize, ZDS defective mutants showed albino and lethal phenotypes,
demonstrating that ZDS also upregulates other chloroplast genes linked to
photosynthesis affecting grana, stroma, and thylakoids arrangement, showing
markedly reduced and irregular membranes (Wang et al. 2020a). As we did not see
such behavior in OE::156 plants, the mir156/SPL module seems not to affect ZDS
expression.

Since lycopene is also a precursor of ABA biosynthesis, we quantify the
Carotenoid cleavage dioxygenase 4 (CCD4-4) mRNA levels (Figure 9D). We observed
2-fold less expression in OE::156_1 and 6-fold less transcription in OE::156_4 than Nt
line. According to the Moreira et al. model (submitted), CCD4-4 is the enzyme
responsible for lycopene cleavage in bixin aldehyde, which would proceed in the bixin
route. In chrysanthemum (Chrysanthemum morifolium Ramat.), defective CCD4-4 led
to white petals. These plants showed carotenoid production by other enzymes from the
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same family but these carotenoids were further degraded and did not take part in
coloring the petals (Ohmiya et al. 2006). Then, we further analyzed the bixin route to
see if this was the breaking point for this carotenoid biosynthesis.

The SABBATH methyltransferases family seems to methylate norbixin to
produce bixin. In this way SABBATH proteins are the ending point of bixin production
(Cardenas-Conejo et al. 2015; Faria et al. 2020). Here we quantify SABBATH 1, 3, and
4 (Figures 10A, 10B, and 10C). We noticed that all tested SABBATHs were
downregulated in OE::156 plants. However, the SABBATH 1 was mostly repressed,
almost 8-fold in both transgenic lines. It can be due to the lack of bixin aldehyde and
further norbixin, substrates for bixin production.

Aldehyde dehydrogenase family 3 member |1 (ALDH3I1) is responsible to
transform bixin aldehyde to norbixin. Here, we quantified its transcripts through RT-
gPCR. We found that OE::156_1 plants presented lesser ALDH3I1 gene expression
than Nt plants (Figure 10D). Nonetheless, OE::156_4 plants did not show the
difference from the control plants. Therefore, we tested another ALDH enzyme, the
Aldehyde dehydrogenase family 3 member H1 (ALDH3H1) (Figure 10E). We found
that both transgenic lines showed lower gene expression than Nt plants. The ALDH3
family is regulated by the ABA stress response pathway, so we could have seen a
response for higher ABA levels (Figure 5D) in these two gene transcripts rather than
see a direct or indirect involvement of the miR156/SPL module (Brocker et al. 2013).
Despite this, the ALDH superfamily has other functional characteristics in plants, as
shown in arabidopsis, where ALDHSs played a central role, through putrescines and 4-
aminobutyrate (GABA) production, in salt tolerance (Zarei et al. 2016), which could be
less probable it’s regulation by miR156/SPL module.

To avoid a dead-end in investigating where the carbons may be going from bixin
production to ABA biosynthesis, we tested which enzymes that could be involved in
the carbon translocation to this pathway. We quantified the carotenoid cleavage
dioxygenase 1 (CCD1) (Figure 11A). This enzyme is responsible to deviates the route
from bixin production in B. orellana (Cardenas-Conejo et al. 2015). The results showed
that OE:156 plants had 2-fold (OE::156_1) and 2.5-fold (OE::156_4) higher
transcription levels than the Nt counterparts. This result is a shred of evidence to which
route the carbon, which once would go to bixin production, is going since the bixin is a
huge carbon sink (Cazzonelli and Pogson 2010).
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After lycopene, the biosynthesis of carotenoid goes through two different
pathways, depending on the activity of two enzymes: lycopene ¢-cyclase (eLCY), which
produces alpha-carotenoids; and lycopene [B-cyclase (BLCY) to produce beta-
carotenoids. As well-reviewed by Cazzonelli and Pogson (2010), this branch point has
a major regulatory role in modulating the ratio of the most abundant carotenoid. Bearing
in mind, we quantified Lycopene e-cyclase 2 (e-Lyc2) mRNA levels (Figure 11B).
OE::156 plants did not differ from Nt plants, although OE::156 plants showed slightly
fewer transcripts. Moreover, we quantified Lycopene B-cyclase 1 and 2 (B —Lyc1 and
B -Lyc2) (Figures 11C and 11D). In OE::156_1 plants, B —Lyc1 showed 1.5-fold higher
than Nt counterparts. Nevertheless, in OE::156_4 plants the B —Lyc2 was higher than
Nt plants. These results show that the main carbon sink may be the xanthin
biosynthesis route, where the ABA is synthesized, as far as the hormone profile
indicated. Even though, we still asked if the bixin pathway is affected by the
miR156/SPL module.
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Figure 7. MiRNA transcript levels in B. orellana plants at 90" day after planting in the
greenhouse. A— miR156; B — miR172 (B). Nt = Non- transformed, OE::156_1 = Plants

overexpressing miR156 line 1. OE::156_4 = Plants overexpressing miR156 line 4.
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overexpressing miR156 line 1. OE::156_4 = Plants overexpressing miR156 line 4. Asterisks stand for P-value < 0.05 using t-Student
test. Vertical bars correspond to standard error variation.
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miR156 line 1. OE::156_4 = Plants overexpressing miR156 line 4. Asterisks stand for P-value < 0.05 using student-t test. Vertical bars

correspond to standard error variation.
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overexpressing miR156 line 4. Asterisks stands for P-value <

variation.
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Figure 11. Expression levels of lycopene-related biosynthetic pathway in B. orellana plants at 90" day grown in greenhouse A -
Carotenoid cleavage dioxygenase 1 (CCDT); B - Lycopene ¢-cyclase 2 (e-Lyc2); C - Lycopene B-cyclase 1 (8-Lyc1); D - Lycopene -
cyclase 2 (B-Lyc2). Nt = Non-transformed, OE::156_1 = Plants overexpressing miR156 line 1. OE::156_4 = Plants overexpressing
miR156 line 4. Asterisks stands for P-value < 0.05 using student-t test. Vertical bars correspond to standard error variation.
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3.6 OE::156 line diverge its protein pools.

Since we aimed to understand how the module miR156/SPL changes OE::156
B. orellana plants secondary metabolism, we quantified and qualified the proteome of
OE::156_4 line and relativized by Nt proteomics through mass spectrophotometry
(Supplementary Table 1). This procedure helped numerous understandings of plant
metabolism, from maize mechanism related to pathogen tolerance and resistance
(Wang et al. 2019c) to the understanding of which medicinal plants are effective against
Alzheimer's, depression, and schizophrenia diseases (Gonulalan et al. 2020).

Here, we observed 255 proteins with differential regulation in the plants with low
levels of SPL active proteins (OE::156). Among them, 89 proteins were upaccumulated
and 159 downaccumulated. When we looked for biological process relation
(Supplementary table 1), about 6% of downaccumulated proteins were related to the
cell cycle, as for example the protein tubulin beta-1 chain, the major component of
beta-tubulin (Bassel et al. 2008). The miR156/SPL module also altered this group of
proteins in the citrus callus, where somatic embryogenesis is the main metabolic
process. This result was unexpected because OE::156 4 explants seems to have
more regenerative power than Nt explants (Faria et al. 2021). Other GO-related
categories also displayed the same pattern as showed in Cellular component
biogenesis; Developmental processes; Cellular component organization; among
others. This downaccumulation could be linked to the sampled organ. Inasmuch as we
collected fully expanded leaves to understand the proteomic profile of OE::156 B.
orellana plants.

Since, most proteins were downacumulated in OE::156 leaves (Figure 12) with
few exceptions, as the enzyme superoxide dismutase, which is responsible for high
ABA levels, a feature that was observed in OE::156 plants (Figure 5D). The same
pattern was observed in Nicotiana tabacum (Zhang et al. 2008) and Fagopyrum
esculentum (Salazar-Chavarria et al. 2020). In this way, we proceed analyzing which
category these up and downaccumulated proteins are. We generated a KEGG
pathway to separate each category of differently accumulated protein (Figure 13).
Astonishingly, most proteins related to amino sugar and nucleotide metabolism,
biosynthesis of amino acids, secondary metabolites biogenesis, and ribosome proteins
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were downaccumulated. These proteins are involved in both primary and secondary
metabolism pathways and could be regulated directly or indirectly by miR156/SPL
module.

In the Gene Otology (GO) analysis (Suplmentary table 1), about 6% of
downaccumulated proteins were related to the cell cycle, as for example the protein
tubulin beta-1 chain, the major component of beta-tubulin (Bassel et al. 2008). The
miR156/SPL module also altered this group of proteins in the citrus callus, where
somatic embryogenesis is the main metabolic process. This result was unexpected
because OE::156_4 explants have more regenerative power than Nt explants (Faria et
al. 2021). Other GO-related categories also displayed the same pattern as showed in
Cellular component biogenesis; Developmental processes; Cellular component
organization; among others. This downaccumulation could be linked to the sampled
organ. Inasmuch as we collected fully expanded leaves to understand the proteomic
profile of OE::156 B. orellana plants.

Protein levels are good indication of gene and metabolic expression levels
because avoid post-transcriptional regulation, which can deceive results reading or
cause confusion about how pathways are responding to stimulus or regulation routes.
We observed that most protein related to the biosynthesis of secondary metabolites
are downaccumulated, and would be interesting to explore more, which routes are
being affected by mir156/SPL module. Considering it, we use the proteomic data to
select secondary metabolite-related proteins (Figure 14). This graphic shows that
proteins related to, flavonoid, anthocyanin, lignin, and others were the most affected
by our studied module in a manner to see patterns in, related proteins.

To explore more, we generated a volcano graphic with five highlighted important
enzymes linked with these routes (Figure 15). The upaccumulated interesting enzyme
is the zeaxanthin epoxidase (ZEP), which catalyzes the interconversions between the
carotenoids and xanthines (Hieber et al. 2000). This enzyme is crucial for the ABA
biosynthesis pathway (Marin et al. 1996). Even though, a new study suggests an ABA
biosynthesis route that is ZEP independent, where ABA biosynthesis would start from
other B-carotenoids and 9-cis-Zeaxanthin (Jia et al. 2022). Nevertheless, the
upaccumulation of ZEP demonstrated that the carbons, which once would be going to
bixin production, are now being employed in ABA biogenesis.
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Flavonoids are a group of molecules with variable phenolic structures that has
functions from growth to defense against pathogens, as well revised by Panche et al.
(2016). The sulfotransferases enzymes, such as flavonol sulfotransferase, are
responsible for bacteria defense, inducible by jasmonate and salicylic acid in
Arabidopsis (Lacomme and Roby 1996). Furthermore, in Chinese cabbage (Brassica
rapa L.), was observed flavonol sulfotransferases responsive to drought, salinity, and
ABA as well (Jin et al. 2019). Moreover, in the genus Gossypium, members of the order
Malvales, the same of B. orellana, the flavonol sulfotransferases are highly linked to
fiber synthesis and trichome formation in different stages of plant development (Wang
et al. 2019b). Otherwise, in B. orellana OE::156 plants, this enzyme is
downaccumulated, since juvenile organs have fewer fibers and differentiated
structures as trichomes or secondary cell walls.

Phenylalanine ammonia-lyase (PAL) is related to phenolic biosynthesis in higher
plants. Since it is involved in the first step of the phenylpropanoid pathway. Hence, this
enzyme deal with a noteworthy fixed carbon by the plant (Zhang and Liu 2015). In
Brachypodium, defective PAL resulted in 43% less lignin, affecting plant growth and
development, by reducing the amount of carbon used in the phenylpropanoid
biogenesis route (Cass et al. 2015). Moreover, in rice, mutations of distinguishing PAL
genes caused susceptibility to three different diseases caused by fungi (Tonnessen et
al. 2015). Thus, PAL activity is linked to a series of plant metabolites, which implicate
in plant growth and tolerance to environmental stresses, including fungi and drought
response. That could explain why OE::156_4 plants do not have a carbon shortage for
such expressive vegetative growth (Figure 1A) or enormous branching ratio (Figure
2C). Such evidence can also apply to how B. orellana miR156 overexpressing plants
will deal with abiotic stresses in further works.

In this work, we quantified the anthocyanin total content in Nt and OE::156 plants
(Table 2). We did not observe any total anthocyanin changes between the three lines
used in these experiments. However, anthocyanin is a large group of different
molecules and functions. Nevertheless, anthocyanin can have roles as excessive light
protector, antioxidant, metal-chelating, and even in senescence process due to
nutrition deficit (Landi et al. 2015). In tomato, anthocyanin completely defective
mutants showed accumulation of reactive oxidative species and constitutive activation

of defense responses under cold conditions (Qiu et al. 2016). Here we spotlight two
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anthocyanin-related key enzymes: Anthocyanidin 3-O-glucosyltransferase and
Anthocyanidin synthase. The first is responsible to convert anthocyanidin, a pigment
that confers blue tonality to petals (Kazuma et al. 2004), into delphinidin, an
anthocyanin (Hiromoto et al. 2015). On the other hand, the second has the function of
synthesizing anthocyanidin from leucoanthocyanidin. This enzyme was accountable
for almost double anthocyanin production in strawberry (Fragaria x ananassa Duch.)
(Giampieri et al. 2018). Considering these results, the OE::156 plants display less
potential in ROS and excessive light protection than the Nt type, since juvenelized
plants displayed low light adaptation as seen in poplar (Lawrence et al. 2022). Such
results suggest that overexpressing of miR156 could be more sensitive to sunstroke,

which can be tested in future works.
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Figure 12. Volcano plot of the entire set of proteins quantified. Each point represents
the difference in expression (fold-change) between a transgenic overexpressing line
(OE::156_4) and non-transformed (Nt) annatto plants plotted against the level of
statistical significance. Red dots: Downregulated proteins; Gray dots: Unchanged
proteins; Green dots: Upregulated proteins.
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Figure 13. KEGG pathway enrichment analysis (P < 0.01) of differentially accumulated
proteins (DAPs) identified from the OE::156_4 / Nt comparison. .
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Figure 15. Volcano plot of secondary metabolism related proteins quantified. Each
point represents the difference in expression (fold-change) between a transgenic
overexpressing line (OE::156_4) and non-transformed (Nt) annatto plants plotted
against the level of statistical significance. Red dots: Downaccumulated proteins; Gray
dots: Unchanged proteins; Blue dots: Upregulated proteins; A: Zeaxanthin epoxidase;
B: Flavonol sulfotransferase-like; C: Phenylalanine ammonia-lyase; D: Anthocyanidin

3-O-glucosyltransferase 5-like; E: Anthocyanidin synthase.
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4. CONCLUSIONS AND PERSPECTIVES

The miR156/SPL module is well studied in numerous species and is well
conserved in the higher plants group. However, the controlling nuances in different
metabolites and developmental features are still under discussion. Here we illustrated
one of this thin control in a species that have its studies only in the beginning: Bixa
orellana.

Here, we were able to describe how these woody shrubs develop under
greenhouse conditions with miR156 overexpression. The plants completely changed
their leaf structure, without messing with the total leaf area; architecture, and grew its
branches indefinitely. In addition, we were capable to understand how this growth was
modulated, directly and indirectly, by changes in hormone profile under SPL deficiency.
We observed that auxin might have accumulated OE::156 plants in the different
organs, mainly because of the lack of the action of PIN proteins. Besides, we were able
to see higher ABA levels in OE::156 plants, intriguing new questions about the natural
dye biosynthesis pathway: bixin. Impressively, we encountered lower levels of bixin
production in our transgenic, which led to new perceptions on carbon translocation
among biosynthetic routes.

As revealed by RT-gPCR analyzes, we could posit a new carbon sink in B.
orellana juvenilized plants, which once would allocate its photoassimilates mainly in
bixin biosynthesis from the first days of its life cycle. In this analysis, CCD4 is
downregulated and seems to be a key enzyme to lycopene changing in bixin aldehyde.
Consequently, the enzymes SABBATHSs also were downregulated, turning the carbon
destination, which once would go to bixin production, unknown. Through the same
technique, we were able to glimpse the first steps of carbon translocation. The CCD1
higher expression levels in OE::156 plants showed the first evidence. Then, Lycopene
B-cyclase genes confirmed the xanthin pathway was the carbon sink we were looking
for. All these results are summed up in the Figure 16.

To seize any gaps, the proteomics showed the upaccumulation of the ZEP
enzyme, turning our understanding even more reliable. Besides that, from the
proteomic results, we can ask new questions: How miR156 overexpressing plants will

respond to drought? How is the root growth dynamics in these plants? Are miR156
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overexpressing plants more likely to succumb under high irradiance? Just to mention
a few.

This work provides new glimpses on how miR156/SPL module directly and
indirectly rules other metabolic and physiological processes in woody plants. Here we
show that the main metabolically changes were related to bixin biosynthesis and other
secondary metabolites connected to plant adaptation to new edaphoclimatic scenarios
and even biotic stresses.
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Figure 16. General view of carotenoid-related transcripts, proteins and metabolites changed by the miR156/SPL module in B. orellana
plants overexpressing miR156 (OE::156). Dotted line = indirectly in the route; Continuous line = directly related in the metabolic

pathway.
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