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RESUMO GERAL 

 

Os grãos de café são uma commodity agrícola predominantemente cultivada em 
regiões tropicais, sustentando os meios de subsistência de milhões de pessoas. O processo de 
floração das plantas de café é indispensável para o desenvolvimento dos grãos, mas 
frequentemente sofre com o desenvolvimento assincrônico, resultando em maturação 
inconsistente dos frutos. Esse problema é particularmente pronunciado no Brasil, onde a 
colheita mecanizada mistura grãos verdes e maduros, afetando negativamente a qualidade. 
Além disso, a floração não uniforme complica o manejo de pragas e doenças. Dada a 
sensibilidade dos botões florais à disponibilidade de água, compreender o desenvolvimento 
vascular nos órgãos reprodutivos, especialmente nos pedúnculos que conectam 
inflorescências aos ramos, é necessário. Nosso estudo investigou os aspectos anatômicos e 
moleculares do desenvolvimento vascular nos órgãos reprodutivos do café por meio de uma 
combinação de análises anatômicas, moleculares e computacionais. Realizamos análises in 
silico para identificar genes-chave envolvidos no desenvolvimento vascular, como os 
ortólogos pertencentes a família Homeodomain Leucine Zipper Class III (HB Zip III) e 
OCTOPUS (OPS) de Arabidopsis thaliana, e VASCULAR-RELATED NAC-DOMAIN7 
(VND7) de Populus trichocarpa. Em seguida, quantificamos os níveis de expressão de genes 
pertencentes aos grupos ortólogos (HB, OPS e VND7) no café. Por fim, combinamos a análise 
in silico com um estudo abrangente da vasculatura dos pedúnculos em 16 estágios, incluindo 
o desenvolvimento de gemas florais, flores e frutos. Nossas descobertas aprofundam a 
compreensão do desenvolvimento vascular no café, fornecendo novas percepções que podem 
melhorar as práticas de cultivo, otimizando as condições para floração e frutificação. Este 
estudo visa preencher a lacuna de conhecimento sobre o desenvolvimento anatômico e 
vascular dos pedúnculos de café, oferecendo uma visão abrangente de seu papel no suporte ao 
crescimento e maturação das flores e frutos do cafeeiro. 
 
 
 

Palavras-chave: gemas florais e frutos de café; desenvolvimento vascular do 
pedúnculo; caracterização gênica; análise de expressão de RNA-seq/RT-qPCR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

 

 

GENERAL ABSTRACT 

 

Coffee beans are an agricultural commodity predominantly cultivated in tropical 
regions, supporting the livelihoods of millions. The flowering process of coffee plants is 
indispensable for bean development but often suffers from unevenness, resulting in 
inconsistent fruit maturation. This issue is particularly pronounced in Brazil, where 
mechanized harvesting blends unripe and ripe beans, negatively affecting quality. Moreover, 
non-uniform flowering complicates pest and disease management. Given the sensitivity of 
floral buds to water availability, understanding vascular development in reproductive organs, 
especially peduncles that connect inflorescences to branches, is necessary. Our study 
investigates the anatomical and molecular aspects of vascular development in coffee's 
reproductive organs through a combination of anatomical, molecular, and computational 
analyses. We performed in silico analyses to identify orthologous key genes involved in 
vascular development, such as Class III Homeodomain-Leucine Zipper (HB Zip III) and 
OCTOPUS (OPS) from Arabidopsis thaliana, and VASCULAR-RELATED NAC-DOMAIN7 
(VND7) from Populus trichocarpa. Subsequently, we quantified the expression levels of these 
orthologous group members (HB, OPS, and VND7). Finally, we combined in silico analyses 
with a comprehensive study of peduncle vasculature across 16 stages, encompassing the 
development of flower buds, flowers, and fruits. Our findings deepen the understanding of 
vascular development in coffee, providing insights that could enhance cultivation practices by 
optimizing conditions for flowering and fruiting. This study aims to fill the knowledge gap 
regarding the anatomical and vascular development of coffee peduncles, offering a 
comprehensive view of their role in supporting the growth and maturation of coffee flowers 
and fruits. 
 
 
 

Keywords: coffee floral buds and fruits; peduncle vascular development; gene 
characterization; RNAseq/RT-qPCR expression analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 

Impactos sociais, tecnológicos, econômicos e culturais 
 

O estudo teve como objetivo investigar o desenvolvimento vascular dos pedúnculos do 
cafeeiro, buscando otimizar as condições de floração e frutificação, o que pode gerar impactos 
tecnológicos e econômicos significativos, especialmente para as populações em regiões 
produtoras de café, que podem ser afetadas pelas mudanças no regime hídrico provocadas 
pelo aquecimento global. Este trabalho elucidou anatomicamente a progressão da 
vascularização em 16 estágios do desenvolvimento das flores e frutos do café, além de avaliar 
a distribuição e abundância de 55 genes reconhecidos em outras espécies vegetais por seu 
papel no controle e manutenção da vascularização. Ao aprofundar a compreensão dos 
mecanismos anatômicos e moleculares que influenciam a floração das plantas de café, espera-
se contribuir para a melhoria da qualidade dos grãos colhidos no Brasil e auxiliar no 
desenvolvimento de estratégias e tecnologias que tornem a produção mais resiliente às 
imprevisibilidades climáticas. A floração assincrônica, um problema comum no país devido à 
colheita mecanizada, compromete a qualidade do café e aumenta os desafios de manejo de 
pragas e doenças. Assim, ao investigar os genes envolvidos no desenvolvimento vascular dos 
órgãos reprodutivos do cafeeiro, nosso estudo visa fornecer novos conhecimentos que podem 
ser aplicados para melhorar a eficiência do cultivo e tornar a produção de café mais 
sustentável em relação ao uso da água. O impacto potencial dessa pesquisa está alinhado aos 
Objetivos de Desenvolvimento Sustentável (ODS) da ONU, especialmente em relação à 
inovação, infraestrutura sustentável e desenvolvimento de práticas agrícolas mais resilientes, 
apoiando pequenos agricultores e reduzindo perdas durante a produção. O desenvolvimento 
futuro de aplicações práticas oriundas deste estudo beneficiará diretamente as populações 
envolvidas no cultivo de café, melhorando seus meios de subsistência ao aumentar a 
qualidade e o valor agregado do produto. O trabalho, portanto, apresenta um potencial caráter 
extensionista ao envolver o setor cafeeiro e os produtores como público-alvo. As melhorias 
tecnológicas derivadas desta pesquisa podem ter implicações diretas na sustentabilidade da 
produção agrícola, especialmente nas áreas de tecnologia, produção, trabalho e economia, 
promovendo melhores condições de manejo e aumentando a renda agrícola. Por fim, estudos 
futuros devem integrar membros da comunidade acadêmica com parceiros institucionais e 
comunidades produtivas localizadas no sul de Minas Gerais, contribuindo para a preservação 
ambiental, crescimento econômico e uso eficiente dos recursos hídricos. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

 
 

 

Social, technological, economic and cultural impacts 
 
 

The study aimed to investigate the vascular development of coffee peduncles, seeking 
to optimize flowering and fruiting conditions, which could lead to significant technological 
and economic impacts, particularly for populations in coffee-producing regions that may 
suffer from water regime changes caused by global warming. This research anatomically 
elucidated the progression of vascularization across 16 stages of flower and fruit development 
in coffee, as well as assessed the distribution and abundance of 55 genes known in other plant 
species for regulating and maintaining vascularization. By deepening the understanding of the 
anatomical and molecular mechanisms influencing coffee plant flowering, the study aims to 
contribute to the improvement of coffee bean quality in Brazil and aid in developing strategies 
and technologies to make production more resilient to climate unpredictability. Asynchronous 
flowering, a problematic issue in Brazil due to mechanized harvesting, compromises coffee 
quality and increases challenges in pest and disease management. Therefore, by investigating 
the genes involved in the vascular development of coffee’s reproductive organs, our study 
aims to provide new knowledge that can be applied in the field to improve cultivation 
efficiency, making coffee production more sustainable in terms of water use. The potential 
impact of this research aligns with the United Nations Sustainable Development Goals 
(SDGs), particularly in fostering innovation, sustainable infrastructure, and developing more 
resilient agricultural practices, supporting small farmers and reducing losses during coffee 
production. The future development of practical applications stemming from this study will 
directly benefit populations involved in coffee cultivation by improving their livelihoods 
through increased product quality and added value. The work, therefore, has a potential 
extensionist character by involving the coffee sector and producers as target audiences. The 
technological improvements resulting from this research could have direct implications for 
the sustainability of agricultural production, particularly in the areas of technology, 
production, labor, and economy, promoting better management practices and increasing 
agricultural income. Finally, future studies should aim to integrate members of the academic 
community with institutional partners and productive communities in southern Minas Gerais, 
contributing to environmental preservation, economic growth, and efficient use of water 
resources. 
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GENERAL INTRODUCTION  

 

Coffee beans stand as a significant global commodity, grown across more than 70 

tropical countries, spanning roughly 10 million hectares. The majority of global coffee 

production consists of Coffea arabica (69%), followed by C. canephora (30%), and C. 

liberica (1%). For the 2023/24 period, worldwide coffee production is estimated at 178 

million bags, with South America leading the output at 89.3 million bags, and Brazil alone 

contributing 59.1 million bags (Arcila et al., 2001; Nascimento et al., 2008; Alves et al., 2011; 

Volsi et al., 2019; Deshmukh, 2021; Zanetti et al., 2021; CONAB, 2024). 

C. arabica L. (2n = 44), the main source of coffee beans, is an allopolyploid species 

arising from an interspecific cross between C. canephora Pierre ex Froehner and C. 

eugenioides Moore (Lashermes et al., 1999). The Coffea genus is the most well-known within 

the Rubiaceae family (Charrier and Berthaud, 1985), comprising a total of 124 species, with 

66 natives to the Indian Ocean Islands (Meyer, 1965; Berthaud and Charrier, n.d.; Yu et al., 

2011; Hamon et al., 2015). 

Botanically, Coffea plants exhibit a tree-like structure with a single robust trunk, dense 

wood, and horizontal or semi-horizontal plagiotropic branching. Plant growth originates from 

meristematic cells located at the stem apex, branch tips, and leaf axils, where primordia 

develop into nodes, leaves, branches, and flowers. The stem apex drives vertical orthotropic 

growth, while the branch apex promotes lateral plagiotropic growth. In the leaf axils, 4 or 5 

buds form, differentiating into flowers or branches. The oldest bud on the main stem develops 

into horizontal primary branches, while subsequent buds may either form vertical shoots or 

remain dormant. During the fruiting phase, branches at least one year old produce fruits, 

enabling the plant to bear crops for over 20 years, with peak productivity occurring between 5 

and 10 years of age (Dedecca, 1957; Arcila et al., 2001; Davis et al., 2006; Arcila Pulgarín, 

2007).  

The C. arabica plant takes two years to complete its phenological cycle, undergoing a 

succession of vegetative and reproductive phases. Camargo and Camargo (2001) described 

the coffee plant's phenological cycle for the tropical climatic conditions of Brazil in six 

distinct moments corresponding to the plant's two phenological years. Under specific 

conditions, some of the coffee plant meristems transition from an undifferentiated state to the 

reproductive phase. During this phase, environmental stimuli, such as photoperiod, become 

crucial signals that set the plant for the flowering process (Pezzopane et al., 2003; Camargo 
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and Camargo, 2001). A recent model, revised by López et al. (2021), proposed modifications 

to the phenological cycle described by Camargo and Camargo (2001). Thus, the vegetative 

and reproductive development in C. arabica cultivars was presented in relation to the time of 

flowering for cultivars considered early or late. After the March equinox—when the duration 

of the day is reduced to less than 13 hours of light—photoperiod acts as a signal for 

promoting the development of floral buds. Thus, the transition from axillary vegetative buds 

to reproductive buds—due to photoperiodicity—defines the stage of floral evocation (López 

et al., 2021). 

Changes in photoperiod, temperature, and water availability trigger 

morphophysiological alterations in coffee plants, leading to floral development and allowing 

for phenotypic distinction between vegetative and reproductive shoots (Nunes et al., 2010). 

The reproductive phase in coffee plants features a gradient of floral bud stages, from 

undifferentiated buds to flowering, fruiting, and ripening.  

Floral development is complex, involving both the inflorescence in the leaf axils and 

the flowers within each inflorescence. Each node has two axles with opposite leaves, each 

containing 3 to 4 inflorescences with 4 or 5 flowers each, potentially totaling 24 to 32 floral 

buds per node forming an inflorescence known as a glomerule (Dedecca, 1957). The bud 

takes about 12 weeks to develop floral buds. 

At the G4 stage, floral buds, measuring 4 - 6 mm in length (Morais et al., 2008), enter 

a reproductive arrest phase, commonly called dormancy (Alvim, 1958; Alvim, 1960) 

(Magalhaes and Angelocci, 1976; Crisosto et al., 1992; Drinnan and Menzel, 1994; Wintgens, 

2012; Penfield, 2024). This phase is induced by water deficit or endogenous factors and 

coincides with the dry and winter season in southeastern Brazil. Dormancy persists after cold 

exposure and continues until the onset of rains, which resumes bud development and leads to 

flowering (Crisosto et al., 1992; Arcila Pulgarín, 2007; López et al., 2021). However, this 

dormancy of the floral buds can be disrupted by insufficient cold during winter or by sporadic 

rains, resulting in multiple episodes of lower-intensity flowering (Hoeberichts et al., 2017). 

This phenomenon results in non-uniformity in the phenological timing of flowering and 

subsequent fruit maturation. Consequently, this lack of uniformity in coffee bean maturation 

can hinder pest and disease control efforts and negatively impact overall yield (DaMatta et al., 

2007). 

In Brazil, the non-uniformity in fruit ripening is a problem exacerbated by the 

predominantly mechanized and non-selective harvesting system. This system results in fruits 
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at different phenological stages of development being harvested at the same time, resulting in 

a beverage known as "hard," meaning when the beverage is derived from a mixture of beans 

at different stages of ripeness. In addition to reducing quality, non-uniformity also increases 

the likelihood of flower and fruit abortion, leading to a decrease in the quantity of coffee 

beans harvested (DaMatta et al., 2007). It is known that both flowering and fruiting of the 

coffee plant suffer significant losses in the number of buds and cherries until fruit 

development is completed and harvesting takes place (Dedecca, 1957; Mayer et al., 2013; 

Garcia and Matiello, 2013; Yilma and Kufa, 2020). However, little is known about which 

stages are most affected by this loss and the underlying causes of bud and fruit abortion. 

In this regard, it is of paramount importance for Brazilian coffee farming to understand 

the reasons that could impair production, whether due to non-uniformity in flowering and 

flower and fruit abortion. Identifying which stages of the coffee plant's development this non-

uniformity can be controlled is of fundamental interest to the coffee market. To address this, 

Oliveira et al. (2014) observed that non-uniformity in reproductive bud development may 

increase not only during bud development but also prior to the floral meristem differentiation. 

Given that the molecular processes involved in vegetative and reproductive development are 

markedly distinct, it is plausible that the mechanisms driving these asynchronies are 

genetically independent and collectively contribute to the non-uniformity of coffee flowering. 

Consequently, coffee flowering is a complex and multifaceted process, occurring at various 

stages of both reproductive and vegetative development, even among buds originating from 

the same node (de Oliveira et al., 2014). 

Understanding vascular development in coffee flower and fruit peduncles is essential 

because these structures are key for transporting water, nutrients, and energy needed for 

growth and maturation. Although the anatomy of coffee flowers and fruits is well studied, the 

changes and vascularization of peduncles are less understood. Since (1) water availability and 

the plant's ability to transport it to the buds impact flowering, and (2) flower buds from the 

same node can develop at different rates, it suggests there are anatomical differences that are 

not immediately visible but affect coffee plant non-uniformity (Pereira Gardin, 2006; Voltan 

et al., 2011). 

How could anatomical differences in bud vascularization influence the non-uniformity 

of flowering? This study aims to address this question by analyzing anatomical and molecular 

changes in C. arabica peduncles at different growth stages. Our objectives were to: (1) 

Identify the developmental stage of the peduncle where vascularity emerges and understand 
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how the bud connects to the rest of the plant. (2) Determine the stages at which vascularity 

differentiates through the various steps of vascular development. (3) Identify coffee orthologs 

governing vascular development at the transcriptional level. (4) Use gene expression analyses 

to pinpoint the stages where these orthologs are upregulated. By focusing on these objectives, 

we linked changes in vascular tissue with morphological transitions in floral buds, flowers, 

and fruits, providing insights into the molecular mechanisms governing vascular development 

in this economically significant species.  

This work is divided into two chapters, each one a draft of research papers that will be 

submitted to peer-review journals. The first chapter is a review paper that dives into the 

labyrinth pathways of both anatomical and molecular layers of plant vascularity. The second 

chapter is a research paper which focuses on a subset of ortholog genes that are potentially 

governing peduncle vascular development. By publishing these works, we expect that our 

contributions will guide future research on the role of peduncle vascularization not only in 

coffee but also in other important crops. 
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Abstract 

Vascularization is a fundamental process in land plants, for water and nutrient transport, 
structural support, long distance signaling, growth and development. During embryogenesis, 
the procambium, a meristematic tissue, lays the foundation for the establishment of the 
vascular pattern. This initial phase is orchestrated by intricate interactions primarily between 
auxins and cytokinins, which also play critical roles in vascular patterning during the 
establishment of the plant primary axis. As seedlings progress in their development, the 
spatial arrangement becomes essential for the formation of conductive tissues. In this way, a 
complex regulatory network governs vascular differentiation, where multiple transcription 
factors emerge as key players in this process. Thus, the vascular system comprises two 
primary tissues: the phloem, mainly responsible for transporting organic compounds, and the 
xylem, which conducts water and minerals. In addition, the cambium is a layer of actively 
dividing cells (secondary meristem cells), between xylem and phloem responsible for the 
radial growth of additional layers as the secondary xylem and phloem. In the face of climate 
change, particularly the rise in global temperatures and droughts, there is an urgent need for a 
more efficient use of water in agricultural practices. Hence, understanding the vascular 
procambium/cambium regulatory network during primary and secondary growth is essential 
to deciphering the complexities of vascular plant development and guarantee food production. 
Here, we used Coffea sp. L., a socioeconomic important crop with a complex phenological 
cycle responsible for environmental cues, as a model to explore this issue. Thus, our work 
contributes to understanding vascular development in crops, guiding breeding programs 
toward higher productivity while promoting sustainable agriculture. 
 
Keywords: procambium; cambium; phloem; xylem; coffee plant.  
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1.1 Introduction 

 

Vascular development is a fundamental aspect in the growth of both land and aquatic 

plants, playing a crucial role in defining their structure and allowing their permanence on 

Earth. The formation and development of conductive vessels are essential for land plants, 

providing not only mechanical support but also enabling the efficient transport of water, 

essential mineral nutrients, sugars, signal molecules, and amino acids over long-distances. 

This vascular system operates as an effective communication network throughout the entire 

plant, creating a channel for the transmission of both biotic and abiotic information across 

distant tissues (143).  

The vascular system of plants, consisting of a cohesive and continuous network of 

threads known as vascular bundles, represents a well-organized and flexible development 

process. This intricate system undergoes various changes throughout the plant’s life cycle and 

in response to interactions with the environment. These changes include adaptations to 

growth, environmental stimuli, and developmental stages, making the vascular system a 

dynamic and responsive component of plant physiology. In plant embryos, following the 

asymmetric cell division, pro-vascular cells emerge. These cells undergo differentiation into 

pre-cambial vascular cells, exhibiting characteristics akin to stem cells (198, 79). 

Once the vascular system initiates its formation through the growth of expanding 

tissues and structures, a functional communication network is established between each part 

of the aerial component and the root system. This intricate communication process 

orchestrates the organization and differentiation of the phloem and xylem. Therefore, the 

vascular tissues of plants, arranged as a network of continuous threads, exhibit interconnected 

longitudinal and radial patterns, allowing the integration of diverse signals to drive the plant 

architecture (198). 

During vegetative growth, the apical meristem serves as a continuous source of initial 

procambial cells, which subsequently give rise to the vascular procambium, leading to the 

formation of the primary xylem and the primary phloem (198, 78). In secondary growth, the 

vascular cambium, also originating from procambium, is present in plants with radial 

thickening, such as gymnosperms and dicots (198). The vascular cambium acts as a reservoir 

of cells producing cells of the xylem and phloem. As a result, the vascular bundles represent 

the organization of vascular tissues. Within these bundles, both phloem and xylem consist of 

various types of specialized vascular cells, including conductive elements such as tracheary 
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elements (TE) in the xylem and sieve elements (SE) in the phloem (97). Additionally, 

parenchyma cells and sclerenchyma contribute to the structural and functional complexity of 

the vascular tissues (198, 78). 

Coffee, as a vascular and woody plant, is extensively cultivated across over 70 tropical 

countries, spanning approximately 10 million hectares (11, 49). Coffea arabica L., recognized 

as the most important commercial species in this genus, requires two years to complete its 

phenological cycle, going from an undifferentiated meristem to the reproductive stage, and 

ending with the senescence of the reproductive tertiary and quaternary branches (138). 

Environmental stimuli such as photoperiod (31), water availability (134, 139), and 

temperature (43) play a crucial role in the induction of flowering and subsequent fruiting. 

Consequently, environmental changes can trigger morphophysiological alterations that affect 

the development of the coffee flower and subsequent development and maturation of the fruit 

(163). Given the critical function of conductive tissues in facilitating water, signals, and 

nutrient transport, research focusing on diverse molecular mechanisms influencing vascular 

function, particularly during the coffee tree's productive season, holds significant importance 

in optimizing cultivation practices to enhance production (226). 

While the molecular mechanisms underlying plant development have been extensively 

studied in model plants like Arabidopsis and others such as Populus, it's important to note that 

these mechanisms are diverse and tailored to the specific phenological cycles of different 

species, yet remain poorly characterized in crops like coffee. In this review, we delve into this 

topic by summarizing scientific advancements on the understanding of the regulatory 

networks governing vascular development. Through this exploration, we aim to gain a deeper 

understanding of crop vascularization development like coffee, offering insights to enhance 

agricultural practices and guide breeding programs towards more sustainable food production 

and efficient water usage. 
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1.2 The importance of vascularization in plants 

 

The development of vascular tissues such as xylem and phloem, emerged in early land 

plants, such as vascular cryptogams like lycophytes, horsetails, and ferns, a crucial 

evolutionary feature that marked the origin of tracheophytes as gymnosperms and 

angiosperms (54). The primary function of this vascularization is to distribute water and 

solutes throughout the plant, and its emergence allowed plants to become increasingly larger, 

particularly when compared to bryophytes. This evolutionary adaptation involves a well-

organized, flexible development process that takes on different conformations throughout the 

organism's life, responding to various interactions and responses to environmental signals 

(198).  

The development of vascularization occurs in two phases, giving rise to the formation 

of primary and secondary vascular systems (198, 80). The primary vascular system extends 

throughout the plant from roots, stems, and lateral branches to leaves, flowers, and fruits. Its 

formation is determined by the activity of the procambium, which differentiates early in 

embryo development (258). In plants that exhibit radial thickening, such as woody plants, the 

cambium acts as a reservoir of cells that can differentiate into various vascular structures. For 

instance, the (pro)cambium can produce secondary xylem and phloem cells, shaping the plant 

architecture through divisions in interconnected longitudinal and radial patterns in response to 

a multitude of signals. Thus, the development of the vascular system is subject to complex 

control, where changes in hormonal balance and the involvement of regulatory genes are 

decisive for its differentiation and establishment (198).  

The secondary vascular system, the cambium, continues to give rise to xylem and 

phloem cells throughout the plant's life. Therefore, the evolution of secondary growth has 

allowed the emergence of large trees and long-lived plants, as well as species of economic 

interest for wood production, additionally enabling dense growth in the areas where the plant 

requires it (88). Although the understanding of this phenomenon is continually evolving, 

regulatory mechanisms that control key aspects of secondary growth have been identified and 

partially characterized. These include the initiation and maintenance of the cambium, tissue 

patterning, and the delicate balance between cell division and differentiation (221). While 

there is still much to uncover, genomic studies have yielded comprehensive lists of genes 

expressed during secondary growth and illuminated the functions of various regulators, such 

as transcription factors, signaling peptides, and receptors (101, 28, 183). For example, it's 
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been observed that plant hormones, including cytokinins, ethylene, gibberellic acid, 

brassinosteroids, and auxins, play important roles in different facets of secondary growth and 

the establishment of vascular patterns in plants (221, 143). 

 

1.3 Procambium 

 

Vascular bundles, integral components of plant anatomy, constitute a highly organized 

series of tissues, where the primary root and hypocotyl already exhibit a predetermined 

vascular pattern from embryogenesis (82). Meristematic tissues, essential for the continuous 

plant development, harboring stable populations of pluripotent cells, the procambial cells 

serve as a reservoir, ensuring the continual vascular development across all plant organs (26, 

28). 

While root apical meristem (RAM) and shoot apical meristem (SAM) cells, both 

originating from meristematic cells, differ from each other, the structural characteristics of 

procambial cells remains consistent regardless of their location within the plant. These cells 

have two potential fates: to become xylem or phloem cells (28). The procambium can be 

recognized as continuous threads of dense and narrow cytoplasmic cells, with their axes 

oriented parallel to the plant's axis of inclination. Pre-procambial cells, typically polygonal 

and isodiametric, exhibit distinctive characteristics. They serve as precursors to the 

procambium and undergo transformations as the vascular strand develops. Cambial cells, 

responsible for secondary growth, divide parallel to the axis of the developing vascular strand 

(198). 

In the early stages of cell differentiation, procambial filaments are not clearly 

distinguishable from adjacent cells in the meristematic region. Morphological differences 

between procambium and adjacent parenchyma gradually develop. Initially, procambial 

filaments increase in size by adding new cells towards the periphery, and this process 

coincides with non-procambial adjacent cell divisions (59, 60). In this context, although these 

adjacent cells are not morphologically differentiated, their regulatory pathways programming 

are distinct (191). 
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1.3.1 The first establishment of vascular pattern occur during embryogenesis 

 

A common feature of procambium regulatory pathways and meristems, in general, is 

the rigorous control of the rate of cell division, differentiation, and cellular identity 

throughout plant growth (198). In the case of Arabidopsis, the vascular pattern is established 

from the earliest stages of embryo development. During the globular stage, all vascular tissues 

in the plant axis (root and hypocotyl) derive from only four initial cells (143, 82). Following 

their specification as initial procambial cells, a longitudinal (or periclinal) division occurs to 

increase the number of cell layers in the mature embryo. Moreover, these periclinal divisions 

also occur post-embryonically in the root’s procambium, phloem, and xylem (44). In the early 

torpedo stage, the embryonic root already has established provascular cells that maintain the 

vascular pattern in post-embryonic stages. Additionally, at the end of embryogenesis gene 

expression analyses suggest that cellular identities in the nascent vascular tissues are already 

well-established (26, 28).  

Two genes encoding for receptor-like protein kinases, RECEPTOR-LIKE PROTEIN 

KINASE 1 (RPK1), and TOADSTOOL 2 (TOAD2) have been identified in Arabidopsis as 

crucial for the formation of the vascular pattern from the embryo (161). An auxin-responsive 

transcription factor, MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARF5), is also of 

significant importance in maintaining the specification of the pro-vascular tissue during and 

after embryogenesis (92, 200). Moreover, the expression of MP is gradually confined to the 

provascular tissues, coinciding with an accumulation of auxins promoted by the efflux 

throughout PIN-FORMED carriers. Consequently, MP auxin-inducible regulates the 

expression of PIN-FORMED (PIN), which, in turn, forms a positive feedback loop resulting 

in the maintenance of constant and high auxin levels in the provascular tissues (92, 200, 191, 

29).  

The loss of function of MP/ARF5 or PIN1 eliminates auxin accumulation, disrupting 

the vascular pattern in the early embryo and the initiation of the seedling's body axis, resulting 

in severe developmental defects including root absence (92, 29). Therefore, the expression of 

MP/ARF5 and PIN1, mediating auxin accumulation is considered a crucial signal for 

establishing pro-vascular tissues and maintaining the vascular pattern in the Arabidopsis early 

embryonic and post-embryonic stages. MP also positively regulates the expression of ATHB8, 

a member of the Class III Homeodomain Leucine Zipper proteins (HD-ZIP III), which are 
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involved in the proliferation of procambial cells and the organization of vascular tissue (129, 

143, 191).  

On the other hand, the BODENLOS (BDL) gene, which encodes an auxin response 

regulator AUXIN/INDOLE-3-ACETIC ACID 12 (AUX/IAA12) represses the transcriptional 

activation of target genes mediated by MP (191, 29). In this way, mutations in both the BDL 

and MP genes impact the development of the hypophysis (the founding cell of the root stem 

cell system) in the embryo, altering the orientation of the zygote division. This means that the 

hypophysis fails to undergo the asymmetric division that gives rise to the precursors of the 

quiescent center and the mother cells of the lower levels of the RAM (89, 200). This same 

phenotype was observed in double mutants bdl mp, suggesting that the two proteins, BDL and 

MP, act in the same developmental pathway. While the MP gene encodes ARF5, a 

transcription factor of the ARF family (auxin response factor) that activates target genes 

responsive to auxins, on the other hand, bdl mutant seedlings are insensitive to the auxin 

analog 2,4-dichlorophenoxyacetic acid (2,4-D). This implies that BDL is also involved in 

auxin response (89). 

Several targets of MP are exclusively expressed in vascular tissue, such as the 

transcription factors TARGET OF MONOPTEROS 5 (TMO5) and LONESOME HIGHWAY 

(LHW), which form a basic helix-loop-helix (bHLH) heterodimer to promote periclinal 

divisions in the provascular tissue of Arabidopsis. The TMO5/LHW complex is necessary to 

initiate periclinal cell division, primarily controlling vascular development in the plant (45). It 

has been observed that tissue-specific expression of TMO5 is sufficient to largely rescue 

vascular defects in mp mutants, which fail to produce an embryonic root (164, 200, 45, 171). 

It is important to note that during early embryogenesis, TMO5 is expressed within the four 

initial cells of the procambium. However, later in plant development, it becomes restricted 

solely to the xylem, which does not undergo periclinal division. While LHW is broadly 

expressed in vascular cells, the expression of TMO5 and its homolog TMO5-LIKE1 (T5L1) is 

confined to precursor cells of the xylem (171).  

In the post-embryonic stages of Arabidopsis, the proliferation of procambial cells and 

the differentiation of xylem precursor cells begin in the RAM (171). The formation of 

heterodimers LHW-TMO5 and LHW-T5L1 promotes the co-expression of key genes 

involved in cytokinin production, such as LONELY GUY (LOG), and ARABIDOPSIS 

HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6), resulting in specific proliferation of 

vascular cells and the organization of vascular tissue itself (191). While the TMO-LHW 
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complex induces the expression of LOG3 and LOG4, leading to increased levels of bioactive 

cytokinins (CK) in surrounding cells and stimulating periclinal divisions, the activity of 

AHP6, regulated by LHW-T5L1, promotes the differentiation of protoxylem cells by 

suppressing cytokinin signaling (171). Additionally, the SUPPRESSOR OF ACAULIS-LIKE 

(SACL) family members can form heterodimers with LHW, competing with TMO5 and 

counteracting the promotion of periclinal divisions by the TMO5/LHW complex (171, 191). 

The ACAULIS 5 (ACL5) gene, specifically expressed in provascular cells and 

positively regulated by TMO5/LHW, encodes a thermospermine synthase (EC: 2.5.1.79) in 

Arabidopsis (108, 29). In angiosperms, thermospermine acts as a growth regulator by 

promoting stem elongation and suppressing xylem differentiation through the limitation of 

auxin signaling (247). The loss of function in ACL5 leads to deficient thermospermine 

biosynthesis, resulting in excessive xylem differentiation, defects in stem internode 

elongation, severe dwarfism phenotypes, and leaf vein thickening in the tkv mutation due to 

increased vascularization (90, 37). Thermospermine signaling is mediated by the 

SUPPRESSOR OF ACAULIS 51 (SAC51), which encodes a bHLH transcription factor, and 

the related protein SAC51-LIKE. SAC51 regulates xylem differentiation and promotes stem 

elongation. Therefore, the phenotype of shorter and thicker stems results from the loss of 

translational activation of SAC51, interfering with thermospermine signaling (247, 115).  

Thermospermine also negatively regulates auxin signaling, which promotes xylem 

differentiation. An improvement in xylem vessel differentiation was observed in Arabidopsis 

acl5 mutant seedlings when treated with synthetic pro-auxins, but not in wild-type ones. 

However, this inductive effect of pro-auxins could be suppressed by thermospermine. Thus, 

ACL5 expression may be positively regulated by auxins but negatively regulated by 

thermospermine. Regarding the ATHB8 gene, which directly activates ACL5 expression, it 

may act in a negative feedback loop against auxin-induced xylem differentiation (248). 

Another known compound called xylemin, an antagonist of spermidine, can act as an 

inhibitor of thermospermine biosynthesis and counteract its effects on vascular development. 

Exogenously applied xylemin has the ability to overstimulate xylem production in 

Arabidopsis thaliana, Zinnia elegans, and Nicotiana benthamiana, resulting in a phenotype 

similar to that of Arabidopsis acl5 mutants. Additionally, the application of a combination of 

xylemin and thermospermine to wild-type seedlings neutralizes the effect of xylemin, while a 

combined application of xylemin with a synthetic pro-auxin has a synergistic inductive effect 

on xylem differentiation. This supports the involvement of auxins in vascular development, as 
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their interaction with other signals can spatially and temporally regulate xylem vessel 

differentiation. Therefore, procambium formation and xylem differentiation in vascular plants 

are directed by auxins (248). 

Previous studies showed that the expression of two promoters of the Dof gene, 

AtDof2.4 and AtDof5.8, are sequentially activated during procambium formation in 

Arabidopsis leaf primordia, suggesting a potential involvement of Dof transcription factors in 

the vascular development of higher plants. AtDof5.8 coincides with PIN1 expression in 

Arabidopsis leaf primordia during procambium development, while the expression timing of 

AtDof2.4 was quite similar to ATHB8 gene in processes following primary procambium 

formation (129). In the Arabidopsis thaliana genome, 36 putative Dof genes have been 

identified of which only nine have been characterized. Out of these nine, it has been 

demonstrated that they are involved in salicylic acid response, seed germination, phytochrome 

signaling, flowering, and glucosinolate biosynthesis (240, 241, 109, 229, 210, 129).  

The above illustrates how vascular development in higher plants is highly coordinated 

by key genes and its relation with plant hormones and other signals, initiating procambium 

and subsequently differentiating of xylem and phloem. It also highlights the importance of 

initial cell divisions in the zygote, which determine the cell identities that will give rise to 

vascular bundles. These identities establish the initial architecture for root and hypocotyl 

formation, maintaining the vascular pattern during the development of various plant organs. 

However, although the molecular pathways underlying vascularization is well described in 

model species, this aspect is poorly explored in woody species and especially crops. Hence, 

considering the diversity and plasticity of plants, understanding the regulatory networks 

directing and promoting vascularization is crucial to regulate plant development and improve 

agricultural practices. 

 

1.3.2 Auxin-cytokinin interactions drive vascular patterning during embryogenesis 

and primary root axis formation in Arabidopsis 

 

As previously mentioned, cytokinins are also key molecules involved in 

vascularization, and their combined signaling with auxins converges in the formation of the 

vascular bundle pattern (21, 105, 45, 44, 191, 28). One of the earliest indications of cytokinin 

signaling involvement in vascular development was the discovery of the wooden-leg (wol) 

mutant. The WOL is expressed in vascular precursors during embryogenesis and the primary 
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root development of Arabidopsis thaliana. The WOL locus was identified by a recessive 

mutation resulting in defective periclinal divisions towards the end of embryogenesis, leading 

to fewer vascular initials. Additionally, all procambial cells differentiate into protoxylem at 

the expense of phloem in the root (199, 146, 28). The WOL is a two-component cytokinin 

receptor allele; CYTOKININ RESPONSE 1 (CRE1) and ARABIDOPSIS HISTIDINE KINASE 

4 (AHK4). In Arabidopsis, cytokinin perception occurs through three homologous histidine 

kinase receptors (HK): AHK2, AHK3, and CRE1/WOL/AHK4 (CRE family receptors), 

which initiate phosphorylation through ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER 

PROTEIN (AHP) and ARABIDOPSIS RESPONSE REGULATOR (ARR), allowing the 

signaling circuit for cytokinin production at the cellular level (146, 94, 52, 191). 

This signaling is initially driven by ligand-sensor molecular interactions; the activation 

pathway begins with self-phosphorylation at a conserved His residue of hybrid His kinases in 

the N-terminal sensor-kinase domain, which is subsequently transferred to a conserved Asp in 

the C-terminal receptor domain. In this regard, AHK2, AHK3, and AHK4/CRE1/WOL are 

activated by cytokinins through the binding of a specific ligand to their transmembrane 

CHASE domains upstream of the His kinase domain. Subsequently, activation of the hybrid 

His kinase occurs; membrane-associated CKI1 possesses constitutive His kinase activity, and 

its overexpression triggers the entire cytokinin signaling pathway in cells. The 

aforementioned signals converge in the activation of AHP (AHP1–5), which mediates the 

transfer of cytoplasmic signals to nuclear signals. These signals activate nuclear ARR type B 

(positive regulators of cytokinins), which are DNA-binding transcription factors. ARR type B 

directly promotes the nuclear expression of ARR type A (negative regulators of cytokinins) as 

primary cytokinin target genes and negative feedback regulators (105, 52).  

A transcriptional profile of all putative phosphorelay signaling components at the 

heart stage of embryogenesis revealed the expression of genes AHK4, AHP2, AHP3, AHP5, 

and ARR type A and B, providing evidence of cytokinin signaling during Arabidopsis 

embryogenesis (156). At this stage, it was observed that auxin signaling antagonizes cytokinin 

signaling by inducing ARR type A. While cytokinins promote periclinal divisions and inhibit 

protoxylem differentiation in the root (171, 191), conversely, the auxin-dependent cytokinin 

signaling repressor AHP6 promotes protoxylem differentiation by restricting cytokinin 

activity. In turn, cytokinin influences auxin activity by regulating the distribution of efflux 

proteins PIN1, PIN3, and PIN7 in the procambial cells (208, 45, 29, 191). 
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Finally, the antagonistic interaction between auxins and cytokinins allows the 

regulation of embryonic and post-embryonic vascular development; auxins promote 

protoxylem differentiation and cytokinins promote periclinal divisions of the procambium. 

This occurs because PIN proteins promote auxin efflux creating a cellular environment with 

low levels of auxin and high levels of cytokinins. With the auxin flow towards the cells 

surrounding the procambium, the specification of protoxylem identity occurs, also promoting 

the expression of AHP6 and reducing cytokinin signaling in these cells. Despite AHP6 

repressing cytokinin signaling, newly synthesized cytokinin can diffuse to procambial cells 

where its cytokinin signaling is not repressed, allowing cytokinin to act as a non-autonomous 

mobile regulator of cells, enabling periclinal divisions of the procambium. In this way, 

mutually inhibitory auxin-cytokinin interactions between adjacent cells maintain the 

bisymmetric vascular pattern and drive the development of the vascular pattern in the primary 

root of Arabidopsis (21, 45, 44, 29). 

 

1.3.3 Spatial organization of vascularization in the establishment of the seedling 

 

The vascular strands are composed of rows of interconnected cells. It is crucial that 

vascular strands are spaced and shaped properly within tissues, and that cell types functionally 

coordinate differentiation to produce interconnected conduits for transport. In this sense, the 

formation of the vascular system in higher plants is a well-structured and flexible 

developmental process in response to environmental changes. Due to its crucial role in 

adapting to environmental conditions, the arrangement of xylem and phloem in various plant 

organs can vary significantly among different species (143, 167). 

Various molecular and anatomical studies have provided evidence of the origin of 

vascularization at embryogenesis, as well as the spatial organization of the vascular system in 

plant architecture (214, 53, 27, 33, 166, 171, 172, 79). In this way, although it has initially 

been observed that cell identities for post-embryonic vascular development are determined 

from the embryo, the timing of when these identities are established may differ between 

species. In the Arabidopsis embryo, vascular cells develop from eight procambial cells in the 

late globular stage, whereas in Nicotiana embryos, this occurs at the 20-cell stage, and in 

Trifolium embryos, it happens at the 120-cells (84, 171). 

While procambial cells that will give rise to the phloem and xylem of the primary root 

and hypocotyl are established during embryogenesis, the onset of vascular development can 
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also be observed with the emergence of new lateral organs, such as leaves and roots, from the 

meristems (168). Thus, as the plant grows and develops new organs, it is important for 

vascular bundles to maintain continuity and plasticity while preserving the specific anatomy 

and morphology to each structure. Due to the action of phytohormones and other long-

distance signaling molecules, growing organs can develop vascular tissues that allow for the 

continuity of communication with the older parts of the plant (5, 258, 79). 

For several years, it has been evidenced how the biosynthesis of certain 

phytohormones is essential for shaping the vascular pattern in the plant body and developing 

organs, as well as for the division and differentiation of the cellular identities composing 

vascular tissues. Evidence of this is the way auxins are transported through cells, a 

determining factor for establishing the vascular pattern and acquiring polarity in xylem and 

phloem cells (32, 174, 92, 211, 103, 18, 116). Additionally, cytokinins, along with auxins, 

signal vascular patterning from embryogenesis and act as growth regulators throughout the 

plant's life (3, 4, 156, 94, 22, 208, 52). On the other hand, gibberellin signaling pathways can 

promote xylem differentiation and influence cambial activity. Along with auxin production 

signaling pathways, they induce the differentiation of vascular fibers (51, 1, 58, 19, 24, 150, 

151, 181, 42, 67, 104). Other phytohormones known to influence vascular development are 

brassinosteroids, which can act in cell expansion and impact plant morphogenesis (114, 202, 

30). There is also evidence that the ethylene biosynthesis pathway interacts with vascular 

development, specifically in the production of radial vascular rays and tension wood 

generation in poplar (141, 176, 64). 

In addition to phytohormones, sugar transport is also important for establishing 

cellular identity and organizing the vascular system (230, 232, 2). The first evidence of 

sucrose influence on plant vascularization came from tissue culture experiments. Works with 

callus cultures of Syringa, Daucus, and Soy demonstrated that the addition of the auxin 

indole-3-acetic acid (IAA) and sucrose to the culture media could influence the production of 

xylem and phloem cells. It was observed that while increasing levels in IAA concentration 

promoted the number of sieve elements and tracheary elements, a constant concentration of 

IAA and sucrose did not alter vascular development. However, an increase in sucrose 

concentration resulted in an increase in the amount of callose deposited on sieve plates (2). 

After the identities of vascular cells are established in the embryo, they are maintained 

during the development of the plant's main axis in post-embryonic stages. The vascular 

system exhibits two levels of organization: a radial or transverse pattern, which is the spatial 
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arrangement of xylem and phloem, and a longitudinal pattern, which pertains to the 

organization of vascular bundles within specific organs such as roots, stems, leaves, flowers, 

and fruits (198). 

The organization of vascular bundles in plant architecture initiates with the 

differentiation of proto-phloem and proto-xylem in the primary root and hypocotyl. In 

Arabidopsis, the vascular tissues of the hypocotyl form pre-existing procambial cells, while in 

the root, they derive from the activity of the root apical meristem (RAM). In the hypocotyl, 

the initiation of vascular cell differentiation is first observed as two rows of proto-phloem 

elements located on opposite sides of the vascular cylinder, and proto-xylem developing 

towards the opposite sides of the cylinder behind the proto-phloem development. In this 

sense, xylem development itself proceeds from the two poles on the outside of the cylinder 

towards the center until the xylem forms a continuous plate. This xylem plate divides the 

vascular cylinder and separates the developing phloem into two regions (27, 217, 80).  

In Arabidopsis primary roots, the organization of vascular tissue reveals the presence 

of protoxylem in a diarch conformation. This configuration indicates that vascular tissue 

development progresses from the base towards the apex (acropetal). Consequently, the early 

stages of vascular development are prominently observed near the root tip (53, 27, 146, 218). 

Derived from initials near the quiescent center, rows of xylem cells form an axis typically 

composed of 4 or 5 cells. This xylem axis resembles a plate, similar to the structure observed 

in the hypocotyl. It serves to partition the vascular cylinder into two distinct domains. Each of 

these domains comprises undifferentiated procambial and phloem cell lineages. However, the 

precise number and pattern of cell divisions in procambial cells may differ between species 

(146, 218, 80). It is postulated that the diameter of meristems, RAM and SAM, can influence 

the number of cell lineages and the organization of vascular bundles. Studies, such as those 

conducted in peas, suggest a correlation between the number of xylem poles and root 

diameter (214).  

In most cases, the vascular bundle follows a collateral pattern with xylem on the inside 

and phloem on the outside. However, in some monocotyledons, vascular bundles have an 

amphivasal organization where phloem cells are surrounded by xylem cells. On the other 

hand, in some angiosperms and ferns, the vascular pattern is arranged amphicribral, where 

xylem cells are surrounded by phloem cells (82, 98). Despite variations in vascular system 

configuration across plant structures and species, the procambium, xylem, and phloem are 
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always present and remain fundamental components throughout the developmental stages of 

higher plants. 

 

1.4 Regulatory network of vascular differentiation 

 

During the final stages of vascular differentiation, phloem and xylem precursor cells 

undergo distinct developmental programs and differentiate into mature phloem and xylem 

elements. However, to understand the different regulatory networks governing vascular 

development, it's important to consider how vascular tissues initially emerged and specialized. 

As evolutionary processes allowed plants to colonize land, adaptations were necessary for the 

formation of structures that would enable their survival in the new habitat. As multicellular 

plant bodies of increased complexity and size emerged, new forms of efficient long-distance 

transport for water, nutrients, metabolites, and small signaling molecules became necessary 

(143, 234). 

In early land plants and extant bryophytes, water and nutrients were transported from 

water conducting cells (WCC), and carbohydrates and amino acids through food conducting 

cells (FCC). Currently, it is known that plant vascularization originated from these specialized 

cells, with WCC being very similar in function and structure to xylem tracheary elements and 

FCC resembling phloem sieve cells. Moreover, through various molecular studies, it has been 

determined that the transcriptional networks governing the differentiation of WCC and FCC, 

along with the regulatory networks for the differentiation of tracheary and sieve elements, are 

largely conserved among existing land plants (143, 172, 234). 

Nowadays, different types of more specialized WCC and FCC can now be recognized, 

such as hydroids and leptoids of some Bryophytes. At the cellular level, hydroids undergo 

several structural modifications in the cell wall and eventually die off. Thus, their cell wall 

may thicken in some cases, although they lack lignin. When hydroids form hydromas, they 

enable vertical growth of up to 50 centimeters and have been considered precursors of true 

conducting vessels like xylem, as their cell walls are highly permeable to water, allowing for 

its transport through the plant's main axis (133, 143, 172, 234). However, tracheophytes, more 

complex vascular plants, also have other specialized types of WCC. Tracheophytes have 

lignified WCC known as tracheids, and their conducting tissues are organized into vascular 

bundles consisting of xylem with tracheary elements and phloem with sieve elements (234). 

Similarly, to hydroids, the leptoids found in some moss species exhibit characteristics similar 
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to the sieve elements of the protophloem, as they display loss of large vacuoles and 

cytoplasmic polarization, along with a high content of plasmodesmata in the terminal cell 

walls. This allows the transport of nutrients through the plant body, similar to phloem cells, 

which undergo organelle degradation and form plasmodesmata for the proper transport of 

photoassimilates (133, 143, 172). 

In accordance with the foregoing, although it is suggested that WCCs and FCCs in 

non-vascular plants share, to some extent, a similar developmental program with the tracheary 

elements and sieve elements of vascular plants (237), it is known that the origin of xylem and 

phloem cells comes from the procambium and/or vascular cambium, and their relation it’s not 

clear yet. Therefore, it is important to understand the molecular basis that has been unveiled 

in the process of vascular tissue differentiation, as well as the formation of WCC and FCC. In 

the case of Arabidopsis, the differentiation of vessel elements is initiated by the master 

regulator VASCULAR-RELATED NAC-DOMAIN (VND), which activates the expression of 

genes regulating programmed cell death (PCD), and also induces MYB transcription factors 

that are key intermediaries for activating secondary cell wall (SCW) formation. On the other 

hand, the master regulator for phloem development, ALTERED PHLOEM DEVELOPMENT 

(APL), regulates NAC45 and NAC86, which activate nuclear degradation through positive 

regulation of the expression of the gene that encodes the exonuclease domain protein 

NAC45/86-DEPENDENT EXONUCLEASE-DOMAIN PROTEIN 1 to 4 (NEN1 to NEN4) 

(26, 130, 83, 172). 

Meanwhile, there are many gene families that are key to vascular development, and 

it's important to note that these families are evolutionarily older than the appearance of 

tracheophytes. In this sense, it's important to consider that during the evolutionary 

development of vascular plants, there were gene duplication events, gene modifications, or 

genes that are jointly necessary to direct and regulate vascular development. In this case, 

many regulatory networks that govern vascularization underlie the biochemical processes 

necessary for the production of vascular tissues and lignification of secondary cell walls (178, 

143). 

 

1.4.1 HD-ZIP transcription factors 

 

Transcription factors (TFs) containing homeodomains (HD) were first discovered in 

Drosophila melanogaster in 1983, due to anomalies caused in homeotic genes (85, 86). They 
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were subsequently identified in other species across all eukaryotic kingdoms. Thus, one of the 

first genes discovered in plants with a homeobox was the Knotted1 gene in Zea mays (225). 

Subsequently, 14 families were identified based on the sequence similarity of the HDs and 

their unique co-domains. One of these classes, termed Homeodomain-Leucine Zipper (HD-

Zip), comprises proteins that have an HD adjacent to a leucine zipper (LZ) domain. Thus, LZ 

allows the proteins to form homo- or heterodimers, while the HD, immediately upstream of 

LZ, is responsible for the protein's specific DNA recognition and interaction (185). 

It is important to note that this particular structural association with both motifs, HD 

and LZ, in a single molecule is exclusive to plants. Thus, HD-Zip TFs are classified into four 

subfamilies, termed Class I, II, III, and IV, based on the conservation of the HD-Zip domain 

and the presence of additional conserved motifs outside this structure (185). 

1.4.1.1 Class III HD-ZIP transcription factors are essential in vascular development 
 

The HD-ZIP Class III gene family is a group of transcription factors that play an 

essential role in vascular development in land plants. Characteristically, they encode proteins 

that bind to specific DNA sequences, regulating the expression of genes involved in vascular 

bundle formation. This gene family expanded and diversified in land plant lineages, acquiring 

new expression patterns and functions over time. They predate the appearance of vasculature; 

therefore, the TFs encoding them are also evolutionarily ancient and found in all land plants. 

Additionally, the miRNAs that negatively regulate them are also highly conserved (143). 

Their significance lies in their functions in embryo patterning, meristem maintenance, leaf 

development, inflorescence architecture, ovule development, growth response to 

environmental signals, and senescence (143, 183). 

The Class III HD-ZIP family comprises approximately 100 genes in Arabidopsis 

thaliana and a similar number in other land plants. These genes are divided into two main 

subgroups: Class IIIA and Class IIIB. Class IIIA genes are primarily expressed in the xylem, 

regulating the expression of key genes involved in tracheary elements and vessels elements 

formation, while Class IIIB genes are mainly expressed in the phloem, regulating the 

expression of genes involved in sieve elements and companion cell formation (143, 183). 

From the IIIA and IIIB subgroups, five subclades are known in Arabidopsis: 

REVOLUTA (REV)/INTERFASCICULAR FIBRELESS 1 (IFL1)/AMPHIVASAL 

VASCULAR BUNDLES 1, PHABULOSA (PHB)/ATHB14, PHAVOLUTA (PHV)/ATHB9, 

HOMEOBOX 8 (ATHB8), and CORONA (CNA)/INCURVATA 4/ATHB15, all of which 
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play an essential role in all stages of vascular development, from procambium induction to 

vascular cell differentiation. In the procambium induction phase, REV, PHB, and PHV genes 

indicate to the meristematic cells that they should begin differentiating into vascular cells. In 

the differentiation phase, ATHB8 and CNA/ATHB15 genes regulate the expression of genes 

encoding proteins involved in the formation of distinctive vascular cell features, such as the 

sieve elements of phloem cells and the lignified cell wall of xylem cells (143, 183). 

Mutations in Class III HD-ZIP genes have been observed to cause the development of 

plants with defects in the vascular system. These plants may exhibit reduced growth, low 

environmental stress resistance, and loss of the ability to transport water and nutrients, 

suggesting the essential role played by TFs of the Class III HD-ZIP family in the vascular 

development of land plants (213, 183). 

 

1.4.2 Phloem 

 

The phloem primarily facilitates the mass transport of water and carbohydrates from 

sites of synthesis to demand organs. Additionally, it enables the passage of amino acids, 

mRNA, phytohormones, and other compounds crucial for pathogen response. Moreover, it 

plays a role in signaling for flowering, exemplified by FLOWERING LOCUS T (FT) in 

Arabidopsis (236, 245, 23, 246). From the region adjacent to the meristem, the phloem 

connects leaves, stems, and roots throughout the plant, as its cells are sequentially established 

forming a continuous pathway resembling tubes (216). In apical regions, phloem formation is 

crucial for the continuous growth and development of new organs, as meristems are areas 

with highly active cellular metabolism, requiring a high demand for photosynthetic 

compounds to provide the necessary energy for cell division and wall synthesis (162, 258, 

91). 

In this context, the phloem, as a highly specialized conducting tissue, is primarily 

composed of two equally specialized cell types: sieve elements (SE), companion cells (CC), 

phloem parenchyma, and phloem fiber cells, all originating from the procambium. 

Characteristically, mature SE are elongated and slender cells aligned along the longitudinal 

axis, forming a sieve tube. The long-distance distribution of photoassimilates is achieved 

through the establishment of this tube. To facilitate this long-distance transport, during early 

phloem development, SE undergoes significant changes in their morphology. These changes 

are driven by selective autolysis involving the degradation of organelles such as vacuoles, 
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rough endoplasmic reticulum (ER), Golgi apparatus, combined with enucleation in the final 

stage of differentiation. Thus, mature SE exhibit a significant reduction in their cellular 

contents, necessary for establishing an efficient transport route through the vascular conduit. 

However, SE remains alive, preserving some organelles in modified form such as the plasma 

membrane, mitochondria, smooth ER, phloem plastids, and P proteins (phloem protein 

material) (61, 209, 122, 143, 188, 187, 98, 97, 91). Additionally, SE remains interconnected 

with neighboring CC via residual ER located in the plasmodesmata, providing a pathway for 

protein exchange (205). 

In addition to organelle degradation, SEs also undergo significant modifications in 

their cell wall. Initially, during phloem differentiation, SEs experience thickening of the cell 

wall, providing mechanical support against the high turgor pressure resulting from the 

elevated sugar concentration throughout the sieve tube. To achieve this, callose deposits in the 

form of plates are generated around the PD, replacing the cellulose already present. Overall, 

callose accumulation at the PD is controlled by callose synthases (CALS; EC 2.4.1.34), which 

are endogenous enzymes mediating callose synthesis, along with the hydrolytic enzymes β-

1,3-glucanases (BG; EC 3.2.1.39), which specifically degrade callose (250, 224). 

As SEs mature, the deposited callose along with the middle lamella (connecting the 

cell walls between SEs) are degraded, giving the cells a sieve plate appearance with enlarged 

pores. The lateral cell walls also develop specialized pore areas derived from the PD, known 

as lateral sieve areas. Thus, both the sieve plates and newly formed lateral sieve areas allow 

each individual SE to compose an integrated sieve tube system, facilitating effective fluid 

transport through the phloem. Consequently, this transport becomes more effective over time, 

as vascular tissues age, the pores considerably increase in size, allowing for greater transport 

potential (142, 143, 97). 

As SEs are differentiated by a specialized autolysis mechanism involving enucleation, 

during this process, nuclear contents are released and degraded in the cytoplasm while other 

organelles reorganize and the cytosol degrades. These cellular rearrangements, in 

Arabidopsis, are orchestrated by TFs with NAC domain; NAC45 and NAC86. The specific 

expression of these two genes has been observed in some SEs before enucleation, as well as 

in the pericycle cells of the phloem pole. Thus, NAC45/86 activate a family of nucleases, the 

NAC45/86-DEPENDENT EXONUCLEASE DOMAIN PROTEIN 1-4 (NEN1-4), where 

NEN1 and NEN2, and NEN4 are specifically expressed in proto phloem cells to induce 

nucleus degradation initiation and subsequent SE differentiation (82, 187). 
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Regarding the CCs, they are specialized parenchyma cells with densified cytoplasm, 

partly due to an increased number of plastids, numerous mitochondria, a large nucleus, a 

small vacuole, and abundant ER with many attached ribosomes. Since the CCs are connected 

to their adjacent SEs by numerous branched PD, this allows them to receive energy, 

assimilate, and macromolecular compounds such as proteins and RNA. In this sense, the PDs 

serve as structural bridges allowing the transport of signaling molecules related to cell 

communication. Therefore, from the onset of phloem differentiation, the proper establishment 

of the SE-CC complex as a functional unit is essential (61, 143, 97). 

In previous studies (205), it was observed in Gossypium hirsutum L. plants how the 

establishment of PDs in CCs also allowed them to be more direct with phloem parenchyma 

cells. Given that SEs showed very limited symplastic transport with phloem parenchyma 

cells, it was proposed that CCs play a role in mediating communication along the radial axis 

consisting of phloem parenchyma cells, CCs, and SEs. Generally, phloem parenchyma cells 

have larger vacuoles and fewer ribosomes compared to CCs, besides being essential for the 

structure and functioning of the vascular conduit. 

Accordingly, a highly integrated regulatory network with specific patterns of gene 

expression allows the differentiation and characteristic morphology of the cells composing the 

phloem. Currently, two key genes for its development and maintenance are recognized: 

ALTERED PHLOEM DEVELOPMENT (APL) and OCTOPUS (OPS). APL is a MYB family 

TF, localized in the nucleus, and essential for proper differentiation of SEs and CCs. This TF 

participates during the late stage of phloem development, where cell wall architecture and 

callose accumulation depend on it. Moreover, APL contributes to spatial confinement during 

xylem differentiation, through its expression in both cell types (SE and CC) (26, 143, 191). 

The gen APL is expressed from embryogenesis, at the torpedo stage for Arabidopsis, 

onwards. Mutants APL are often seen to be lethal, as they exhibit a specific defect where 

meta-phloem cells are absent and proto-phloem cells develop xylem cell characteristics (146, 

215). In Arabidopsis seedlings with APL mutation, various observations indicate that shoot 

development halts after the formation of a few true leaves, while in the root, neither SEs nor 

CCs are evident at the phloem poles' location. Additionally, at the hypocotyl-cotyledon 

junction, the characteristic callose deposition in SEs is absent (26). 

In earlier work, aiming to investigate the pattern and differentiation of phloem cells 

during Arabidopsis early development, five specific phloem differentiation markers called 

PHLOEM DIFFERENTIATION 1–5 (PD1–PD5) were identified in genetic trap mutants. 
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Among these, PD4 was identified as BREVIS RADIX (BRX), and PD5 as OCTOPUS (OPS), 

respectively. Regarding BRX, it was predominantly observed to be expressed in proto-phloem 

cells and identified as one of the targets of MP. Roots with brx mutations exhibit 

discontinuity in APL expression and defects in phloem differentiation, where the number of 

cells in the transition area to proto-phloem is reduced (15). 

Regarding OPS, it is a transcription factor that encodes a protein associated with the 

polar membrane in procambial and phloem cells. The OPS protein has a size of 686 amino 

acids with a glycine-rich domain at its C-terminal end, although it is not classified as a 

glycine-rich protein. Also, it belongs to a family of five genes in Arabidopsis that share a 

domain of unknown function (DUF740) (157, 215). Regarding its expression, it initially 

occurs in procambial cells and initial proto-phloem cells, where once the vascular cell type is 

specified, OPS is restricted to the phloem cell lineage during plant development. Thus, in 

Arabidopsis, it has been observed initially at the heart stage during embryogenesis. 

Additionally, genetic and molecular studies have shown that OPS interacts with other 

transcription factors and signaling pathways to coordinate phloem development. In this 

regard, OPS can interpret signals from APL for cell differentiation, contributing to 

longitudinal signaling by inducing the specification of SEs through their still undifferentiated 

precursor cells. Linked to this, OPS mutants show affected vascular patterns in cotyledons 

and discontinuous phloem differentiation in roots, demonstrating its importance in vascular 

development. It is also worth noting that similar genes to OPS have been observed in higher 

plants, and in higher plants where their genome has been sequenced, the presence of OPS is 

usually consistent (215, 143, 8, 191). 

During the establishment and specification of proto-phloem cells, OPS also interacts 

with brassinosteroids (BR) signaling pathways. Initially, hormonal perception of BR at the 

plasma membrane occurs through the BR INSENSITIVE 1 (BRI1) kinase receptor, and its 

nuclear response is mediated by the transcription factors BRI1-EMS-SUPPRESSOR 1 (BES1) 

and BRASSINAZOLE-RESISTANT 1 (BZR1). The non-phosphorylated active forms of BES1 

and BZR1 accumulate in the nucleus and bind to their target genes to induce the cellular BR 

response, promoting cell expansion or participating in negative feedback of BR biosynthesis. 

In this regard, BES1 and BZR1, when expressed in proto-phloem cells, participate in their 

differentiation (8, 194, 87). 

In previous work, Anne et al. (2015) observed that OPS directly represses the GSK3 

BIN2 by sequestering it in the plasma membrane. BR INSENSITIVE 2 (BIN2) is a glycogen 
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synthase kinase 3 (GSK3) that phosphorylates BES1 and BZR1, inducing their degradation 

and limiting their accumulations in the nucleus. However, the presence of BRs through the 

phosphatase BRI1 SUPPRESSOR 1 (BSU1) represses BIN2 expression and releases the 

repression mechanism. Similarly, in yeast and plants, it was observed that OPS releases the 

repression of the key TFs BES1 and BZR1 by inhibiting BIN2, paving the way for phloem 

differentiation. Consequently, OPS can activate BR signaling responses through the 

accumulation of non-phosphorylated BES1. As known, BRs are also important regulators of 

the vascular balance between xylem and phloem differentiation; therefore, loss of function in 

brl1 causes abnormal proportions of phloem and xylem differentiation, affecting the vascular 

conduit (30, 8, 87).  

From the above, it can be appreciated how different molecular mechanisms lead to the 

morphological modifications experienced by the main cells that make up the phloem. From 

these modifications, the constitution of highly specialized vascular conduits for long-distance 

transport in the plant is initiated. Various studies discuss the theory of pressure flow, which 

explains the transport mechanisms through the phloem, where the massive flow in the SE is 

driven by a difference in osmotic pressure, which is usually high in photosynthetic/source 

tissues, where sucrose is loaded, and low pressure in draining/sink tissues, where sucrose is 

unloaded (121). In the case of xylem, the tension-cohesion theory also provides an 

explanation for the upward translocation of water through the tracheary elements, proposing 

that water evaporation on the leaf surface due to transpiration generates a negative hydrostatic 

pressure that drives sap ascent through the vascular conduit (119, 97). Although the present 

paper does not aim to delve into these long-distance transport theories, it is worth noting that 

these hypotheses complement the different explanations of phloem and xylem tissue 

ontogeny.  

 

1.4.3 Xylem 

 

The xylem comprises the pathway through which water and nutrients are absorbed by 

the roots and transported to the sites of evapotranspiration in the shoot system. During its 

development, the cells of the vascular conduits undergo specialized differentiation whereby 

internal flow resistance is minimized and cell walls thicken, enabling more efficient flow 

through the vessels, in addition to providing mechanical support. While the sieve elements 

(SE) of the phloem, through their cellular differentiation, allow the transport of molecules 
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through their symplastic space, on the other hand, the tracheary elements of the xylem, during 

their differentiation, undergo complete removal of their cellular components allowing an 

apoplastic transport route (97). 

In both root and shoot vascular tissues, the xylem is established through the 

differentiation of procambium/cambium into tracheary elements (TE), xylem fiber cells, and 

xylem parenchyma cells. In this way, the various types of xylem cells differentiated in the 

shoot apical meristem (SAM) and root apical meristem (RAM) act as conduits, which not 

only connect different parts of the plant and provide physical support to aerial organs but also 

enable long-distance transport of signaling molecules, maintaining cellular communication 

(143, 162). 

In this regard, cell-to-cell communication becomes essential for the development of 

vascular tissues. Different molecules act as signaling agents directing the differentiation, 

formation, and organization of xylem and phloem from procambial and cambial cells. Among 

these signaling molecules, phytohormones such as auxins, cytokinins, and brassinosteroids 

are primarily known. However, an inhibitor of tracheary element differentiation (TDIF) also 

plays a role in xylem cell differentiation and proliferation (77, 112, 126). TDIF is a small 

peptide composed of twelve amino acids with hydroxylation at two proline residues. It 

belongs to the CLAVATA3/EMBRYO SURROUNDING REGION-related (CLE) family, 

some of whose members are known to act in cell-to-cell communication within plant 

meristems. The TDIF sequence is encoded by two genes, CLE41 and CLE44, and its receptor, 

the membrane protein kinase RECEPTOR/PHLOEM INTERCALATED WITH XYLEM 

(TDR/PXY), belongs to the Class XI LEUCINE-RICH REPEAT RECEPTOR-LIKE 

KINASE (LRR-RLK) family (125, 112, 72, 102, 99, 100, 101, 78). 

The significance of the TDIF signaling pathway perceived by TDR lies in its crucial 

role in maintaining vascular stem cells, as it promotes the proliferation of procambial cells 

and inhibits xylem differentiation. While TDR expression predominantly occurs in the 

procambium and vascular cambium, CLE41 and CLE44 are expressed in the phloem and 

surrounding cells. It has been observed that defects in TDR or CLE41 in the hypocotyl lead to 

depletion of procambial cells, resulting in the formation of xylem vessels adjacent to phloem 

cells (102, 99, 143). Based on this, Lucas et al. (2013) propose that TDIF produced in phloem 

cells is perceived in procambial cells by TDR. Consequently, TDR, upon perceiving TDIF, 

promotes the self-renewal of procambial cells through WOX4 and, on the other hand, inhibits 

tracheary element differentiation, likely by interfering with the expression of TF VND6/7. 
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The HOMEOBOX gene (WOX4), related to WUSCHEL (WUS), a homeodomain TF 

essential for maintaining stem cells in the SAM, is predominantly expressed in the 

procambium and cambium, being a key target of the TDIF signaling pathway as previously 

discussed. However, in Arabidopsis, it was observed that plants treated with TDIF application 

showed an increase in WOX4 expression regardless of TDR perception. Thus, these genetic 

analyses demonstrated that although WOX4 is necessary for the proliferation of procambium 

and cambium cells, it does not directly repress xylem differentiation in response to the TDIF 

signal (99). Hence, Hirakawa et al. (2010) proposes that the TDIF-TDR-WOX4 signaling 

pathway is crucial in maintaining the procambium and vascular cambium during secondary 

growth.  

In the same vein, ethylene signaling pathways (ERF) can also regulate the cell division 

activity of the procambium and cambium, in addition to functioning in parallel with the 

CLE41-TDR/PXY pathway (63). Consequently, the two intracellular signaling pathways, 

TDR/PXY and ERF, after TDIF recognition by TDR, diverge, independently regulating the 

behavior of vascular stem cells (143). Similarly, other regulatory pathways of plant 

phytohormones also interfere with xylem development. It has been observed that the 

interaction between the CLE peptide and cytokinin signaling can interfere with xylem 

differentiation. CLE inhibits protoxylem vessel formation in Arabidopsis roots by activating 

cytokinin signaling (112, 145, 127). 

In Arabidopsis, the response to cytokinins has been formulated as the AHK–AHP–

ARR phosphorelay signaling, initiated by the cytokinin receptor histidine protein kinases 

(AHK2, AHK3, and AKH4/CRE1/WOL) (244). In this regard, previous studies observed how 

treatment with the CLE9 and CLE10 peptides, which encode the same CLE peptide, affected 

protoxylem cell differentiation in roots by reducing the expression of ARR5 and ARR6, which 

are type A ARRs (negative regulators of cytokinin signaling). Thus, arr5 and arr6 mutants 

exhibited defective protoxylem vessel formation, while arr10 and arr12 mutants, which are 

type B ARRs (positive regulators of cytokinin signaling), showed ectopic protoxylem vessel 

formation (127). 

As the vascular system is built through specific modifications of the cell wall and 

subsequent specialization of each cell, during the formation of tracheary elements (TE) and 

xylem fibers, two important events take place: programmed cell death (PCD) and the 

formation of secondary walls known as lignification. After the loss of the nucleus and cellular 

content, xylem cells are formed following PCD, where thickened secondary cell walls remain 
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to form conduits that allow the transport of water and nutrients from the root to the aerial part 

(93, 25, 162). However, these processes require a highly specialized gene network, where 

different transcription factors direct the various processes leading to the specific morphology 

of xylem cells. 

Initially, the process leading to the origin of xylem involves Class III HD-ZIP genes, 

which positively regulate its cellular differentiation. This can be evidenced as, in Arabidopsis 

roots, miR165/166 promotes the differentiation of protoxylem vessels while degrading 

transcripts of Class III HD-ZIP that promote metaxylem. Additionally, it has also been 

reported that KANADI can interfere with Class III HD-ZIP TFs by jointly regulating the 

differentiation of vascular cambium cells. On one hand, KANADI inhibits auxin transport, and 

on the other hand, Class III HD-ZIPs promote xylem cell differentiation (165, 143, 162, 191). 

It's also important to highlight that member of a subgroup of NAM/ATAF/CUC 

(NAC) domain proteins, the VASCULAR-RELATED NAC-DOMAIN (VND) proteins, and the 

SECONDARY WALL THICKENING PROMOTING FACTORs/SECONDARY WALL-

ASSOCIATED NAC DOMAIN PROTEINs (NSTs/SNDs), function as specific plant TFs in 

inducing xylem cell differentiation through their ectopic expression (48). The TFs VND6 and 

VND7 are recognized here for initiating differentiation of protoxylem and metaxylem vessels 

respectively, while SND1/NST3 and NST1 are known to induce xylem fiber differentiation 

(130, 238, 239, 252, 251, 191, 169). 

In this pathway, the transcriptional network primarily regulating xylem cell 

differentiation is constituted by the TFs SND2, MYB46, MYB103, and KNOTTED1-LIKE 

HOMEODOMAIN PROTEIN 7, as direct targets of NST3/SND1/ANAC012 and possibly 

NST1, VND6, and VND7. Thus, during primary growth in vascular plants, xylem, originating 

from the procambium, initially differentiates into protoxylem, characterized by annular and 

spiral secondary wall thickenings, which are established prior to cell elongation or growth, 

during the initiation of new organ development. Subsequently, metaxylem is derived from 

protoxylem, composed of reticulate and pitted secondary walls, which is established once cell 

elongation ceases, i.e., once organ growth stops (239).  

For this purpose, the master regulators VND6, VND7, and SND1/NST3 induce the 

formation of secondary walls in xylem vessels and fibers through a hierarchical gene network. 

Initially, VND6, VND7, and SND1 induce the expression of MYB46, MYB83, and MYB103. 

Since the TFs MYB46 and MYB83 regulate the biosynthetic pathways of three main 

components constituting the secondary wall: cellulose, lignin, and xylan, then MYB58, 
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MYB63, and MYB85, which could be target genes of MYB46 and/or MYB83, specifically 

regulate genes related to the lignin biosynthetic pathway, the main constituent of wood and 

fibers (255, 153). In this regard, both SND1/NST3 and VND6 and VND7 can alter their 

hierarchy at the top of the gene network by positively regulating TFs like MYB. Furthermore, 

within this hierarchy, MYB TFs can act as secondary or tertiary regulators for the positive 

expression of other genes encoding enzymes that catalyze secondary wall thickening during 

specific stages of xylem fiber differentiation (170, 239, 143). 

Consequently, during the genetic control for xylem differentiation, VND6 and VND7 

together can form subclades with VND1 to VND5 for proto and metaxylem vessel 

differentiation (130). Functional suppression of VND6 and VND7 results in the inhibition of 

vascular element formation; thus, it is suggested that these TFs act as master switches for TE 

formation (130, 238). According to the above, the Arabidopsis TF VASCULAR-RELATED 

NAC-DOMAIN 7 (VND7), acting as a master regulator of xylem vessel differentiation, 

interacts with VND-INTERACTING 2 (VNI2), expressed in both xylem and phloem cells in 

roots and shoot inflorescence stems. In this regard, VNI2 overlaps with VND7 expression, 

suppressing its ability to activate transcription, causing a repression in xylem vessel 

differentiation. Therefore, the transcriptional activity of VND7 may be regulated by its 

interactions with other VND proteins (239, 57). 

In plants, several developmental processes involve PCD, a process that can be 

independently regulated as it involves its own specific developmental steps. In the case of 

mature TE formation, the onset of PCD begins with signals of cell death, followed by the 

accumulation of autolytic enzymes in the vacuole. Thus, vacuole swelling and collapse 

release hydrolytic enzymes such as cysteine proteases XCP1 and XCP2, Zn2+-dependent 

nuclease ZEN1, RNases, as well as nucleases, proceeding to degrade nuclear content. In this 

regard, PCD and secondary wall deposition, where cortical microtubules regulate the spatial 

pattern of the cell wall by orienting cellulose deposition, are two closely related processes 

necessary for xylem cell differentiation (76, 143, 81). 

For the former, the master TF in TE formation, VASCULAR-RELATED NAC-

DOMAIN 6 (VND6), coordinately regulates some of the genes involved in PCD processes, 

while SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1 (SND1) regulates 

xylem fiber formation as previously mentioned. What happens is that although VND6 and 

SND1 govern different aspects of xylem formation, they can still act together to regulate 
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common genes, specifically those related to secondary cell wall formation (252, 170, 239, 

143). 

In previous studies, Ohashi-Ito et al. (2010) observed that only VND6 positively 

regulated genes involved in PCD for TE formation, identifying a specific cis element present 

in its promoter, the tracheary element-regulating cis-element (TERE). In this regard, both 

VND6 and VND7 bind to the TERE sequence, which is present in many gene sequences 

expressed in xylem vessel cells, to simultaneously regulate the expression of genes involved 

in both secondary wall formation and PCD. On the other hand, SND1 binds to a specific 

sequence, the SECONDARY WALL NAC BINDING ELEMENT (SNBE), for xylem fiber 

formation (170, 143). 

All the foregoing elucidates how the differentiation of xylem cells is regulated in a 

highly organized manner, where different transcription factors orchestrate the signaling 

cascade for TE differentiation and xylem fiber formation. It is worth noting that, although 

these two processes are distinct, they converge harmoniously to establish the vascular 

structure through autonomous and non-autonomous cellular processes (143). 

 

1.5 Leaf vascular development 

 

Conducting tissues in leaves are crucial for proper solute translocation. 

Vascularization is established in veins, and at least seven distinct cell types make up the leaf 

organ to carry out specific functions of transport, metabolism, and signaling. Thus, the 

different cells that will form the vascular system are first specified in the aerial part in 

cotyledons and subsequently in the main axis of the seedling as provascular tissues. Initially, 

in the leaf blade, vascularization forms a network resulting in connected vascular strands. 

Provascular tissues can thus be observed initially in the cotyledon midvein before vascular 

differentiation, as continuous procambial strands. Leaves initiate at the flanks of the shoot 

apical meristem developing a specialized upper (adaxial or dorsal) side for light capture and a 

lower (abaxial or ventral) side for gas exchange. Consequently, vascular strands in leaves are 

typically positioned where the adaxial and abaxial domains meet, respectively (198, 183, 29, 

120). 

In the Arabidopsis embryo, two phloem strands form along the main longitudinal axis, 

symmetrically flanking the xylem axis. At the cotyledonary node, each phloem strand 

bifurcates into two strands, with each entering a cotyledon. Thus, in the mid-cotyledonary 
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vein, there are two phloem strands in the proximal part. In the distal part of the midvein, as 

well as in secondary and higher-order veins, only a single abaxial phloem strand has been 

found (15, 98). 

The final differentiation of vascular precursor cells, in general, is not a synchronous 

process and may initiate in different locations within the plant. For instance, after germination 

in Arabidopsis, the differentiation of proto-phloem precursor cells into mature SEs in leaves 

begins simultaneously in two locations: the mid veins of cotyledons and the cotyledonary 

node. Subsequently, the growth of provascular cells progresses from the midvein along the 

cotyledon veins and from the cotyledonary node toward the hypocotyl and root, establishing a 

continuous network of functional vascular cells (27, 15). 

Given that auxin transport and accumulation are the primary parameters for 

establishing vascular patterning, because of the PIN1 cellular efflux transporter activity, auxin 

is channeled to the provascular regions, activating the expression of the preprocambial marker 

AtHB8. The AtHB8 gene is expressed prior to procambial identity in developing veins during 

vascular strand formation in leaves. The resulting auxin accumulation activates MP, which in 

turn regulates PIN1 to produce a positive feedback loop that restricts the expression of MP 

and PIN1 to a point of convergence (197, 143, 29). However, AtHB8 expression can regulate 

ACL5 along with a gene involved in spermine biosynthesis, BUSHY AND DWARF 2 (BUD2). 

In this regard, ACL5 can inhibit the expression of AtHB8 and its related genes, creating a 

negative feedback loop (13). 

After the initial differentiation, the vasculature develops into bundles. In leaves, being 

lateral and flattened organs, these bundles exhibit a radial pattern where the phloem is abaxial 

(ventral) and the xylem is adaxial (dorsal), divided by the active procambium. The 

juxtaposition of adaxial and abaxial characteristics allows the leaf to grow into a flattened 

lateral organ. This radial pattern is established during embryogenesis by the key radial pattern 

TFs KANADI (KAN1-4) and Class III HD-ZIPs: PHB, PHV, REV, and ATHB15. The KAN TF 

family is expressed in the phloem and represses procambial identity, and they are believed to 

antagonize and complement the activity of Class III HD-ZIP TFs, with their effects likely 

mediated through changes in auxin transport via PIN proteins. In this regard, KAN activity 

appears to promote the differentiation of abaxial/phloem tissue, while REV, PHB, and PHV 

activity are necessary to maintain adaxial/xylem differentiation (16, 113, 107, 183, 29). 

Once vascularization is established in the leaf, its conformation is determined by the 

phloem tissue with enucleated sieve elements (SE) as actual conduits, coupled with 
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companion cells (CC) alongside phloem parenchyma (PP), and on the other hand, the xylem 

tissue with dead tracheary elements accompanied by xylem parenchyma (XP), in addition to 

the vascular parenchyma (VP) located at the interface between the phloem and xylem (120). 

Additionally, the vascular system is also surrounded by non-conducting cells, such as 

parenchyma, sclerenchyma, and fibers. Thus, during leaf development, the formation of 

vascular precursor cells ceases following the differentiation of adjacent mesophyll cells, 

indicating that vascular patterning occurs within a highly regulated developmental window 

(197, 143). 

 

1.6 Steam vascular development 

 

In dicotyledonous plants, vascular bundles in the stem are arranged radially, where 

each bundle contains a procambium that produces phloem outward and xylem inward. In 

establishing the polarity of cells composing the conducting tissues, Class III HD-ZIP TFs 

play a crucial role in determining the collateral pattern. Additionally, these Class III HD-ZIP 

genes are differentially regulated in their functions by miRNA165 and miRNA166. Generally, 

miRNAs regulate the functions of their target genes by binding to complementary sequences 

in target transcripts and subsequently causing translational attenuation or transcript cleavage 

(254, 29). 

Thus, in previous studies, it was demonstrated through in situ mRNA localization, 

along with promoter-GUS analyses, that the REV gene is expressed in interfascicular fibers 

and vascular bundles of Arabidopsis inflorescence stems. It was observed that the spatial 

specification of interfascicular fiber differentiation is mainly regulated by the 

INTERFASCICULAR FIBERLESS1 (IFL1) gene, as its mutation suppresses the formation of 

normal interfascicular fibers in stems (253). In this regard, the mutation of IFL1/REV revealed 

phenotypes of amphivasal vascular bundle formation and altered organ polarity, similar to 

what occurs with overexpression of miRNA165. Consequently, transverse sections of stems 

that overexpressed miR165 showed a reduced number of vascular bundle cells that developed 

fewer interfascicular fibers compared to wild-type plants. Similarly, it was observed that 

overexpression of miRNA166, which negatively regulates the expression of three Class III 

HD-ZIP genes, PHV, PHB, and ATHB15, led to a reduction in their transcription level, 

recapitulating the phenotypes of simultaneous loss of their function (254). 
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Initially, various hormones coordinate the initiation of vascular pattern formation by 

promoting procambial cells, which influences the number and size of vascular bundles. In this 

regard, auxin production correlates with the organization of vascular bundles in the stem, as it 

drives the establishment of the primary pattern, similar to what occurs in the primary root. 

Additionally, auxins can act as temporal regulators of xylem formation from the vascular 

cambium in tree trunks (193, 198, 29). Brassinosteroids, on the other hand, can also stimulate 

early divisions in the procambium once primary growth is initiated through the GSK3-BES1 

signaling pathway (106). 

Before the final determination of cell fate in the conducting tissues, GLYCOGEN 

SYNTHASE KINASE3/SHAGGY-LIKE KINASE (GSK3/SK) proteins regulate vascular 

cell differentiation by maintaining procambial and cambial cells, suppressing their 

differentiation into xylem or phloem cells (195). In this regard, a member of the GSK3 

protein, BRASSINOSTEROID INSENSITIVE2 (BIN2), initially binds to the cytoplasmic 

kinase domain of TDR. Subsequently, extracellular TDIF induces the release of BIN2 from 

TDR into the cytoplasm, activating BIN2 signaling to inhibit xylem differentiation (128, 195, 

79). 

As mentioned earlier, TDIF is produced and secreted from phloem cells, generating 

the TDIF-TDR signal for the maintenance of procambial cell populations through the 

regulation of two main processes: first, the promotion of procambial cell division, and second, 

the suppression of procambial cell differentiation into tracheary elements (TE). For the 

maintenance of vascularization in the stems, TDIF signaling induces the differentiation of 

stem cells into transit-amplifying cells during the procambial stage. In transit-amplifying 

cells, the TDIF-WOX4 and TDIF-GSK3/SKs/BES1/BZR1 signaling pathways regulate the 

promotion of cell division and the inhibition of differentiation into xylem and phloem cells, 

respectively (79). 

On the other hand, in previous studies, Kondo et al. (2014), through the design of an 

in vitro culture system to analyze vascular cell differentiation called VISUAL (Vascular Cell 

Induction Culture System Using Arabidopsis Leaves), found that the TF BRI1-EMS-

SUPPRESSOR 1 (BES1), acting downstream of the TDIF-TDR-GSK3 pathway and 

genetically independent of the TDIF-TDR-WOX4 pathway, is involved in maintaining 

procambial cells. Thus, BES1 functions as a downstream target of GSK3 during xylem 

formation, promoting bidirectional differentiation of procambial cells into xylem and phloem 

cells. It is noteworthy that the GSK3-BES1 signaling pathway also participates in the 
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brassinosteroids (BR) signaling pathway. Perception of BR by BRASSINOSTEROID-

INSENSITIVE 1 (BRI1) leads to the inactivation of GSK3, subsequently activating the TFs of 

the BES1 family to control downstream gene expression. In Arabidopsis, six members of the 

BES1 family are known, of which, along with the closest homolog of BES1, BRASSINAZOLE 

RESISTANT 1 (BZR1), are considered the main mediators of BR signaling (195). 

Other phytohormones known to facilitate the establishment of vascular bundles during 

embryogenesis and maintain cambial activity in the stem are cytokinins. Although their role 

in the initial establishment of stem vascular bundles is unclear, trans-zeatin-type cytokinins 

are synthesized primarily in the root vascular bundles and transported via xylem to the shoot, 

regulating shoot growth and vice versa (117, 123). 

 

1.7 Root vascular development 

 

The vascular system in the roots of higher plants is primarily constituted by a cylinder 

formed by the vascular tissues procambium, phloem, and xylem. However, the root system is 

also surrounded by radially symmetric layers of pericycle differentiated into cells of the 

xylem pole and cells of the phloem pole, the endodermis, the cortex, and the epidermal cells. 

During root growth, different cellular patterns are established through asymmetric cell 

divisions and maintained through self-renewal of meristematic cells with pluripotent activity. 

Thus, different cellular identities originate from stem cells around the quiescent center (QC), 

from which initial cells of the provascular, stele, endodermis, epidermis, and columella arise. 

In this context, in the tissue organization of the conducting vessels of the Arabidopsis root, 

the xylem exhibits a diarch form with peripheral protoxylem and central metaxylem, flanked 

by two phloem tissue poles (143, 183). 

The centripetal pattern of conducting tissues in the Arabidopsis root is the result of 

highly regulated cell division and specification events. Thus, the interaction between the 

vascular cylinder and the surrounding endodermis, mediated by the movement of transcription 

factors (TFs) between cells and microRNAs, influences vascular bundle differentiation. In 

this regard, the transcription factor SHORT-ROOT (SHR) is expressed in the vascular 

cylinder, where its protein moves to the endodermis, which surrounds the stele, activating the 

TF SCARECROW (SCR). Together, SHR and SCR direct the pattern of fundamental tissues, 

mainly that of the endodermis, as they jointly activate the transcription of the three genes 

encoding miR165 and miR166 in roots; MIR165A, MIR166A, and MIR166B. Thus, the 
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miR165/166 derived from the endodermis diffuses to the center of the stele to form a gradient 

that restricts the domain of activity of the mRNA of the HD-ZIP Class III TFs, mainly PHB, 

which positively regulates MP, IAA20, and IAA30 to stabilize the auxin response in the root 

xylem axis. Consequently, the degradation of HD ZIP III is activated, resulting in a gradient 

that drives the TFs towards the center of the xylem, initiating specification into protoxylem 

and metaxylem (95, 34, 183). 

In this regard, the gradients of miRNA of HD ZIP Class III TFs in the root overlap 

with the balanced signaling between auxins and cytokinins, which establish the identity of 

xylem and procambium cells initially. On the one hand, cytokinins maintain the 

differentiation of procambial cells, while auxins, restricted to the xylem axis by the presence 

of cytokinins, are the main promoters of protoxylem and metaxylem establishment 

respectively. Therefore, during the establishment of the vascular pattern of the Arabidopsis 

root, multiple intersections occur between auxins, cytokinins, and HD ZIP Class III 

transcription factors shaping the vascular cylinder. However, inhibition of cytokinin signaling 

in the xylem axis is necessary for vessel formation, and the presence of cytokinin signaling in 

procambial cells is necessary to maintain them in their undifferentiated state (21, 220, 183, 

191). 

In general, the aforementioned HD-ZIP Class III TFs; PHB, PHV, REV, COR, and 

ATHB8, act redundantly to regulate the initial differentiation fate of xylem cells and are 

sufficient to regulate the xylem pattern in the Arabidopsis root (143, 183). 

 

1.7.1 Root xylem 

 

During the early development of the Arabidopsis root, two outer protoxylem cells and 

three inner metaxylem cells can be observed, which can be distinguished based on the 

characteristics of their secondary cell wall primarily. Morphologically, protoxylem exhibits a 

helical or annular pattern, while metaxylem cells generate a wall deposition pattern 

resembling pits. Similarly, they can be distinguished at the molecular level by specific cell 

type markers, such as AHP6 for protoxylem and ACAULIS5 for metaxylem. Before the 

surrounding root tissues elongate, protoxylem vessels mature and are destroyed during cell 

expansion. Therefore, metaxylem vessels act as the primary conducting tissue in the main axis 

of the plant once organs are established (143, 191). 
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Thus, the differentiation of metaxylem cells is temporally separated from the 

differentiation of protoxylem cells, in the sense that the outer metaxylem cells differentiate 

only after the protoxylem cells have differentiated and the surrounding tissues have completed 

their expansion. Additionally, the inner metaxylem tissue differentiates later than the outer 

metaxylem tissue (143). 

In the protoxylem domain, the peak of auxins activates an inhibitor of cytokinin 

signaling, ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6), which is 

possibly one of the earliest regulators, but not the only one, for protoxylem cell specification. 

In this regard, while AHP6 suppresses and spatially restricts cytokinin signaling, allowing the 

signaling pathway for the establishment of protoxylem cells, cytokinins repress the expression 

of AHP6. Additionally, two transcription factors expressed in the Arabidopsis root, AT-

HOOK MOTIF NUCLEAR LOCALIZED PROTEIN 3 (AHL3) and AHL4, are essential for 

regulating the boundaries between differentiating xylem and procambium. AHL4 moves from 

the procambium to the xylem in the RAM as a heteromeric complex with AHL3 (145, 143, 

220, 183, 256). 

In the primary root, the identity of the two types of xylem vessels is determined by the 

bidirectional signaling pathway SHR–SCR–miRNA165/166–HD-ZIP III. High levels of 

miRNA165/166 expression and low levels of HD-ZIP III gene expression promote 

protoxylem identity, whereas metaxylem is specified when HD-ZIP III Class III expression 

levels increase. However, several members of the MYB and NAC TF families are also known 

to act in the signaling pathway during vascular differentiation in the Arabidopsis root. In this 

regard, the MYB46 gene, one of the TFs necessary for synthesizing various components of 

secondary cell walls in the root's protoxylem and metaxylem, is expressed toward the end of 

the elongation zone in protoxylem cells and later in metaxylem cells. Additionally, the 

formation of xylem vessels requires programmed cell death signaling, where nuclear content 

is initially degraded and then perforated plates connecting each vessel cell are formed. In this 

context, the formation of secondary cell walls, with patterns of deposition featuring holes or 

spirals, is initially controlled by the NAC TFs; VND6, VND7, SND1, NST1, and NST2 (252, 

238, 143, 191). 
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1.7.2 Root phloem 

 

The differentiation of proto- and meta-phloem can be detected during seedling 

establishment in independent locations such as cotyledons, shoots, and roots. Additionally, 

different genes are expressed in each plant organ to regulate the differentiation and 

establishment of vascular bundles specific to that organ. In the case of Arabidopsis roots, 

where the central vascular bundle branches into lateral roots, LATERAL ROOT 

DEVELOPMENT 3 (LRD3) plays a crucial role in regulating early phloem development and 

controlling its transport function. Moreover, it is essential for maintaining a balance between 

primary and lateral root growth. LRD3 encodes a LIM-domain protein specifically expressed 

in companion cells (15, 110). 

In this regard, proto-phloem differentiation in the Arabidopsis root initiates from a 

locus independent of the hypocotyl. In the root apical meristem (RAM), phloem cell lineages 

arise from two initial cell domains through asymmetric cell divisions, where periclinal 

divisions establish companion cells (CCs) and tangential divisions establish sieve elements 

(SEs). Although both proto- and meta-phloem SEs within a phloem pole ultimately derive 

from the same mother cell in the RAM, CCs develop from a different adjacent cell lineage to 

the sieve tube elements. Thus, when phloem cells have already differentiated, prior to 

secondary growth, the vascular cylinder predominantly exhibits proto-phloem SEs on the 

exterior, meta-phloem SEs on the interior, and CCs, responsible for sucrose loading within the 

SE-CC complex, flanking the two types of SEs respectively. It is through the establishment of 

proto- and meta-phloem that the actual conducting units of the phloem within the root are 

composed (146, 26, 143, 190, 118). 

The proto-phloem and meta-phloem sieve elements (SEs) are essential for transporting 

sugars and other solutes towards the root meristem. To meet the energy demand of the 

growing meristem, proto-phloem SEs differentiate closer to the root tip than all other cell 

types. Thus, while proto-phloem SEs lose their transport capacity in the more differentiated 

parts of the root, meta-phloem SEs differentiate further away from the root tip and remain 

functional for longer periods. Consequently, the meta-phloem transports solutes towards the 

root tip where they are transferred to the proto-phloem SEs (190). 

The maturation of proto-phloem and meta-phloem sieve tubes can occur similarly. 

Transcriptionally, phloem development is initially coordinated by the transcription factor 

SHR. On one hand, SHR's movement towards the endodermis regulates asymmetric cell 
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divisions for companion cell (CC) formation by activating microRNA165/166. On the other 

hand, SHR's movement towards the phloem regulates asymmetric cell divisions generating 

phloem sieve elements (SEs). Consequently, in the phloem, SHR sequentially activates NAC-

REGULATED SEED MORPHOLOGY 1 (NARS1) and SECONDARY WALL-ASSOCIATED 

NAC DOMAIN PROTEIN 2 (SND2). Thus, these three genes, SHR, NARS1, and SND2, form 

a positive circuit, where NARS1, generated in the CCs of the root differentiation zone, 

establishes a top-down signal that drives asymmetric divisions for phloem SE differentiation 

in the root meristem (118). 

Based on the aforementioned signals, in Arabidopsis root, cellular differentiation from 

the initiation of proto-phloem to the formation of mature sieve elements (SEs) is initiated by 

cell elongation, followed by callose deposition and subsequent thickening of the cell wall 

longitudinally. For this, the differentiated SEs undergo different morphological processes, 

where their cellular content is reorganized through modification and realignment of 

organelles. This process culminates in the breakdown of the nucleus and the formation of 

pores in the sieve plates that connect each enucleated SE (143). 

In this context, OCTOPUS (OPS), BREVIX RADIX (BRX), and COTYLEDON 

VASCULAR PATTERN 2 (CVP2) act as positive regulators of proto-phloem specification and 

early SE differentiation. OPS represses BIN2 in the brassinosteroids signaling pathway, 

known for its involvement in vascular differentiation, specifically proto-phloem 

differentiation. On the other hand, BRX suppresses the expression of BARELY ANY 

MERISTEM 3 (BAM3), also implicated in early proto-phloem development akin to OPS. BRX 

restricts BAM3 expression, the receptor for the small peptide ligand 

CLAVATA3/ENDOSPERM SURROUNDING REGION 45 (CLE45), which inhibits proto-

phloem differentiation. Additionally, CVP2 is involved in maintaining phosphoinositide 

levels, which also play a role in proto-phloem differentiation (188, 191). 

Among the genes known to regulate phloem in Arabidopsis, OPS is expressed earlier 

in the root phloem cell lineage, from the phloem lineage stem cells. The OPS mutants exhibit 

discontinuous development of proto-phloem cells, with gaps of undifferentiated cells 

interrupting the continuity of SEs. Additionally, the altered differentiation of proto-phloem 

sieve tube cells also appears to affect the function of CCs, as OPS mutants do not express the 

gene encoding the sucrose transporter AtSUC2, responsible for active sucrose loading into the 

phloem, despite not showing visible alterations in their differentiation (215). Conversely, loss 

of function of BRX and CVP2, along with their homolog CVL1, also results in the appearance 
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of gap cells and undifferentiated cells in the mature root proto-phloem (188, 190). In this 

regard, previous studies identified a new protein similar to OPS, OCTOPUS-LIKE 2 (OPL2), 

a homolog of OPS that, together with OPS, serves as an important regulator of vascular 

patterning, root growth, and proper phloem development. Hence, OPS and OPL2 were 

identified as the first genes to act in the differentiation of meta-phloem sieve tubes (190). 

In addition to the above, the APL gene is also required in the later stages of 

differentiation of SEs and CCs, through the regulation of the expression of NAC45 and 

NAC86 as discussed in previous sections. However, APL is negatively regulated by NAC20. 

Therefore, the key regulators of nuclear degradation in SEs, NEN1, NEN2, and NEN4, act 

downstream of NAC45 and NAC86 for this process. Thus, APL along with OPS are known to 

be the main players in the development and maintenance of the phloem; OPS regulating 

proto-phloem differentiation and along with OPL2 the differentiation of meta-phloem, and 

APL regulating the timing of asymmetric cell divisions that typically give rise to SEs and CCs 

in the proto-phloem and meta-phloem of Arabidopsis roots (26, 143). 

 

1.8 Cambium, the secondary growth 

 

Upon completion of primary growth, both in the root and stem, the cambium is 

generated from the vascular procambium. In regard to this point, the cambium is the second 

meristematic tissue that gives rise to the conducting tissues. Additionally, it is primarily 

responsible for the plant body's diameter growth and its occurrence in nature, dating back to 

the emergence of gymnosperms, remains conserved (144, 172, 29). However, the origin of the 

cambium differs in the root and the shoot because each organ presents a different radial 

cellular organization. In the shoot, the vascular cambium can originate from the fascicular 

cambium, formed from the procambium of vascular bundles produced during primary growth, 

and from the interfascicular cambium, which develops later from the parenchyma cells found 

between each vascular bundle. In herbaceous plants such as Arabidopsis, secondary growth 

from the cambium primarily initiates locally in the basal region of the inflorescence shoot, 

mainly serving to provide support to the plant (131, 152, 29). 

Consequently, two types of meristems are recognized in the formation of the plant's 

secondary body: the vascular cambium which gives rise to secondary xylem and secondary 

phloem, and the cork cambium which produces a layer of bark that replaces the epidermis and 

protects the stem from mechanical damage and pathogens. The onset of vascular cambium 
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activity also leads to a high production of secondary xylem tissue resulting in wood 

deposition. Therefore, from the cambium, plants also generate wood, which is recognized 

worldwide for its multiple functions. Thus, depending on the properties of the wood, the 

cambium, through regular renewal of functional xylem and phloem, provides support as well 

as adequate nutrient transport to trees and woody plants, ensuring perennial life. Therefore, 

the appearance of the cambium was a significant evolutionary event in the history of 

terrestrial plants, especially those that gained greater height and thickness. Moreover, besides 

being fundamental in wood development, the vascular cambium also lays the groundwork for 

solute transport support in other plant organs, such as the peduncle of buds, leaves, flowers, 

and fruits (131, 16, 221). 

 

1.8.1 Secondary growth in stems and roots 

 

In both the root and hypocotyl, cambium initiation occurs when the vascular 

parenchyma begins to divide, even before the primary xylem has fully matured. Thus, in 

stems, the vascular cambium forms a continuous cylinder of meristematic cells, producing 

secondary phloem tissue on the outside and secondary xylem or wood on the inside. 

Meanwhile, in the trunks of forest trees, cork cambium can be observed depositing just 

beneath the bark. Regarding roots, asymmetric divisions and cell expansions of the pericycle 

cause the phloem to be pushed toward the center, away from the xylem until a cambium ring 

is formed, thus, the cambium is surrounded by phloem inwardly and xylem outwardly. Since 

xylem constitutes the majority of biomass in roots and stems, its secondary growth will be 

determined by the rate of cell production in the cambium, eventually leading to the thickening 

of plant organs. Hence, a large proportion of the Earth's carbon resides in the stems and roots 

of plants (131, 148). 

Although Arabidopsis plants do not produce wood or medullary rays like trees, the 

anatomy of secondary growth at the base of the hypocotyl closely resembles that of wood-

producing plants. Thus, since one of the obstacles hindering molecular research on wood 

formation in trees is the lengthy growth periods required to assess cambial activity, as well as 

the difficulties in obtaining mutants, previous studies have used Arabidopsis as a model for 

initial investigations into vascular cambium development (36, 181, 29). 

In this way, it has been described that in the Arabidopsis hypocotyl, secondary growth 

consists of two main phases: an earlier phase, the first one, where the formation of vessels and 
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secondary xylem parenchyma occurs, and a later phase, the second one, where the secondary 

cell walls of xylem fibers thicken and lignify to provide structural support. Therefore, during 

the second phase of Arabidopsis secondary growth, there is an increased rate of xylem 

differentiation, leading to its expansion and resulting in an increase in the hypocotyl base 

diameter. Additionally, another important aspect of Arabidopsis secondary growth is that the 

transition between the early and late phases in the hypocotyl is triggered along with the 

flowering process. Thus, the induction of flowering, not the formation of flowers or 

elongation of the main inflorescence, is considered a sufficient signal to trigger xylem 

expansion (206) (181). As for the root, it also undergoes phase changes for secondary growth, 

but unlike the hypocotyl, it is not uniform along the cylinder. This occurs because the root 

widens near the hypocotyl, which is the oldest part that has undergone more extensive 

secondary growth over a longer period, in contrast to the tissue nearer to the RAM, which is 

considerably narrower. Additionally, at this point, the arrangement of vascular bundles is 

similar to how they are organized in the hypocotyl (17, 29). 

 

1.8.2 Hormonal regulation during cambium development 

 

The second phase of secondary growth is also known as the xylem expansion phase. 

In previous studies, Ragni et al. (2011) observed that during the second phase in Arabidopsis, 

gibberellin (GA) was a crucial signaling molecule mobilized from the shoot to the hypocotyl 

and root to induce xylem expansion. Furthermore, this process was similar to secondary 

growth in trees. Accordingly, in various species, the GA pathway in combination with the 

auxin pathway has been recognized to promote the induction of xylem fiber differentiation 

and xylogenesis (51, 58, 19, 111, 41, 151, 181, 147), as well as promoting primary 

differentiation of phloem fibers (1). However, GAs can also have a general growth-promoting 

effect, suggesting that elevated GA synthesis might enhance xylem fiber production while 

also promoting growth (181). This phenomenon was also noted in earlier investigations 

involving transgenic Populus tremula (P. tremula × tremuloides) trees, wherein the 

overexpression of a GA biosynthetic gene not only enhanced tree growth but also augmented 

both the rate and length of total xylem fibers in comparison to wild-type (WT) trees (58). 

Auxins are recognized to have a broader role in secondary vascular patterning and are 

essential in wood formation. Given their peak concentration in the cambium, it's been 

proposed that auxin flows basipetally within cambial cells, subsequently distributing to the 
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phloem and xylem, respectively (219, 160, 29). Auxin transport within the cambium has been 

documented in Arabidopsis inflorescence stems. Initially, auxins accumulated from 

differentiated cells of the interfascicular parenchyma, initiating the development of the 

interfascicular cambium. This process involved an initial auxin accumulation triggered by 

PIN1 expression, followed by the induction of periclinal divisions by the polar PIN1 protein, 

specifically localized to the basal plasma membrane of the parenchyma. Therefore, cellular 

events were initiated within parenchyma cells adjacent to the vascular bundles and 

subsequently extended from that point towards the middle region of the interfascicular area, 

situated between neighboring vascular bundles, where the cambial ring closure within the 

stem ultimately took place (152). 

Furthermore, given the synergistic action of GAs with auxins in cambium 

development, it has been noted that the combined application of both phytohormones yields a 

more pronounced effect on the cambium compared to the use of either hormone individually 

(24). In various studies using decapitated poplar stems, it was observed that when treated with 

GA, the division and expansion of cambial zone cells were stimulated, akin to the effect of 

auxin treatments. However, when auxins and GAs are applied together, a more pronounced 

synergistic effect on cambial growth has been observed, similar to growth in primary stems 

(231, 137, 233, 24, 104). Building on this, Björklund et al. (2007) also demonstrated that GAs 

stimulates auxin transport, as GA applications to poplars stimulated cambial cell division and 

increased auxin levels in tree stems by enhancing polar auxin transport, likely through 

increased expression of its transporter PIN1 (24). Thus, while maximum auxin levels are 

found in the cambium, GA peaks within early xylem differentiation. In this regard, studies on 

mutant and transgenic plants have shown that GA and its signaling pathway are necessary and 

sufficient to directly trigger enhanced xylogenesis (111, 181). 

Cytokinins also regulate cambium activity and stimulate wood formation. Initially, it 

was proposed that cytokinins, being a known factor for cell division, acted as a signaling 

molecule during nuclear divisions followed by cytokinesis, when fiber formation occurred 

(3). Due to the stimulating effect of cytokinins on cell division, in other studies Nieminen et 

al. (2008) observed that their activity was a direct determinant of radial growth in poplar 

(Populus trichocarpa) and birch (Betula pendula). This was demonstrated using transgenic 

trees ectopically expressing an enzyme that degrades cytokinins in the cambial zone. Thus, in 

both transgenic poplar and birch, decreased cytokinin signaling was observed, where both 

apical and radial growth were compromised, showing a reduction in the number of cell 
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divisions in the vascular cambium (159). Likewise, researchers also noted that the 

Arabidopsis thaliana quadruple mutant atipt1;3;5;7, which disrupts four genes encoding 

cytokinin biosynthetic isopentenyl transferases, failed to develop cambium and displayed 

diminished root and stem thickening. However, following the application of exogenous 

cytokinins, these plants exhibited augmented secondary growth, thereby restoring the 

thickening of previously affected organs. Additionally, grafting of the quadruple mutant onto 

WT plants resulted in normal growth of both root and shoot, where it was determined that 

shoot-derived trans-zeatin-type cytokinins, but not isopentenyladenine-type cytokinins, 

restored cytokinin levels from WT plants. Therefore, cytokinins were shown to influence the 

regulation of cell division rate but not the direction or pattern of cell differentiation in the 

vascular cambium (148). 

On the other hand, multiple studies have demonstrated how different forms of physical 

stress, such as bending stems or branches in woody plants, induce ethylene biosynthesis (196, 

55, 6, 141, 243, 204, 203). In this context, trees and woody plants frequently produce two 

types of reactive wood in response to mechanical and gravitational forces exerted by the 

wind. The influence of wind typically stimulates increased stem diameter growth to prevent 

breakage, resulting in the formation of compression wood. On the other hand, when the trunk 

is statically inclined, it triggers a localized growth reaction known as tension wood. 

Consequently, in gymnosperms, compression wood, which is rich in lignin, usually forms in 

the lower section of inclined stems or branches. Conversely, in dicotyledonous angiosperm 

trees, tension wood develops in the upper portion of inclined stems. This results in fibers 

characterized by an inner gelatinous secondary cell wall layer, devoid of lignin but abundant 

in cellulose. This asymmetrical growth aids in correcting the stem's orientation (96, 7, 56). 

Several studies have explored how mechanical stresses in stem wood locally stimulate 

cambium activity, showing a positive correlation with ethylene biosynthesis (158, 136, 141, 

242). Initially, in vegetative tissues in response to many environmental signals, ethylene 

synthesis starts from S-adenosylmethionine, through the action of 1-Aminocyclopropane-1-

carboxylic acid (ACC) synthase (ACS) and oxidase (ACO). Savidge et al. (1988) noted ACC 

activity in the cambium of Pinus contorta trees during compression wood formation, with 

ACC synthesis observed during xylem expansion and maturation (196). Similarly, induced 

tension wood, as studied in Metasequoia glyptostroboides and Aesculus turbinata, showed a 

parallel trend between cambial activity, quantified by wood formation, and ethylene 

production evolution in both species (56). While it was confirmed in poplar that cambial cell 
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division is induced by ethylene when tension wood is generated (141), high levels of ethylene 

production can also occur in response to either compression or tension wood formation (6, 

204). 

Considering that ethylene application stimulates cambial growth in both trees and 

herbaceous species (20) and is naturally produced in wood-producing tissues, additional 

studies provide support for the notion that exogenously applied ethylene affects the pattern 

and rate of xylem development (6). In cell cultures of Zinnia elegans, ethylene was found to 

stimulate the differentiation of tracheary elements (TE), while the application of inhibitors of 

ethylene biosynthesis prevented this differentiation. These findings led the authors to 

conclude that ethylene synthesis takes place in the apoplast of xylem elements and also plays 

a role in regulating the size of cambial mother cells by promoting local auxin biosynthesis 

during secondary xylem formation (176, 249). The relationship between secondary xylem 

development and ethylene biosynthesis is evident from the impact of elevated levels of 

exogenous ethylene (or its precursors) on cambial growth, xylem morphology, and the 

ontogeny of vessels, fibers, and rays during wood formation (137). 

Furthermore, in conjunction with the synergistic effects of auxin, ethylene's role in 

secondary root growth has been delineated. It has been proposed that ethylene enhances auxin 

levels in the cambium adjacent to the xylem, thus sustaining cambial activity (249). 

Consequently, ethylene can induce auxin biosynthesis and basipetal auxin transport to the root 

elongation zone, triggering a local auxin response that inhibits cell elongation. Consistently, 

in mutants with impaired auxin perception or transport, it was noted that ethylene failed to 

trigger the auxin response or regulate root growth. Given that ethylene is recognized for 

modulating the transcription of several auxin transport components, it facilitates the local 

activation of the ethylene-regulated auxin signaling pathway to regulate root growth (132, 

177, 182, 192). 

 

1.8.3 Regulatory network of vascular cambium during secondary growth 

 

Plants modulate their cambial activity in response to environmental cues like 

photoperiod, temperature fluctuations, and the availability of water and nutrients. Hence, the 

vascular cambium needs to adeptly generate various cell types constituting the xylem and 

phloem, diverging in opposite directions and with varying rates over the plant's lifespan, all 

while ensuring a consistent pool of stem cells in equilibrium. Given the influence of both 
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genetic predispositions and environmental conditions on cambial activity, directing newly 

divided cells along distinct developmental trajectories, the cambium necessitates 

responsiveness to external stimuli like climate fluctuations to initiate and cease periods of 

dormancy. Moreover, it must remain receptive to internal shifts, such as transitioning from the 

xylem expansion phase due to flowering cues, facilitating plant and organ thickening growth. 

Hence, the gene networks governing the establishment and upkeep of the vascular cambium 

are highly specialized. Previous research in Arabidopsis has shed light on these gene 

networks, particularly during secondary growth in wood-producing plants such as poplar 

(148, 29). 

During the regulation of stem cell proliferation in the cambium, the TDIF peptide 

moves from the phloem to the cambium, binding to its receptor, the PHLOEM 

INTERCALLATED WITH XYLEM (PXY) gene, a leucine-rich repeat receptor-like kinase. PXY 

is activated by its ligands, the small peptides CLV3/ESR1-LIKE 41 (CLE41) and CLE44, to 

positively regulate the expression of WOX4 and WOX14. Activation of WOX4/14 leads to the 

maintenance of stem cell proliferation resulting in vascular cambium cell proliferation. 

Additionally, the PXY signaling pathway also activates BIN2, the GSK3 protein that inhibits 

the expression of the TF BES1, allowing xylem differentiation. Furthermore, through another 

signaling pathway, ethylene controls vascular cambium cell proliferation in the absence of 

WOX4/14. Therefore, ETHYLENE RESPONSE FACTOR (ERF) induced by ethylene, along 

with ANT and CYCD3 (the CYCLIN D3 cell cycle regulator group) induced by cytokinins, 

also participate in cambial cell proliferation (207, 73, 149, 64, 63, 227, 143, 184, 29). 

In this regard, PXY and CLE41 form a multifunctional ligand-receptor pair that 

regulates vascular cell division, vascular organization, and xylem differentiation in vascular 

tissues. Additionally, WOX4 acts redundantly with WOX14 in regulating vascular cell 

division, albeit not in its organization (63). Furthermore, the ethylene signaling pathway also 

interacts with PXY, in parallel to PXY/CLE41, to regulate cell division in developing vascular 

tissue. Therefore, PXY and WOX4 may work together with various ERF TFs and the ethylene 

signaling pathway to maintain regulated cell divisions of the vascular cambium during tissue 

development. In this context, the central regulation of cell division and organization by TDIF-

PXY-WOX4/14 in the cambium can occur in both poplar and Arabidopsis (65, 64, 62, 228). 

On another note, while HD ZIP Class III TFs have been implicated in determining cell 

polarity, patterning in lateral organs, differentiation of primary vascular tissues, and the 

initiation and function of shoot apical meristems, during secondary growth in Populus, 
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another function of these TFs has been demonstrated during cambial development and 

secondary vascular tissue formation (124, 38, 257, 183). In this regard, it was observed that 

the popREVOLUTA (PRE) gene, an ortholog of Arabidopsis thaliana REVOLUTA, is 

expressed both in the shoot apical meristem and in the woody stems of Populus trees. 

Robischon et al., (2011) demonstrated that PRE is normally expressed during secondary 

growth, being essential for cambium initiation and secondary vascular tissue patterning. 

Moreover, erroneous expression of PRE leads to cambium initiation at abnormal positions, 

resulting in vascular pattern defects in derived secondary tissues, including complete polarity 

inversions (186). Therefore, in woody plants, during secondary growth, HD ZIP Class III TFs 

have also been recognized to act in the establishment and differentiation of vascular cambium 

(201, 124, 149, 186, 38, 257). 

In another aspect, during leaf development in Arabidopsis, three main gene families 

have been recognized for establishing the adaxial/abaxial pattern; KANADI, HD ZIP Class III, 

and YABBY. Studies on mature poplar leaves observed that the expression of an AtKAN1 

homolog (PttKAN1) showed high expression towards the phloem side of the cambial zone, 

similar to the abaxial expression of AtKAN1 during Arabidopsis leaf development. In the 

same vein, poplar homologs for the PHAVOLUTA/PHABULOSA genes (PttHB9) and 

ATHB15 (PttHB15) also exhibited increased expression on the xylem side of the cambial 

zone, indicating their involvement during secondary growth. Additionally, considering that 

ATHB8 expression is noted in the initial phases of vascular differentiation, its homolog in 

poplar, PttHB8, was specifically identified on the xylem side of the cambial zone and in the 

neighboring expanding xylem. Considering this, since poplar homologs of KANADI and HD 

ZIP III genes could be involved in the radial pattern of secondary tissues, YABBY family 

genes might express more specifically in leaves and other organs such as flowers (201). 

Expanding on earlier discoveries, it has been shown that gene expression profiles, 

such as PttKAN1 and PttHB9 in poplar stems, closely match the reported expression patterns 

of their Arabidopsis thaliana counterparts in leaves. Given that leaf vasculature is contiguous 

with that of the stem, it is highly probable that they arise from a shared patterning mechanism. 

Additionally, since there seems to be a level of conservation in the radial patterning system 

between the shoot apex and the cambial meristem, various transcriptomic analyses in 

Arabidopsis and Populus have revealed that certain genes linked to vascular development 

during primary growth are also active during secondary growth. Moreover, genes such as 

SHR and SCR, which primarily function in vascular development in the Arabidopsis RAM, 
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also exhibit expression towards the phloem differentiation side in the cambial zone in their 

poplar homologs, PttSHR1 and PttSHR2. However, the expression of the closest SCR 

homolog was less pronounced, possibly indicating its limited involvement in early 

differentiation events (201, 16). 

 

1.8.4 Cambial area anatomy 

 

Conceptually, the region encompassing the cambium consists of stem cells or their 

derivatives along with initial cells. Anticlinal divisions of these initial cells lead to an 

expansion of the cambial cylinder's circumference, while periclinal divisions give rise to stem 

cells or their derivatives destined for differentiation into phloem and xylem. These derivative 

cells, responsible for secondary conducting tissues, also serve to establish the initial cells in 

the meristems. Consequently, these cambial derivative cells can undergo multiple divisions 

before committing to vascular tissue differentiation, thereby preserving a balance between 

undifferentiated initial cells and differentiated derivatives. As a result, the term "cambial 

zone" encompasses all cell types within the cambium (223). In this context, the vascular 

cambium comprises two morphologically distinct types of initial cells: elongated axial 

fusiform initials, responsible for forming the axial system including tracheids, vessel 

elements, fibers, axial parenchyma cells, SE and CC (phloem); and isodiametric ray initial 

cells, which are smaller and contribute to the development of radially oriented parenchyma 

rays (16). 

Therefore, during axial growth, as the cambium develops near photosynthetic tissues, 

xylem cells typically exhibit relatively shorter lengths, thinner cell walls, and axes oriented 

away from the longitudinal axis of the stem. Moreover, xylem cells originating in the 

cambium near the upper part of the tree, or crown, often contain cellulose microfibrils that are 

less oriented towards the cell's longitudinal axis, and their cell walls typically have a higher 

lignin content compared to cellulose. Consequently, the wood derived from these cells is 

generally less dense and referred to as juvenile wood. In contrast, mature wood, formed by 

older cambial tissues located further from the leaves, is denser and exhibits superior strength 

properties, making it economically valuable (140). Therefore, cambial cells divide in a 

systematic fashion along their longitudinal axis, resulting in well-defined rows of cells as 

observed in tree growth rings and also in higher plants such as Arabidopsis (36). 
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1.9 Anatomical aspects and vascular development in coffee plants 

 

1.9.1 Botanical aspects overview of the coffee tree 

 

Botanically, plants of the Coffea genus can be recognized as trees with a single main 

trunk (orthotropic) of hard and dense wood, with horizontal or semi-horizontal branches 

(plagiotropic branching) and paired axillary inflorescences (11). The growth of the coffee tree 

is generated from meristematic cells located at the apex of the stem, branches, and in the leaf 

axils, in which the primordia of nodes, leaves, branches, and flowers develop (47, 11). The 

stem apex is responsible for node and leaf formation and for the vertical growth of the plant 

(orthotropic growth). At the branch apex, node and leaf formation occur along with lateral 

growth (plagiotropic growth) (47, 10, 40). In coffee, as in other dicotyledonous plants, the 

first root axis emerges from the radicle and is referred to as the taproot, from which the root 

system is composed mainly of lateral roots, feeder roots, and root hairs (71).  

At a specific distance from the stem apex and branches, 4 or 5 buds form in a series 

within the leaf axils, from which either flowers or branches will differentiate (11). When these 

buds are situated on the main stem, the eldest one exclusively produces horizontal shoots, 

serving as primary branches. Consequently, in the coffee tree, a pair of opposite branches 

emerges at each node. Subsequent buds in the series generate vertical shoots, while the 

remaining buds stay dormant or may potentially develop cauline flowers. However, when 

positioned on the branches, their primary purpose is to flower. Buds that don't transition into 

flowers have the potential to develop into secondary or tertiary branches. As the fruiting 

phase ensues, branches aged at least one year will bear fruit. The plant sustains its 

productivity for 20 years or longer, with peak yield typically occurring between 5 and 10 

years of age (47, 10, 40, 11). 

 

1.9.2 The first establishment of vascular pattern during coffee embryogenesis 

 

The vascular pattern in coffee plants is established during embryogenesis, marking the 

initial development of fundamental conducting tissues. Therefore, from this process, 

meticulous cellular differentiation and organization during the embryonic stage lay the 

groundwork for the development and subsequent functioning of the plant's vascular system, 

which is essential for its growth and development. 
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The mature coffee fruit, considered an indehiscent drupe, is anatomically composed of 

a pericarp differentiated into the exocarp, mesocarp, and endocarp, which constitute the layers 

surrounding the seed, which in turn consists of an embryo, endosperm, and perisperm. 

Initially, the exocarp, which comprises the outermost part of the fruit, consists of a layer of 

compact polygonal parenchymal cells. The mesocarp, also known as mucilage or pulp, is the 

fleshy part of the fruit between the parchment and the skin, consisting of parenchymal cells 

and vascular bundles. As for the endocarp, more commonly known as parchment, it is 

composed of sclerenchyma cells and cellulose material that completely envelops the seed 

(71). 

Regarding the seed, it is surrounded on its outermost part by the perisperm, composed 

mainly of sclerenchyma cells. Next, in layers, follows the endosperm, considered a living 

tissue, which represents the main reserve tissue for the initial growth of the seedling once 

germination begins. Additionally, on the innermost part, is the embryo composed of a 

hypocotyl attached to two cotyledons, located near the convex surface of the seed. 

Furthermore, the coffee embryo initially has few storage reserves and, therefore, relies on the 

endosperm to obtain nutrients during its initial growth (71). 

The morphological and cellular changes occurring during in vitro embryogenesis have 

been well described, supported by histological observations of the different cellular 

conformations emerging at each stage of development. Previous research by Bartos et al. 

(2018) provided important histological insights into the development of somatic embryos 

obtained from C. arabica leaves. Initially, they observed that somatic embryos were primarily 

composed of protoderm surrounding the fundamental meristem. Subsequently, at the torpedo 

stage, tissue polarization was observed, leading to early differentiation of procambial strands. 

Later, when cotyledonary somatic embryos were obtained, they were observed that at this 

stage, the initiation of vascular element differentiation occurred, a characteristic also observed 

in mature zygotic embryos (Figure 1) (14). 

Building upon the aforementioned, from the generation of embryogenic callus of 

coffee plants, the somatic embryos obtained progress through typical developmental stages; 

globular, heart-shaped, torpedo, and cotyledon stages. Although various studies addressing 

somatic and/or zygotic embryo production do not focus on the anatomical description of 

provascular cell development, different works have shed light on the stages at which the 

differentiation of cells with vascular identity begins during coffee embryogenesis (154, 180, 

66, 14, 12, 69). 
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Figure 1. The schematic provides an approximate reconstruction depicting the initial establishment of 
provascular cellular identities during embryogenesis and the formation of the vascular pattern in the 
first coffee root and cotyledons. Cells shaded in dark and light yellow represent procambium identity, 
while purple and dark blue cells indicate pro-vascular and initial vascular tissues, such as xylem and 
phloem. Lemon green cells denote the identity of the root apical meristem (RAM). a. Heart-shaped; 
embryos primarily consist of a protoderm enveloping the fundamental meristem b. Torpedo; early 
differentiation of procambial cells. c. The cotyledonary embryo comprises a hypocotyl attached to two 
cotyledons, each exhibiting its respective cotyledonary veins. Initiation of vascular element 
differentiation.  
 

1.9.3 Development of vascular tissues of the coffee leaf 

 

The development of leaves in the coffee plant initiates three crucial physiological 

processes essential for growth, vegetative development, and reproductive development: 

photosynthesis, respiration, and transpiration. The leaf originates from the apical bud, which, 

when observed in a longitudinal section, appears as a protuberance composed of several 

layers of cells. Some of these cells possess the capacity to divide, generating new cells that 

will contribute to the formation of other plant organs. Leaf development commences with a 

series of divisions in one of the three outermost cell layers near the apical bud, leading to the 

formation of a lateral protuberance or leaf primordium (11, 235). 

While current studies on the origin and establishment of conductive tissues during leaf 

primordia growth in coffee plants are scarce, Fournier (1965) provided insights into the origin 

and differentiation of vascular tissues in Coffea arabica L. cv. bourbon Choussy. It was 

observed that procambium and phloem differentiation proceeds continuously and acropetally 

in all leaf veins, while xylem differentiation begins in isolated cords. Initially, the first xylem 

elements appear in the middle third of the main vein, where the first procambium cells 
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differentiate into secondary veins. Consequently, the differentiation of secondary and minor 

vein elements forms a complex venous network, where any increase in area results from 

intercalary growth. However, no phloem elements were observed at the ends of smaller veins 

(47, 75). 

 

1.9.4 The vascular tissues of the stem and root of the coffee plant  

 

Coffee, being a vascular and woody plant, initiates the development of its conductive 

tissues from the procambium during its primary growth phase, while its secondary growth is 

driven by the cambium cells. Radial expansion in coffee stems primarily originates from two 

lateral meristems commonly found in woody dicotyledons: the vascular cambium and the 

cortical cambium (16).  

Following seed germination and during the initial growth phase of the stem, the 

procambium generates centripetal xylem and centrifugal phloem, forming vascular bundles 

arranged in a ring-like pattern within the tissue (46). Cross-sections of orthotropic and 

plagiotropic branches of coffee plants undergoing secondary growth reveal a well-structured 

composition of tissues. From outermost to innermost, these tissues include the periderm 

(cortex, phellogen and phelloderm), cortical parenchyma, secondary phloem, cambium, 

secondary xylem, primary xylem and pith (Figure 2) (47, 74, 70).  

Initially, the cortex comprises the periderm, consisting of the outermost layer of cork 

or phellem, the phellogen (a meristematic tissue characterized by periclinal divisions in the 

subepidermal layer), and the phelloderm (70). Subsequently, the formation of the secondary 

phloem can be observed, which extends towards the cortex, enveloping the secondary xylem 

as it grows inward within the trunk. Notably, cells in both the xylem and phloem exhibit 

predominantly vertical orientation, with the vascular cambium serving as a reservoir of stem 

cells, defining the growth boundary for both cell types. As coffee stems mature, the secondary 

phloem and xylem give rise to fiber bands, observable as horizontal parenchyma intersected 

by medullary rays serving as starch reservoirs. The activation of both the phellogen and 

vascular cambium, responsible for generating protective and secondary vascular tissues 

respectively, facilitates the expansion of the plant stem's girth. Consequently, the initiation of 

the phellogen in coffee plants results in the formation of periderm tissue (47, 16, 70). 

Conversely, the pith, found exclusively in stems and absent in roots, primarily comprises 

parenchyma tissue. Typically, parenchyma serves as the predominant constituent of ground 
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tissue, pervading all plant organs as a continuous structure composed of isodiametric cells 

featuring thin cell walls (9, 70). 

 

 
Figure 2. The schematic is an approximate reconstruction of the structures mostly of the conducting 
tissues, during the secondary growth of orthotropic stems of Coffea arabica. Based on Dedecca 
(1957).  
 

On the other hand, the root development in angiosperms initiates from a meristem 

positioned at the base of the hypocotyl of the seed embryo, which generates the embryonic 

root. Upon germination, the initial structure to emerge is the radicle or primary root. In 

gymnosperms, magnoliophyta, and eudicots, the primary root extends vertically downward, 

evolving into the taproot, from which branches or lateral roots emerge, establishing the 

taproot system (11). 

The typical roots of angiosperms, including the coffee plant, consist anatomically of 

several distinct regions. Firstly, the calyptra or “coifa” serves as an apical tissue protecting the 

root tip. Above this lies the meristematic region or growth point, composed of actively 

dividing small, prismatic cells, which give rise to the fundamental tissues of the root: the 

protoderm (the precursor of the epidermis), cortex, and the procambium responsible for the 

development of xylem, phloem, pericycle, and cambium. Subsequently, the region of 

elongation encompasses the apical meristematic zone, followed by the region of 

differentiation or maturation. In this final region, specialized epidermal cells differentiate into 

absorbent roots (47, 11). 
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Above the elongation zone in the main coffee root, a radial structure emerges from a 

cross-section, comprising the epidermis, the cortex (divided into exodermis, central cortex, 

and endodermis), and the vascular cylinder or stele. The vascular tissues, enclosed by the 

endodermis, include the pericycle, xylem, and phloem (Figure 3). The pericycle consists of 

closely connected, thick-walled cells without intercellular spaces, serving as the origin of 

lateral roots. Moreover, the pericycle forms in direct association with the protophloem and 

protoxylem, retaining its meristematic potential to give rise to both the vascular cambium and 

the suberous or phellogen cambium. According to Dedecca (1957), the differentiation of 

conductive tissues initiates approximately 3.5 mm from the root apex, as the cells of the 

procambium undergo differentiation. This process leads to the formation of the first 

protoxylem elements, characterized by relatively thin cell walls. Concurrently, protophloem 

initials emerge between these proto-xylematic elements. Both primary xylem and phloem 

differentiate centripetally. As xylem differentiation continues, a solid xylem core forms at the 

center of the vascular cylinder, imparting a proto-stelic radial structure to the root. This solid 

core gives rise to branches that extend towards the pericycle, interspersed with strips of 

phloem (47, 11). 

 

 
Figure 3. The schematic provides an approximate cross view of the tissues during root growth located 
near the base of the hypocotyl of Coffea arabica L. 
 

The coffee root is considered polyarchic, with a radial variation in the number of 

vascular bundles ranging from 6 to 11 bundles of primary xylem and phloem. Protoxylem 

mainly comprises non-septate woody fibers, spiral-type tracheids, and small vessels with 
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simple perforated plates and walls featuring punctate to alternating spaces. Upon formation of 

the metaxylem, cells become enriched with woody parenchyma and develop thick cell walls. 

The protophloem exhibits a typical configuration of sieve elements-companion cells (SE-CC) 

and phloem parenchyma (47). 

While comprehensive studies specifically targeting the vascular development of coffee 

plants are limited, previous research has explored the development of conductive tissues in a 

manner more focused on the crop's physiology. Various studies have investigated 

vascularization directly, such as when coffee plants are subjected to water stress (39), or 

indirectly through anatomical alterations observed under boron deficiency (189), heat stress 

(135), induced sprouting of microcuttings (46), changes in the foliar anatomy implanted using 

hydro retainer polymers (173), and nutritional variations. It has been noted that soil fertility 

can influence the development of stem xylem (35). 

 

1.9.5 Insights into the regulatory network governing vascular development in coffee 

trees 

 

Several investigations have made significant strides in unraveling the molecular 

mechanisms underlying vascular development, particularly in Arabidopsis for both primary 

and secondary growth, and Populus for secondary growth and wood formation (27, 36, 218, 

16, 143, 152, 191, 212). Hormonal signaling has emerged as a crucial regulator in the 

proliferation of procambium and vascular cambium cells, employing a peptide-receptor-

transcription factor regulatory mechanism akin to that governing the activity of the shoot 

apical meristem (SAM) (102, 99, 100, 227). Additionally, the differentiation of procambium 

and vascular cambium into phloem and xylem cells is orchestrated by plant hormones and 

HD-ZIP Class III TF, while the coordinated activation of genes involved in secondary wall 

biosynthesis for xylem establishment, and wood formation is primarily mediated by a 

transcriptional network encompassing NACs and MYB master switches, along with their 

downstream TF (33, 254, 252, 153, 101, 186, 221, 83, 171, 183, 97, 79). Given the 

availability of genomic sequences from various vascular species, key genes involved in 

vascular bundle development are now known. This knowledge holds promise for elucidating 

the genetic network regulating the establishment of conductive tissues in specific plant 

organs, such as flowers and fruits. Moreover, understanding the genetic network governing 
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vascular development during the reproductive phases, particularly in economically important 

plants like the coffee plant, is imperative for enhancing productivity.  

Recent studies have advanced our understanding of the genes underlying 

vascularization in coffee, an important agricultural commodity. Much of this knowledge has 

been derived from model plants like Arabidopsis thaliana, which may share common gene 

expression patterns with coffee plants. In this way, transcriptome analyses during somatic 

embryogenesis induction in Coffea canephora have revealed the involvement of ARF and 

Aux/IAA genes (179). Additionally, research on microRNAs has elucidated regulatory 

mechanisms in vascular development, particularly in woody plants (50, 68). Similarly, gene 

expression studies in Coffea arabica have explored genes related to the two-component 

system and cytokinin signaling pathways, uncovering interactions with morphogenic genes 

like WUSCHEL, WOX5, BABY-BOOM, LEC1, FUS3, and AGL15 (222). These insights 

contribute to a comprehensive understanding of the molecular mechanisms governing 

vascular development in coffee plants, particularly during somatic and zygotic embryo 

generation (155, 14). 

Previous studies have provided insights into the vascular tissue formation in different 

organs of the coffee plant, identifying distinct patterns of conductive tissues at the anatomical 

level. For instance, Bartos et al. (2018) elucidated the histological characteristics of somatic 

embryos derived from Coffea arabica leaves, shedding light on vascular tissue differentiation 

during embryogenesis. Additionally, Deddeca (1957) contributed valuable information 

through comparative anatomy regarding the organization of vascular cells and tissues in each 

organ of Coffea arabica. Moreover, Fournier (1965) demonstrated the continuous 

differentiation of procambium and phloem, along with the initiation of xylem formation in 

coffee leaves. However, while emphasis has been placed on understanding the processes 

involved in the secondary growth of stems, leaves, and roots to enhance agricultural practices 

and crop yield (70, 175, 71, 222, 35), studies addressing the gene network directly involved in 

the development of procambium/cambium, xylem, and phloem during primary and secondary 

growth, as well as reproductive organ development in coffee, are lacking. Therefore, building 

upon previous knowledge of regulatory gene networks in Arabidopsis and Populus, especially 

regarding vascular cambium cell proliferation, a similar gene network is proposed with genes 

that would be orthologous in Coffee, during the development of conductive tissues in 

secondary growth of coffee stems (Figure 4). 
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Figure 4. The schematic provides an approximate reconstruction of the regulatory networking during 
the secondary growth of Arabidopsis thaliana stems. It serves as a model for understanding the 
regulatory network involved in the cambium proliferation in coffee plant stems. In this context, it is 
hypothesized that during the secondary growth of coffee plants, the TDIF peptide orthologous gene 
translocates from the phloem to the cambium, where it interacts with its corresponding PXY receptor 
ortholog. Activation of the WOX4/14 ortholog then maintains stem cell proliferation, while a distinct 
BIN2-BES1 pathway regulates xylem differentiation. Additionally, ethylene signaling modulates cell 
proliferation when the WOX4/14 ortholog is absent, enhancing the robustness of the pathway. As well, 
cytokinin-induced ANT and CYCD3;1 are involved in cambial cell proliferation. Adapted from Lucas 
et al., (2013) and Campbell and Simon Turner, (2017). 
 

Given the aforementioned points and in conjunction with various anatomical studies 

on vascular development in coffee plants, there is a notable importance in conducting future 

research to study and propose orthologous genes and signaling pathways in vascular patterns, 

specifically the interactions of the TDIF peptide ortholog and the PXY receptor, which have 

been implicated in vascular cambium cell proliferation, as well as the WOX4/14 orthologous 

pathway that may be involved in regulating and maintaining stem cells during secondary 

growth as in Arabidopsis (207, 73, 65, 99, 64, 63). These findings could provide insights into 

the intricate regulatory networks governing vascular development in coffee plants, thus 

offering valuable information to enhance crop productivity. 

 

1.10 Concluding remarks and future perspectives 

 

Land plants have developed intricate vascular systems to address diverse physiological 

requirements. These systems facilitate the efficient distribution of photoassimilates from 
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leaves to roots, ensuring a sufficient provision of vital nutrients for the organism. Moreover, 

cellular differentiation plays an important role in this process, as cells need to acquire distinct 

identities to execute specific functions within the vasculature. This differentiation is 

orchestrated through the regulation of diverse transcriptional networks, dictating the 

specialization of each cell type. Furthermore, beyond its transport function, the vasculature 

acts as a conduit for communication among various organs, enabling the synchronization of 

metabolic and developmental processes across the plant. 

In this sense, while coffee plants and other crops may not be a primary focus in 

botanical research, its developmental diversity and economic significance cannot be 

overstated. The quality and quantity of coffee yield are not only reliant on sound agronomic 

practices but also heavily dependent on the meticulous development of conductive tissues 

originating from the vascular procambium/cambium. This intricate process ensures the 

efficient transportation of water and vital nutrients throughout the plant. Despite the essential 

role these tissues play, our understanding of vascular development in various organs of the 

coffee plant, such as reproductive organs, remains limited. Thus, further exploration and 

research in this domain are imperative to refine management strategies and augment globally 

coffee production. Such advancements would yield valuable insights into crops anatomy and 

pave the way for strategies to plant breeding and enhance food production.  
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Abstrac 

Coffee beans are an important agricultural product primarily grown in tropical countries. The 
flowering of coffee plants is necessary for bean development but can be uneven, leading to 
inconsistent fruit maturation. In Brazil, where mechanized harvesting mixes green and ripe 
beans, this phenomenon can impact quality. In addition, non-uniform flowering complicates 
pest and disease control. The reproductive period of coffee plants depends on photoperiod and 
water availability. Once induced, floral organs progress through developmental stages 
classified based on size and coloration. Floral buds enter a reproductive arrest period, usually 
called dormancy, when they reach a length between 4 - 6 mm in size that coincides with dry 
periods in Minas Gerais, Brazil. Sporadic rains during this period can trigger growth in larger 
buds, exacerbating developmental differences between buds, even in the same node. Key 
transcription factors in model species are known to initiate vascular bundle development. 
Here we identified, characterized, and evaluated three key orthogroups: HD14 (HD-ZIP Class 
III) for procambium initiation and formation, OCTOPUS for phloem cell identity, and VND7 
for protoxylem and metaxylem development. Our integrated approach of anatomical peduncle 
characterization and RNAseq/RT-qPCR analyses unravels molecular control mechanisms in 
coffee vascular development. This research aims to enhance coffee production and improve 
strategies for other globally important crops. 
 
Keywords: flowering and fruiting of coffee; peduncle vascular development; gene 
characterization; RNAseq/RT-qPCR expression analyses. 
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2.1 Introduction 

 

Due to the significant socioeconomic importance of coffee production, sale, and 

consumption worldwide, various agronomic strategies have been developed to meet the need 

for plants with greater productivity, disease resistance, and superior cup quality (Arcila-

Pulgarin et al., 2001; Ferreira et al., 2019). Knowledge of the coffee plant and its agronomic 

characteristics has been fundamental to understanding practical issues of coffee cultivation, as 

well as the interaction of this crop with the environment (Krishnan, 2017). The Coffea genus, 

belonging to the Rubiaceae family, also holds great scientific value (Anthony et al., 2010). 

Studies at physiological, anatomical, and molecular levels have enriched scientific knowledge 

of the species, which has also helped to improve its production. The allopolyploidy of Coffea 

arabica L. (2n = 44), the most economically important species of the Coffea genus, arises 

from an interspecific cross between Coffea canephora Pierre ex Froehner and Coffea 

eugenioides Moore (Lashermes et al., 1999). This genomic feature makes it an interesting 

candidate for evolutionary studies aimed at understanding regulatory networks in polyploids 

(Cherubino Ribeiro et al., 2023).  

The coffee bean production is centered around three species; Coffea arabica (69%), 

followed by Coffea canephora (30%) and Coffea liberica (1%). For the 2023/24 period, world 

coffee production is projected at 178 million bags, with South America contributing 89.3 

million bags, led by Brazil at 59.1 million bags (CONAB, 2024). This global market involves 

not only production centers but also consumption and trade routes over 60 countries 

supporting the livelihood of millions (Waller et al., 2007).  

Members of the Coffea genus are perennial woody plants. C. arabica and its close 

relative C. canephora take two years to transition from a vegetative meristem at a node to 

produce flowers and fruits, leading up to the senescence of fruitful branches (Camargo and 

Camargo, 2001). The reproductive phase is marked by the emergence of numerous floral 

buds, many of which fail to develop into fruit due to abortion. In addition, the coffee plants 

must maintain the shoot apical meristem in a vegetative state to enable simultaneous yet 

spatially separated growth and reproductive development (López et al., 2021). The 

combination of these and other factors likely leads to the non-uniformity in coffee plants' 

flowering and fruit ripening process, a serious economic problem that impairs the coffee 

market as a whole. 
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Previous studies have addressed the non-uniformity of coffee flowering and ripening 

in terms of the spatiotemporal expression MADS-box genes (de Oliveira et al., 2014),  floral 

induction timing (Cardon et al., 2022), small RNAs regulation (Cherubino Ribeiro et al., 

2024), ethylene signaling (Lima et al., 2021a), and water availability (López et al., 2021) 

(López et al., 2022). However, few studies have focused on the anatomical aspects of coffee 

plant vascularization, particularly the peduncles connecting floral buds and fruits with the 

plant, especially in the context of non-uniformity. 

Peduncles are considered extensions of stems and are responsible for the support and 

conduction of sap to the flowers and fruits (Beentje and Williamson, 2010). The peduncle of 

coffee reproductive organs has been little studied. The available  literature has examined the 

coffee fruit peduncle primarily to determine the mechanical and physical properties to 

improve mechanized harvesting (Brandão et al., 2016; De Melo et al., 2023). Nevertheless, 

little is known about the anatomy and vascular development of the peduncle during the 

reproductive phase of coffee.  

This study aims to fill this gap by providing a detailed analysis of the anatomical and 

molecular changes in the peduncles during different growth stages of C. arabica. By 

combining anatomical analyses, molecular techniques, bioinformatic, and statistical 

approaches we were able to identify, characterize and evaluate expression profiles of potential 

candidate genes orchestrating the peduncle vascular development at key steps of coffee floral 

bud development. We show a high degree of cellular organization in the woody plant C. 

arabica potentially orchestrated by known genes in vascular plants, such as those found in 

Arabidopsis and Populus. These include Class III homeodomain-leucine-zipper (HD-Zip III) 

(Emery et al., 2003), OCTOPUS (OPS) (Bauby et al., 2007; Truernit et al., 2012), 

VASCULAR-RELATED NAC-DOMAIN6 and 7 (VND6 and 7) (Kubo et al., 2005) and 

SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN1 (SND1) (Zhong et al., 2006). 

Our findings not only enhance the understanding of vascular development in coffee, and 

potentially other crop species, but also offer valuable insights that could improve coffee 

cultivation practices, particularly in optimizing conditions for synchronous flowering and 

fruiting. 
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2.2 Materials and methods 

2.2.1 Plant material for anatomical analyses 

 

We collected the plant material at the Cafuá Farm in the municipality of Ijací, Minas 

Gerais, Brazil (21º9’52’’S and 44º59’31’’W, 940 m.a.s.l.). We sampled floral buds, flowers, 

and fruits of C. arabica, Var. Catuaí vermelho IAC 144, with 8 years old, at different 

developmental stages from the plagiotropic branches located in the middle part of the coffee 

plant, during the reproductive phase, facing east. To determine the stage of development at 

which the vascular bundles begin to form in the peduncles of the coffee tree's reproductive 

organs, we analyzed 16 reproductive stages of 18 adapted from Morais et al. (2008) 

classification, including the shoot apical meristem (SAM) and stages G1 through G6, as well 

as the floral stages. Additionally, we collected samples that we classified as “shedding of 

floral whorls”, “beads-like”, “fruit filling”, “green fruit”, “green-cane fruit”, and “red fruit” 

stages (Figure 1). The samples were then processed at the Laboratory of Molecular 

Physiology in Plants (LFMP) and the Laboratory of Structural Botany at the Federal 

University of Lavras (UFLA), Minas Gerais, Brazil. 

 

 
Figure 1. The diagram outlines the developmental stages of floral buds and fruits in C. arabica. SAM; 
Shoot apical meristem. Development of flower buds adapted from Morais et al., (2008): G1; nodes 
with apparently undifferentiated buds, G2; nodes with swollen buds, G3; buds measuring up to 3 mm 
in length, G4; buds measuring from 3.1 to 6 mm in length and green color (Earlier G4: before rains, 
and Late G4: after rains), G5; buds from 6.1 to 10 mm in length and light green color, almost white, 
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G6; buds larger than 10 mm with chandelier appearance and white color, Anthesis; beginning of 
flower opening and Flower; once anthesis is completed. Development and maturation of coffee fruit 
according to our description: Shedding of floral whorls; Abscission of floral whorls, the peduncles do 
not appear to grow, Beads like; as the fruit begins to fill, the grains assume a beads-like appearance 
(from 1 to 1.5 cm in length), Fruit filling; fruits measuring larger than 1.5 and before complet fruit 
filling, Green; this stage marks the point at which the fruit is fully filled and exhibits a uniform green 
coloration throughout, Green-cane; fruits with a light green color similar to the color of the cane 
almost yellow, Ripening fruit; fruits with a color between green, yellow and red, Red; fully ripe fruits 
with a strong red color, and Senescence fruit; dark purple fruit withering. 
 

2.2.2 Histochemical preparation and histological analyses 

 

We removed the leaves from each sampled branch and collected nodes containing 

organs such as floral buds, flowers, or fruits. We placed the samples into Falcon tubes 

containing 70% ethanol and stored them at 4°C for preservation and subsequent analyses. For 

the anatomical observations, we processed and analyzed at least five biological replicates of 

each developmental stage. Then, we used a scalpel to make cuts from the inflorescence 

insertion point to the node, separating each inflorescence, including a small portion of the 

node connected to the sample and then removing the bracts of each one. 

We treated the samples with a graded ethanol series (80%, 90%, and 98%), allowing 

approximately one day for dehydration at each step, this procedure was adapted from 

Johansen (1940). Then, we immersed the samples in an activated resin solution (histological 

resin Leica, 500 mL, catalog code: 7592) following the manufacturer's instructions. For pre-

infiltration, we used a mixture of absolute ethanol and liquid base resin (1:1), leaving the 

samples in suspension for at least 7 days. Subsequently, the samples were transferred to a 

pure activated resin solution for an additional 7 days, with vacuum applications for 40 

minutes during each dehydration and embedding stage, at least twice a day. Finally, we 

embedded the samples in histomolds using the HistoResin kit (Leica Microsystems, 

Heidelberg, Germany). Thin cross and longitudinal sections (7-8 µm) were cut using a semi-

automatic microtome and stained with 0.05% Toluidine blue O in pH 4.7 acetate buffer 

(O’Brien et al., 1964) for approximately 15 seconds. 

Finally, we mounted the samples on glass microscope slides and examined and 

photographed them using a light microscope equipped with a camera (Olympus CX31 

Capture system BEL) connected to a computer, at 4x and 10x objective magnification. 

Subsequently, we analyzed the images using ImageJ software (Stossi and Singh, 2023) to 

evaluate the development of the vascular area. 
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2.2.3 In silico analyses for the identification and characterization of vascular identity 

genes in C. arabica 

 

We retrieved all in silico predicted protein sequences of C. arabica var. Caturra 

previously described by (Ribeiro et al., 2023). We utilized OrthoFinder v2.5.5 (Emms and 

Kelly, 2019) to identify orthologous groups (orthogroups) of protein coding genes in this set 

of C. arabica sequences in addition to other 24 representative plant species, which 

encompassed members from taxonomic groups such as monocots, rosids, asterids, and 

included Selaginella, a lycophyte (Banks et al., 2011), or Amborella the most basal lineage in 

the clade of angiosperms (Qiu et al., 1999) - as outgroups (Supplementary material 1). The 

parameters used were: -a 40 -M msa -os. The orthologs of the VND6 protein - 

POPTR_0015s14770 (Lin et al., 2017), OPS protein - At3g09070 (Truernit et al., 2012), and 

a member of HD Zip Class III family - UniProt ID Q9ZU11 (Prigge and Clark, 2006) were 

used to identify the sequences of each orthogroup. Sequences that were smaller than 70% of 

the length of the orthologs described in these studies, lacked expected conserved domains, or 

exhibited less than 50% similarity were excluded from the analyses. We manually evaluated 

the characteristic conserved domains of each group of orthologs using hmmscan from the 

HMMER v3.3.2 software.  

To characterize each protein ortholog, we conducted multiple sequence alignment 

using MAFFT (Katoh et al., 2002) (v. 7.490) and inferred phylogenetic trees with PHYLIP 

(Felsenstein, 1993) (v. 3.696) employing 1000 bootstrap replicates. For inferring evolutionary 

relationships among proteins, we utilized the Jones – Taylor – Thornton substitution model 

(Jones et al., 1992) and the neighbor-joining clustering method (Saitou and Nei, 1987).  

Consensus trees were determined using majority rule and generated using the Interactive Tree 

of Life (iTOL v. 6.5.8) (Letunic and Bork, 2021). 

2.2.4 Gene expression analyses by RNA-seq  

 

We retrieved quality-controlled RNA-seq libraries from coffee buds, including their 

peduncles, at stages G2, late G4, and G5 from the Sequencing Read Archive (Supplementary 

material 2). We mapped these libraries to the C. arabica Var. Caturra genome using the 

STAR aligner v. 2.7.10b. We then sorted the alignment files using Samtools and quantified 
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the reads uniquely mapped to gene-exons as characterized by Cherubino-Ribeiro et al. (2023) 

using the HT-seq count script. 

For differential accumulation analyses, we used edgeR with the glmQLFit function 

(Robinson et al., 2010). We selected glmQLFit because it is particularly suited for handling 

libraries derived from different experimental settings. We deemed a protein-coding gene 

differentially expressed (DE) between stages if its false discovery rate (FDR) was less than 

0.05 and the fold change was ≥2 in any of the contrasts. 

2.2.5 Primer design 

 

Primers for RT-qPCR were designed using the Primer3 tool (https://primer3.ut.ee/). 

Subsequently, the intraspecific specificity of the primers was evaluated with the blastn 

program v2.14.0+ using the parameters: -word_size 7-evalue 10 -task megablast. The 

interspecific specificity was performed using the online PrimerBlast tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were designed according to 

standard guidelines, ensuring an amplicon length between 80 and 150 bases. We avoided 

sequences within conserved domains, targeted a GC content of 40 – 60%, and adhered to 

additional recommendations as outlined by MIQE (Bustin et al., 2009). The full list of 

primers are available in supplementary material 3.  

2.2.6 RNA extraction and cDNA synthesis 

 

We collected plant material from buds at stages early G4 (G4E) and late G4 (G4L) on 

15/09/2022 and 04/10/2022, respectively, and immediately kept them in liquid nitrogen until 

storage at -80°C. We extracted about 2.5 μg (sd ± 0.32) of total RNA from each biological 

sample, following the method of de Oliveira et al., (2015) (Oliveira et al., 2015). We 

measured RNA concentration and purity using spectrophotometric analyses (GE NanoVue™ 

Spectrophotometer, Boston, MA), ensuring all samples had the proportion OD260/280 

between 1.8 and 2.2. Additionally, we assessed RNA integrity number (RIN) using an Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), selecting only samples with a 

RIN above 6 for further analyses. 

We treated all samples with the Ambion DNase I (RNase-free) kit (Thermo Fisher, 

Waltham, MA) and synthesized cDNA using the High-Capacity cDNA Reverse Transcriptase 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Kit (Applied Biosystems®, Foster City, CA). We used an RNA/reaction volume ratio of 1 μg 

per 20 μL, following the manufacturer's instructions. For RT-qPCR analyses, we used 15 ng 

of cDNA in a 15 μL reaction volume with the QuantiNova PCR kit (Qiagen, Venlo, 

Netherlands, Cat. No. / ID: 208256) on a Rotor Gene-Q (Qiagen) thermocycler. Each reaction 

consisted of 1.5μL of cDNA, 7.5 μL of SYBR (QuantiNova SYBR Green), 1.5 μL of each 

primer at a final concentration of 1μM, and 3.0 μL of RNase-free water, totaling 15 μL of 

final volume. We conducted the amplification with three biological replicates and three 

technical repetitions each, following the manufacturer’s instructions. We assessed primer 

efficiencies for the target genes OPS, VND, and HB, and the reference genes MDH and 

RPL39 (Martins et al., 2017), using a standard curve method. These dilution curves were also 

used to adjust RNA concentration. No-template controls (NTCs) were used to check for 

contamination. 

2.2.7 Relative expression analyses by RT-qPCR 

 

We calculated relative expression differences using the base 2 logarithm of fold 

change and performed statistical analyses, including confidence intervals, using a Linear 

Mixed Model as described by Steibel (Steibel et al., 2009). Threshold cycle (Ct) values were 

corrected based on primer efficiency. Residuals were verified to be normally distributed, and 

graphics were generated using R software. Following the MIQE guidelines (Bustin et al., 

2009), a gene would be considered differentially expressed if the fold change is greater than 2 

(upregulated) or less than 0.5 (downregulated), the confidence intervals do not include zero, 

and the p-values are less than 0.05. 

2.3 Results 

2.3.1 Early vascular differentiation in coffee floral buds and fruit peduncles 

 

During our anatomical analyses, we elucidated the presence and primary 

characteristics of vascular bundles at each developmental stage in the flower bud and fruit 

peduncles, especially in the area connecting to the branch of C. arabica plants. Our 

observations suggest that, from stages G1 and G2 onwards, early vascular structures are 

present and the vascular area is already undergoing differentiation. Therefore, given that the 

procambium area is observable in longitudinal sections of G1 and G2, we propose that once 



 

 
  

94 

the buds of C. arabica plants acquire reproductive identity and begin to sprout at the node, the 

peduncles establish a vascular connection with the branch. In this process, the vascularization 

of the branch node extends to the area connecting with the floral bud, and upon reaching the 

floral bud, we observe a procambial region (Figure 2). 

 

 
Figure 2. Longitudinal sections of the coffee flower bud at the G1 and G2 development stages. In the 
longitudinal section of G1, we observed the pathway marked by vascular bundles originating from the 
node region, which exhibited continuity along the floral bud. Similarly, at G2, the vascular area was 
observed extending from the base of the floral bud at its connection with the branch, showing a 
continuous presence of these procambium throughout the bud. Specifically: (a): G1 bud in connection 
with the branch; (b): G2 floral bud; (c): midsection of G2; (d): area encompassing the anatomical 
connection of the G2 with the branch. The white asterisks and lines are pointing at the formation of 
vascular bundles. Bar scale: 50 µm. 
 

Next, in both longitudinal and cross sections at G3, the vascular area was found to be 

larger compared to G1 and G2, with vascular cells still undergoing differentiation and 

parenchyma and pith cells more distinctly defined. In G4 cross sections, we observed 

parenchymatous cells with better defined walls and a rounded shape. Furthermore, 

vascularization showed further differentiation in the areas destined to form the xylem and 

phloem. Based on our observations, we propose that starting from G4, in buds approximately 

4 to 5 mm in length, the anatomical stage of development shows marked differentiation of 

vascular cells (Figure 3). 
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Figure 3. Vascular development in longitudinal section of C. arabica shoot apical meristem (SAM), 
and longitudinal and cross sections of G1 to G4 flower buds. In the SAM, we observed a procambial 
area. At the G1 and G2 development stages, the differentiation of vascular tissue is still in progress. 
By G3, the vascular area has expanded in comparison to earlier stages. From G4 peduncles onward, 
development and cellular differentiation occurred within the vascular area. The lime-green dotted 
rectangles outline the floral bud peduncle while the lime-green asterisks and lines highlight the 
development of the vascular bundles. Bar scale: 50 µm.  
 

At the transition from the G4 to G5 stage, we noted enhanced differentiation in the 

vascular area compared to earlier developmental stages, indicating progressive vascular 

development in the peduncles. Longitudinal sections showed cell walls with punctate 

markings similar to those of phloem sieve cells. These punctate walls had been seen in some 

longitudinal sections of the peduncles at G4 when they measured 6 mm in length and at the 

G5 stage; however, they were more clearly observable at G6. These findings align with 

anatomical descriptions by Marchand (1864), who described these structures as punctuated 

and striped vessels within the phloem area in C. arabica, and by Crisosto et al. (1992), who 

noted greater differentiation of the phloem and xylem in cross-sections of peduncles of coffee 

flower buds, similar to our descriptions for the G4 stage. In the longitudinal sections of G5 

and G6, the parenchyma, vascular area, and pith were more clearly defined. Similarly, at the 

G6 stage, cross-sections revealed that the cell walls in the vascular area were thicker (Figure 

4). 

Furthermore, we observed spiral-shaped cells resembling tracheary elements in 

longitudinal sections of both the floral peduncle and the peduncle after shedding of floral 
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whorls. In the transverse sections during the shedding of floral whorls stage, increased 

differentiation of the xylem zone was observed at the base of the peduncle, connected with the 

branch. We identified this in longitudinal views by the presence of spiral-shaped cells and in 

cross-sections by the presence of xylem vessels (Figure 4). 

 

 
Figure 4. Vascular development in longitudinal and cross sections of C. arabica peduncles at G5, G6, 
flower and shedding of floral whorls stages. From G5 to the shedding of floral whorls stage, the 
vascular area exhibits substantial development and remains in a continuous process of growth. During 
this period, the xylem area begins to differentiate and can be identified in anatomical analyses. The 
lime-green dotted rectangles outline the floral bud peduncle while the lime-green asterisks and lines 
highlight the development of the vascular bundles. Bar scale: 50 µm.  
 

During the development of floral organs, we observed a significant thickening of the 

cell walls in the xylem region after rainfall, beginning in the late G4 and G5 stages. This 

suggests a notable structural adaptation that may enhance the peduncles’ ability to transport 

water and nutrients in response to post-precipitation conditions. Additionally, thickened cell 

walls within the xylem may provide greater mechanical strength, further supporting flower 

buds and later fruit growth (Figure 5). 
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Figure 5. Cross-sections of C. arabica floral bud peduncles at development stage early G4 (a), late G4 
(b) and G5 (c). From late G4 (G4L) and G5, we observed thickening of the cell walls in the xylem 
area, a feature not seen in the images of younger flower buds, such early G4 (G4E), before rains. Ch: 
Colleters; Pa: Parenchyma; Va: Vascular area; P: Pith. In (a, b, and c); the lime-green lines are 
delimiting the vascular area while the lime-green asterisks and squares highlight cells with thickening 
walls, especially the xylem cells. Image (a and b) is in a 10x objective, and image (c) is in a 20x 
objective. Bar scale: 50 µm.  
 

From the G6 stage onwards, the flower bud is fully developed. Successive transverse 

sections of the peduncles revealed that, from the distal part of the peduncle connected to the 

branch to the base of the terminal flower, different cell conformations are reorganized, 

especially the radial ones. The cellular organization at the base and middle part of the 
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peduncle are similar to the stem organization observed in previous works on C. arabica by 

Dedecca (1957), Ferreira et al. (2014) and Carréra et al., (2023). However, as the cross-

sections approach the flower, characteristic areas such as the gynoecium, corolla, style, and 

anthers become evident. Extending continuously towards the interior of the flower bud, we 

observed the characteristic whorls of the flower as reported by (Dedecca, 1957), similar to the 

flower bud structure of Canephora madagascariensis (De Block and Vrijdaghs, 2013), also a 

Rubiaceae. Despite this cellular reorganization throughout the floral bud, we observed the 

continuity of the vascular bundles from the branch, through the peduncle, to the flower. 

Specifically, in the peduncles, the vascular bundles formed a closed structure encircling the 

pith. However, beyond the gynoecium zone, the vascular bundles bifurcate, supplying each 

whorl of the coffee flower (Figure 6). 

 

 
Figure 6. Successive longitudinal and cross sections through the G6 floral bud. The green dotted 
rectangle highlights the analyzed region of the peduncle. The white dashed rectangles indicate the 
longitudinal and cross sections made at various heights along the peduncle. The black dashed 
rectangles indicate the longitudinal and cross sections made in the floral bud. Specifically, on the right 
side of the image: (a and b): encompass the area of the peduncle connected to the branch. (c and d): 
covers the middle section of the flower bud peduncle. (e and f): covers the area just before the 
gynoecium. (g and h): shows the area of the gynoecium. On the left side of the image: (i): cross-
section after gynoecium. (j): cross-section of the base of the corolla of the floral bud. (k) and (l): a 
cross and longitudinal section of the upper area of the floral bud, showing structures like pollen sacs. 
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E: Epidermis; Pa: Parenchyma; Pl: Petals; P: Pith; C: Corolla; D: Disc; S: Style; Ps: Pollen sacs; Pg: 
Pollen grains. The lime-green asterisks and lines delimit the vascular area. Bar scale: 50 µm. 
 

Once the flower whorls undergoes senescence and the fruit begins to develop, 

anatomical analyses of the fruit peduncles reveal progressive growth in the vascular area as 

the fruit organ expands. In both the peduncles of inflorescences connected to the branch and 

those of individual fruits, there was notable development of xylem cells, primarily reflected in 

an increased vessel diameter. During the beads-like and fruit-filling stages, we observed that 

the vascular bundles were denser compared to those in the peduncles shedding of floral 

whorls stage. This cellular expansion led to an increase in diameter of the vascular cylinder, 

associated with the expansion of the fruit peduncle and continued growth and development 

until the fruit turned red. Similarly, in the green and red fruit peduncles, the xylem area was 

further developed, and the spiral-shaped cells were yet clearly identifiable (Figure 7), 

resembling tracheary elements (Malpighi, 1968).  

 

 
Figure 7. Vascular growth and development in longitudinal and cross sections of peduncles of C. 
arabica fruits at different stages. Once fruit filling and subsequent ripening begins, the formation of 
vascular bundles is clearly visible. The lime-green dotted rectangles point to the peduncle of the fruit. 
The lime-green asterisks and lines point at the development of the vascular bundles. Bar scale: 50 µm.  
 

Our anatomical observations revealed expressive changes in the vascular area of the 

peduncles in relation to the developmental stage of the coffee reproductive organ. At early 

G4, peduncles exhibited a notable degree of differentiation in the vascular area, primarily in 
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phloem development, with increased xylem cell differentiation observed following substantial 

rainfall. The xylem was the most differentiated tissue from late G4 to the red fruit stage, as 

determined by this technique. As the fruit matures, the xylem in the fruit peduncle develops 

further, enhancing the connection between the peduncle and the branch. Additionally, cross-

sections of the peduncle in red fruit showed well-differentiated xylem and phloem vessels 

(Figure 8). 

 

 
Figure 8. Comparison of the vascular area in peduncles at G4 (6 mm in length) and red fruit of C. 
arabica. Longitudinal-sections; (a): G4 peduncle, the cell walls display punctuated marks  highlighted 
by green asterisks, and, (b): peduncle of the red fruit, where the tracheary elements (xylem) are shown 
by green arrows. Cross-sections; (c): G4 peduncle, showing the radial organization composed of E: 
Epidermis, Pa: Parenchyma, Va: Vascular area, and P: Pith, and (d): peduncle of the red fruit, where 
the differentiation of the vascular area was observed; X: Xylem and Ph: Phloem. The green lines are 
delimiting the vascular area. Scale bars: (a and b), 30 µm; (c and d), 50 µm. 
 



 

 
  

101 

We also observed that the peduncles exhibited common characteristics across all 

stages of development, including a radial organization from the outermost to the innermost 

layers, consisting of the epidermis, parenchyma, vascular area, and pith. These radial 

organizations are common in orthotropic and plagiotropic stems (Dedecca, 1957; Ferreira et 

al., 2014), and the fruit peduncle reflects this caulinar structure. At all development stages, the 

vascularity connections with the node were continuous. Peduncles of the reproductive coffee 

organs follow a collateral pattern with xylem on the inside and phloem on the outside 

(amphicribral). Between the phloem and xylem is the procambial area, while the central 

region contains rounded parenchymatous cells in the pith (Furuta et al., 2014a; Heo et al., 

2014). 

These findings clarify the anatomical aspects of vascular development in the 

peduncles of Coffea reproductive organs. Next, we focused on the molecular identification 

and characterization of key transcription factors in C. arabica known to orchestrate vascular 

development in model plants. 

2.3.2 Identification of orthologs and phylogenetic inference 

 

Understanding the phylogenetic relationships between gene sequences is crucial for 

comparative biological research. This approach lays the foundation for studying the evolution 

and diversity of life on Earth and allows us to transfer biological insights across different 

organisms (Harvey and Pagel, 1991). To identify groups of orthologs (orthogroups) of 

vasculature identity genes in several plants, including C. arabica, and to correctly 

characterize their respective sub-groups, we utilized OrthoFinder (Emms and Kelly, 2019) 

and the PHYLIP (Felsenstein, 1993) package. 

We identified 140 genes across 24 plant species as orthologs of the Homeobox-leucine 

zipper protein ATHB-15, UniProt ID Q9ZU11 (Figure 9, Supplementary material 4), along 

with 4 paralogs in Arabidopsis thaliana. Our phylogenetic analyses revealed that this 

orthogroup is subdivided into three sub-groups with representative sequences identified as 

HB8 or HB15/CORONA (HB8/HB15), REVOLUTA (REV/IFL-1/AVB-1), and 

HB14/PHABULOSA or HB9/PHAVOLUTA (HB14/HB9) (Prigge and Clark, 2006). The 

genome of Selaginella moellendorffii, an extant lineage of early vascular plants (Banks et al., 

2011), (identified by the prefix Smo in the tree) encodes only two members belonging to 

HB8/HB15, with no representatives in the HB14/HB9 and REV sub-groups, suggesting that 
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HB8/HB15 is the ancestral lineage. The C. arabica genome encodes two members in the 

HB8/HB15 group, both identified as HB8 orthologs, each from a different sub-genome. It also 

contains one REV member present exclusively in the Coffea arabica sub-genome inherited 

from C. eugenioides (CaE) and two HB14/HB9 members, one from each sub-genome. 

 

 
Figure 9. Neighbor-joining consensus tree depicting the evolutionary relationships of members of the 
HD-Zip Class III family orthogroup, which includes sub-groups of the procambium identity master 
regulators HB8, HB14, and HB15. HB8 is present in two copies in C. arabica, with each copy from a 
different sub-genome. Additionally, there is one copy in the extant C. canephora lineage. No ortholog 
of HB15 was detected in coffee. For the REVOLUTA gene, a single ortholog was detected in C. 
arabica, localized in the sub-genome inherited from C. eugenioides. A single copy of the HB14 
ortholog was detected in the sub-genome inherited from the C. eugenioides ancestral parent, and one 
copy was detected in the extant C. canephora lineage. Node numbers indicate the total occurrences of 
grouped pairs or individual sequences that clustered together in 1000 bootstrap replicates; dashed lines 
represent nodes where group pairs are clustered in fewer than 500 (50%) bootstraps, while continuous 
lines indicate nodes with more than 500 (50%) bootstrap support. 
 

Our phylogenetic analyses of the OPS orthogroup, characterized by its similarity to 

Arabidopsis thaliana OCTOPUS At3g09070 (Truernit et al., 2012), which includes 73 

members across 22 of the 25 evaluated species, identified that it is subdivided into two sub-

groups, OPS1 and OPS2 (Figure 10, Supplementary material 5). No members were found in 
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Selaginella moellendorffii, Hordeum vulgare, or Cannabis sativa. Only one orthologue 

sequence, OPS1, was detected in Amborella trichopoda (Art in the tree), suggesting that this 

is the ancestral lineage. In addition, no OPS1 members were detected in the Poales and 

Asparagales lineages. Conversely, the OPS2 group seems to have expanded, with a total of 47 

identified orthologs. In Coffea arabica, we identified two copies of each sub-group, with each 

one encoded by a different sub-genome. 

 

 
Figure 10. Neighbor-joining consensus tree depicting the evolutionary relationships of the OPS gene 
orthogroup, which potentially orchestrates phloem identity. OPS is present in four copies in C. 
arabica, with each pair of OPS1 and OPS2 originating from its respective sub-genome. Additionally, a 
pair of OPS1 and OPS2 was detected in the extant C. canephora lineage. Node numbers indicate the 
total occurrences of grouped pairs or individual sequences that clustered together in 1000 bootstrap 
replicates; dashed lines represent nodes where group pairs are clustered in fewer than 500 (50%) 
bootstraps, while continuous lines indicate nodes with more than 500 (50%) bootstrap support. 
 

Finally, we identified a total of 628 orthologous sequences of Populus trichocarpa 

VND6-A1 (POPTR_0015s14770) (Lin et al., 2017), including sub-groups characterized by the 

presence of VND6, VND7, SDN1 transcription factors, and other NAC subgroups, across 23 

plant species. We also identified 33 paralogs of VND6-A1 in Populus trichocarpa, totaling an 

orthogroup with 662 sequences (Figure 11, Supplementary material 6). No ortholog was 
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detected in Selaginella moellendorffii. In regard to Coffea arabica, characterization of the 

VND6 gene found 3 copies in the sub-genome inherited from C. canephora (CaC) and 5 

copies from the sub-genome inherited from C. eugenioides. Additionally, for the VND7 gene, 

we identified 2 copies in the sub-genome inherited from C. canephora (CaC), 2 copies in the 

extant C. canephora (Cca), and, despite its conservation, no copy in the sub-genome inherited 

from C. eugenioides (CaE). 

 

 
 
Figure 11. Neighbor-joining consensus tree depicting the evolutionary relationships of a NAC gene 
family orthogroup, which includes sub-groups of the xylem identity master regulators VND6 and 
VND7. VND6 is present in three copies in the C. arabica sub-genome inherited from C. canephora 
(CaC), five copies in the sub-genome inherited from C. eugenioides (CaE), and three copies in the 
extant C. canephora (Cca) lineage. For the VND7 gene, we identified two copies in the C. arabica 
sub-genome inherited from C. canephora (CaC) and two copies in C. canephora (Cca), with no 
detectable copy in the sub-genome inherited from C. eugenioides (CaE). Dashed lines represent nodes 
where group pairs are clustered in fewer than 500 (50%) bootstraps, while continuous lines indicate 
nodes with more than 500 (50%) bootstrap support. 
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The characterization of these C. arabica orthologs into sub-groups enabled us to 

identify potential candidate regulatory network genes involved in controlling vascular 

development in buds and peduncles during stages G2, late G4 (G4L) and G5 (Figure 12). This 

insight allows us to scrutinize these genes through RNA-seq and RT-qPCR analyses, focusing 

on key developmental stages of bud development. 

 
Figure 12. RNA-seq-based expression profile of vascular identity genes VND7, OPS, and HB14 
orthologs in C. arabica for stages G2, G4L, and G5, with 4 biological replicates for each stage. The 
heat map depicts the abundance of reads mapped to exons of the evaluated vascularity-related 
orthogroup members, presented as the logarithm base 2 (log2) of counts per million plus 1 (CPM +1). 
Lighter blue shades indicate lower abundance, while darker purple shades indicate higher abundance. 
Dotted area selections highlight the upregulation of three key candidate genes potentially controlling 
procambial (HB14), xylem (VND7b), and phloem (OPS1) identity in C. arabica.  
 

2.3.3 RNA-seq gene expression analyses 

 

A total of 23.403 protein-coding genes were found to be differentially expressed (DE) 

across the three evaluated developmental stages, namely, G2, late G4, and G5 (Supplementary 

material 7). This high number of DE genes highlights the pronounced transcriptional changes 



 

 
  

106 

during the transition from G2 to G5 development stages. We focused our analyses on 

important transcription factor orthogroups known to orchestrate procambial, phloem, and 

xylem development in model plant species. 

Four members of the HD-ZIP Class III family in coffee were found to be highly 

expressed across stages G2, late G4, and G5 (Figure 13). Two homeologs of HB8 were 

significantly upregulated in G2 compared to G5 and, to a lesser extent, late G4. The HBREV 

ortholog, presented as a single copy in the C. arabica genome, was not DE. HB14, also a 

single copy locus, was the HD-ZIP Class III member with the highest expression, being 

significantly upregulated in late G4. This suggests an enhanced proliferation of procambial 

cells after the rains. 

 

 
Figure 13. Bar plots depicting the expression profile of members of the HD-ZIP Class III sub-group 
potentially related to procambial cell identity in C. arabica. The y-axis represents Counts Per Million 
(CPM), while the x-axis represents the G2, G4L, and G5 stages. The highlighted box for HB14 found 
in the C. eugenioides sub-genome (SubC.e_HB14) indicates that this gene was selected for RT-qPCR 
analyses. Whiskers on the bars indicate the standard error of the mean. Horizontal lines represent 
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specific contrasts between sampled stages, and asterisks denote significance levels following FDR 
analyses (* p < 0.05, ** p < 0.01, *** p < 0.001).  

 

The four members of OPS characterized in C. arabica were primarily upregulated in 

G2 (Figure 14), with the exception of a copy clustered in the OPS1 group, detected in the C. 

canephora sub-genome (SubC.c_OPS_1), for which we could not find statistical evidence of 

differential expression. The general trend of OPS family members' upregulation in G2 

indicates that phloem development is an active process in the early stages of bud 

development. 

 

 
Figure 14. Bar plots depicting the expression profile of members of the OPS orthogroup potentially 
related to phloem cell identity in C. arabica. The y-axis represents Counts Per Million (CPM), while 
the x-axis represents the G2, G4L, and G5 stages. The highlighted box for OPS1 found in the C. 
eugenioides sub-genome (SubC.e_OPS_1) indicates that this gene was selected for RT-qPCR 
analyses. Whiskers on the bars indicate the standard error of the mean. Horizontal lines represent 
specific contrasts between sampled stages, and asterisks denote significance levels following FDR 
analyses (* p < 0.05, ** p < 0.01, *** p < 0.001).  
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Although we identified eight copies of the VND6 ortholog in the C. arabica genome, 

we could detect transcriptional signals from only three loci, none of which showed evidence 

of differential expression (Figure 15 - first row). Nevertheless, the two VND7 orthologs, 

exclusively found in the C. canephora sub-genome (SubC.c), presented significant expression 

changes, being upregulated at the G2 stage (Figure 15 - second row). This finding suggests 

that the machinery necessary for xylem differentiation is active in the early stages of bud 

development. 

 

 
Figure 15. Bar plots depicting the expression profile of members of the VND6 and VND7 sub-groups 
potentially related to xylem cell identity in C. arabica. The y-axis represents Counts Per Million 
(CPM), while the x-axis represents the G2, G4L, and G5 stages. The highlighted box for VND7 found 
in the C. canephora sub-genome (SubC.c_VND7b) indicates that this gene was selected for RT-qPCR 
analyses. Whiskers on the bars indicate the standard error of the mean. Horizontal lines represent 
specific contrasts between sampled stages, and asterisks denote significance levels following FDR 
analyses (* p < 0.05, ** p < 0.01, *** p < 0.001). 
 

We detected a contrasting trend from VND7 in SND1 expression profile. SND1 

members were clustered within the same orthogroup as VNDs (Figure 11) but they 

orchestrated another step of xylem development (Zhong et al., 2006; Zhong et al., 2007a). We 
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found that all three expressed copies of SND1 were significantly upregulated in G5 compared 

to G4L and, to a lesser extent, G2 (Figure 16). This result, together with our anatomical 

observations (Figure 5), suggests an enhancement in secondary cell wall thickening following 

the resumption of development triggered by rains. 

 

 
Figure 16. Bar plots depicting the expression profile of members of the SND1 sub-group potentially 
related to xylem cell wall thickening in C. arabica. The y-axis represents Counts Per Million (CPM), 
while the x-axis represents the G2, G4L, and G5 stages. Whiskers on the bars indicate the standard 
error of the mean. Horizontal lines represent specific contrasts between sampled stages, and asterisks 
denote significance levels following FDR analyses (* p < 0.05, ** p < 0.01, *** p < 0.001). 
 

2.3.4 RT-qPCR analyses 

 

To test the hypothesis that transcriptional changes in genes controlling vascular 

identity are directly involved in the development of buds at stage G4 before (early G4) and 

after substantial rainfall (late G4), we performed RT-qPCR analyses. The samples were 

collected on 15/09/2022 (after a long period of droughts) and 04/10/2022 (when about 100 

mm of rainfall accumulated). Tables with raw cycle threshold values (Ct) are available in 

supplementary material 8. We investigated the orthologs HB14, OPS, and VND7 transcripts 

for expression changes, applying a linear mixed-effects model to account for variability 

among the technical replicates by including a random effect for the replicates within each 

biological sample. 

Our results were inconclusive if we consider the usual threshold of a doubling 

expression change between conditions. Although the evaluated genes displayed a trend of 

being upregulated in late G4 compared to early G4—VND7 with a fold change of 1.36, HB14 

with a fold change of 1.27, and OPS with a fold change of 1.14 (Figure 17)—these values 
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were not greater than the expected fold change value of 2. However, their confidence intervals 

never included zero, and the p-values (Pr > |z|) were significant: VND7 at 6.71e-05, HB14 at 

1.05e-05, and OPS at 2.5e-03. 

 

 
Figure 17. Precipitation histogram (a) and RT-qPCR expression analyses of three key candidate genes 
potentially controlling procambial (HB14), xylem (VND7b), and phloem (OPS1) identity in C. 
arabica, with samples collected before (G4E) and after substantial rainfall (G4L, ~100 mm). (a) 
Arrows indicate the dates when samples were collected, and bars represent the daily rain 
accumulation, in millimeters, between August 15th and October 15th, 2022. (b, c, and d) Bar plots 
depicting the expression of HB14, VND7b, and OPS1, respectively, in terms of fold change between 
both sampled stages (G4E and G4L), with confidence intervals representing the standard error of the 
means. 

2.4 Discussion 

 
The anatomy, including the vascularization, of coffee flowers and fruits has been 

previously studied and characterized (Dedecca, 1957; Arcila Pulgarín, 2007; de Oliveira et al., 

2014). However, no study has recorded the anatomical changes of the coffee flower and fruit 

peduncle during the different stages of growth, specifically addressing vascular development. 

Given the crucial role peduncles play in supporting the proper growth of flowers (Zamski et 

al., 1991; Razeto and Salgado, 2004; Ferrari et al., 2014; Carvalho et al., 2021) and fruits 

(Setiamihardja and Knavel, 1990; Antognozzi et al., 1991; Bustan et al., 1995; Dražeta et al., 
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2004; Rančić et al., 2010; Horbens et al., 2015; Knipfer et al., 2015; W. Song et al., 2018; W.-

P. Song et al., 2018; Li et al., 2021a; Silveira et al., 2021), our study provides detailed 

anatomical analyses of vascular development in the peduncles at various stages of the C. 

arabica reproductive organs. Additionally, our computational and molecular analyses have 

yielded novel insights, particularly regarding three outgroup members that are known to 

promote vascular development in model plants; HB14 (HD-ZIP Class III) for procambium 

(Prigge and Clark, 2006; Côté et al., 2010; Ramachandran et al., 2017), OCTOPUS for 

phloem cell identity (Truernit et al., 2012; Rodriguez-Villalon et al., 2014; Anne et al., 2015a; 

Ruiz Sola et al., 2017; Greenwood et al., 2023), and VND7 for protoxylem and metaxylem 

differentiation (Kubo et al., 2005; Yamaguchi et al., 2008; Ohtani et al., 2011; Endo et al., 

2015). 

2.4.1 Early vascular differentiation in peduncles of coffee reproductive organs 

 

Although a distinct peduncle is not yet observed in G1 and G2 (Figure 3), during our 

study, we considered the contact area at the base of the buds in connection with the branch. 

This contact zone, in the early stages of coffee flower bud development, functions similarly to 

the peduncle zone that connects flowers and fruits to the rest of the plant. Functionally, the 

peduncle provides a connection with the entire plant and facilitates the primary transport of 

water and photo assimilates from source to sink organs (Cannell, 1971; Rančić et al., 2010; 

Cui et al., 2022; Buthelezi et al., 2023a). Furthermore, Dedecca (1957) describes how the axes 

that support the flowers of the coffee plant are always very short, giving the inflorescence a 

compact appearance, botanically known as a glomerulus.  

Initially, in G1 and G2, the early stages of floral development, the base of the bud is 

wider, and the peduncle is still growing, making it indistinguishable from the inflorescence. 

Additionally, the cell walls of the parenchyma and pith are not yet well defined (Figure 2). 

Majerowicz and Söndahl (2005) pointed out that in the early stages of coffee floral bud 

development, specifically when the bud differentiates into a reproductive bud, enhanced cell 

division occurs in the central meristematic zone. This leads to an increase in bud size and 

marks an anatomical difference between reproductive and vegetative buds (Majerowicz and 

Söndahl, 2005). The cells of emerging organs must reorganize to facilitate cell division, 

expansion, and differentiation of the growing organ (Kutschera, 1989; Bustan et al., 1995; 

Sachs, 2000). This is in agreement with our anatomical analyses, which showed that in the 
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early stages of coffee flower bud development, the vascular area is still in the process of 

differentiation.  

Nevertheless, we observed that the vascularization is continuous through the node and 

floral bud, and at the area where the branch and floral bud connect, the vascularization 

becomes procambial (Figure 2). The presence of procambium in G1 and G2 indicates the 

potential capacity of the early-established vasculature to transport water and nutrients to the 

floral bud in latter stages of development, maintaining a continuous vascular connection with 

the plant. In land plants, both xylem and phloem differentiate from the same precursor cells, 

procambium and cambium, and remain in close spatial association throughout the plant's life 

(Scarpella and Helariutta, 2010).  

In G3 and G4, flower buds exhibit a general expansion of bud structures, making the 

inflorescence peduncle more evident and morphologically distinct from the buds (Figure 3). 

As the flower buds grow from G3 onwards, there is increased development in the vascular 

zone. From G4 onwards, the vascular zone undergoes extensive cellular differentiation. At 

this stage, the peduncle shows greater development of the phloem, and after substantial rains, 

increased differentiation of the xylem was observed (Figure 5). This suggests that water 

availability significantly influences vascular development, especially during the G4 stage. 

Additionally, from G4 onwards, we observed greater definition of the cell walls in the 

parenchyma and pith areas, indicating enhanced cellular development at this stage (Figure 3). 
During the reproductive stage of coffee, the buds, measuring between 4 - 6 mm, enter 

a state of apparent dormancy. This apparent dormancy leads to an accumulation of G4 flower 

buds that coincide with a stationary dry period. Anthesis then occurs after the first major 

rains. Thus, the arrival of the rains acts as a signal, causing the dormant flower buds to resume 

their growth until they bloom (Alvim, 1960; Magalhães and Angelocci, 1976; Crisosto et al., 

1992; Drinnan and Menzel, 1994; Wintgens, 2012; Penfield, 2024). Crisosto et al. (1992) 

observed in cross-sections of the peduncles of C. arabica flower buds in stage 3 (tight green 

cluster), similar to our G4, the presence of metaphloem and metaxylem, with vascular bundles 

separated by interfascicular parenchyma cells and distributed collaterally. In stage 4 (open 

white cluster), corresponding to our G5, they observed greater differentiation in the vascular 

area compared to stage 3. They also noted significant anatomical differences in the 

vascularization of the peduncles of coffee buds in stage 5 (described as the first white candle), 

our G6, and in the stage 7 or small fruit, where the vascular area showed secondary growth. 

These findings establish a correlation between the state of the floral bud, vascular 
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development, and flowering, highlighting that increased vascular differentiation in G6 was 

critical for flowering in response to increased water availability. 
Although our anatomical analyses showed greater differentiation in the vascular area 

from G4 onwards, mainly in the phloem area, we cannot conclusively identify it as 

metaphloem (Figures 3 and 8). However, after abundant rainfall (100 mm), we observed 

increased differentiation and development of vascular cells (Figure 5). In this context, we 

propose that the enhanced vascular development in G4, compared to younger stages, endows 

it with the necessary vascular characteristics to become more receptive to increased water 

availability once the dry period ends, thereby promoting the growth of the flower bud. 

Additionally, in our study, we noted enhanced thickening of the cell walls in the xylem area 

during late G4 and G5 (Figure 5). This thickening marked a significant degree of 

development and growth of the xylem during these stages of flower buds development. 
Other studies have shown that up to G4, the reproductive organs of the coffee flower 

develop (De Oliveira et al., 2024). In S5 (corresponding to our G5), there is greater synthesis 

of compounds necessary for the formation of the cell walls, such as xyloglucans and xylan to 

support the accelerated growth of flower buds after rains (Cherubino Ribeiro et al., 2024). 

From the end of G3 onwards, the transport of photoassimilates and other molecules such as 

phytohormones and miRNAs becomes critical to sustain carbohydrate metabolism and allow 

the continuing development of flower whorls. Additionally, as coffee flower buds 

significantly increase in size after rain, our observations indicate that cell walls undergo 

considerable thickening to support cell division and expansion, facilitating flowering. 
From G5 onwards, the peduncles of the inflorescences elongate, clearly separating the 

flower buds within the inflorescence, with a more developed and well-differentiated vascular 

area, including both xylem and phloem (Figure 4 and 5). In G6, flower and shedding of floral 

whorls stages, the vascular area is further expanded, and at the base of the peduncles 

connecting to the branch, there is a greater number of layers compared to G5 (Figure 4 and 6). 

This indicates a positive correlation between rainfall, the growth of flower buds, and 

increased development in the vascular area of the flower peduncles. 

On the other hand, based on our anatomical observations, we propose that coffee fruits 

can influence the development of the vascular bundle of the peduncle as the fruit matures. 

Although we did not perform a correlation analysis between the diameter of the fruit peduncle 

and the size or ripening state, we observed a correlation between greater development of the 

vascular area and the growth and maturation of the coffee fruit, similar to other agronomically 
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important fruits (Nii, 1980; Bustan et al., 1995; Cui et al., 2022; Buthelezi et al., 2023b). Our 

anatomical analyses indicate that during the fruit-filling stage, vascularization increases in 

density, and as the coffee fruit matures, the xylem vessels exhibit a larger diameter compared 

to earlier stages (Figure 7). 

Pereira Gardin (2006), observed that coffee fruit peduncles with a higher density of 

xylem vessels per mm² reached their potential growth and maturation faster than those with 

fewer xylem vessels. Additionally, once the coffee fruit reached maturity and began to dry, 

further thickening of the xylem cell walls occurred, reducing vessel diameter and limiting 

water flow, which contributed to fruit senescence (Pereira Gardin, 2006). He also 

demonstrated that the degree of vascular development in the peduncle can limit fruit growth 

and ripening over time, contributing to the lack of uniformity in the ripening process of coffee 

cultivation. These observations indicate that fruit ripening is closely linked to the transport 

capacity of the peduncle, determined by its structural properties, especially those of the xylem 

and phloem vessels.  

In our anatomical analyses, we observed a greater diameter of the xylem vessels in 

both the green and red fruit stages (Figure 7 and 8). This suggests that once the fruit reaches 

its potential size and begins to ripen, the larger diameter of the xylem vessels, along with the 

phloem, facilitates the greater transport of water and nutrients to support the ripening process 

(Supplementary material 9) (Bouzayen et al., 2009; Zhang and Keller, 2017; Li et al., 2021b). 

These observations underline the importance of vascular development in the growth of coffee 

fruits and highlight how enhanced vascularization impacts maturation processes (Pereira 

Gardin, 2006).  

In general, we observed that the radial patterns of the vascular tissue in the coffee 

floral and fruit peduncles exhibit a similar arrangement to that found in cylindrical organs, 

such as stems and pedicels, of dicotyledons. Notably, we identified radial patterns resembling 

the radial organization of the orthotropic coffee stem as described in the literature (Marchand, 

1864; Dedecca, 1957; Jesus et al., 2010; Ferreira et al., 2014; Pereira et al., 2014; Patay et al., 

2016; Sakiyama et al., 2017; Carréra et al., 2023). In these structures, the xylem differentiates 

towards the interior, while the phloem differentiates towards the exterior. Both tissue lineages 

originate from the procambium during primary growth or from the vascular cambium during 

secondary growth (Scott, 1897; Philipson and Balfour, 1963; Dengler, 2001; Scarpella and 

Meijer, 2004; Hardtke, 2023a). To better understand the regulatory networks governing the 

vascular development processes revealed by our anatomical analyses, we performed 
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bioinformatic analyses to identify and characterize key genes potentially involved in vascular 

development in C. arabica. 

2.4.2 Evolutionary history and functional diversification of key vascular development 

genes  

 

We searched for genes known in model plants to promote vascular development. The 

identification of orthologs of the HB15, OPS, and VND6 genes across 25 plant species reveals 

their evolutionary history and highlights their functional diversification. Among these three 

orthogroups, only HB15 had members in the Selaginella moellendorffii genome, suggesting 

that OPS and VND correlate with vascular synapomorphies in seed plants. In Arabidopsis 

thaliana, HB15 is expressed in the procambium and regulates early vascular development (Du 

et al., 2015) while the expression of HB8, also an early marker of procambial cells, correlates 

with later developmental processes such as the formation of tracheary element precursors 

(Baima et al., 2001). Surprisingly, we could not characterize HB15 orthologs in C. arabica. 

Instead, we characterized two orthologs of HB8, two orthologs of HB14, and a REV gene 

belonging to the same orthogroup. It is possible that any of these HD-ZIP class III 

transcription factors are responsible for procambial cell identity in C. arabica. 

While orthologs of Arabidopsis HB15 are likely markers of procambial identity, OPS 

is a strong candidate for phloem identity. In Arabidopsis, OPS is a genetic determinant of 

phloem development. It is expressed in provascular cells, and following cell-type-specific 

differentiation, its expression is restricted to the phloem cell lineage (Bauby et al., 2007; 

Truernit et al., 2012). The OPS protein is membrane-associated, with polar localization to the 

apical end of the protophloem precursor cells, opposite to PIN proteins (Truernit et al., 2012). 

Our phylogenetic analyses indicates that there are two sub-groups of OPS, which we termed 

OPS1 and OPS2. The sub-group OPS1 was named as such because it contains the only 

member belonging to Amborella trichopoda, suggesting that this is the ancestral lineage. 

However, it lacked representatives from Poaceae and Asparagales. Meanwhile, the OPS2 sub-

group shows significant expansion, with several members in Asterids, Rosids, and monocots. 

It is possible that the OPS1 lineage in the evaluated monocots was lost and functionally 

replaced by OPS2. In C. arabica, we identified a balanced proportion of members from both 

sub-groups, with one copy from each sub-genome suggesting that both sub-genomes 

contribute to phloem development. 
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The NAM/ATAF/CUC (NAC) domain protein orthogroup, characterized by 

homology to Populus trichocarpa VND6-A1 (POPTR_0015s14770), represents the largest 

orthogroup we have characterized. We identified 628 orthologous sequences in addition to 33 

paralogs in Populus trichocarpa, forming an orthogroup with 662 sequences across all 

evaluated species, except for Selaginella moellendorffii. This subgroup includes crucial 

transcription factors such as members of VASCULAR-RELATED NAC-DOMAIN (VND) and 

SECONDARY WALL THICKENING PROMOTING FACTORs/SECONDARY WALL-

ASSOCIATED NAC DOMAIN (NSTs/SNDs), which are essential regulators of xylem cell 

differentiation. VND6 and VND7 are particularly important for initiating protoxylem and 

metaxylem vessel formation, respectively. Mutations in these loci can significantly disrupt 

xylem development, affecting water and mineral transport and overall plant health and 

productivity (Lin et al., 2017).  

In Coffea arabica, we found distinct variations in terms of sub-genome distribution of 

VND homoeologs: three VND6 copies encoded in the C. canephora sub-genome, five in the 

C. eugenioides sub-genome, and two VND7 copies in both the C. canephora sub-genome and 

extant C. canephora, but none in the C. eugenioides sub-genome. CaSND1 members were 

also found in the VND orthogroup, but at distinct sub-groups with 2 members in the C. 

canephora sub-genome and three in the C. eugenioides sub-genome. To further elucidate the 

role of these genes in coffee peduncle development, we performed gene expression analyses 

during key developmental stages. 

2.4.3 Molecular and anatomical insights into vascular development and flower bud 

differentiation in coffee 

 
Organs that are growing and undergoing cell division and cell expansion, such as 

coffee flower buds, require the continuous self-renewal and proliferation of the procambium 

cells to ensure the formation of new vascular bundles and provide adequate transport of water, 

sap, and nutrients for their growth and development (Notaguchi and Okamoto, 2015; Zúñiga-

Sánchez et al., 2017; Fukuda and Ohashi-Ito, 2019; Hardtke, 2023b). In this context, we 

observed that candidate genes related to the maintenance of procambium cells in coffee, such 

as CaEHB14, CaEHB8, CaCHB8, and CaEHBREV, exhibited high abundance in terms of 

counts per million (CPM) (Figure 12). 

CaCHB8 and CaEHB8 were upregulated at G2 compared to late G4 and G5, 

suggesting that cell lineages destined to differentiate into xylem are established early (Baima 
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et al., 2001; Ohashi-Ito et al., 2005). In the Arabidopsis procambium differentiation phase, 

ATHB8 and CNA/ATHB15 transcription factors regulate the expression of downstream genes 

encoding proteins involved in the formation of distinctive vascular cell features, such as the 

sieve elements of phloem and the lignified cell wall of xylem cells (Lucas et al., 2013; 

Ramachandran et al., 2017). In agreement, CaEHBREV, along with PHB/HB14 and 

PHV/HB9, are known to participate in the procambium induction phase, indicating that the 

meristematic cells should begin differentiating into vascular cells (Lucas et al., 2013; 

Ramachandran et al., 2017). On the other hand, CaEHBREV likelly repress the transcription 

of VND6/7, but was not differentially expressed between any contrast (Talbert et al., 1995; 

Robischon et al., 2011). Meanwhile, CaEHB14, the most abundant HD-Zip III, was 

upregulated in late G4 compared to both G2 and G5, with a fold change increase of 2.5 and 

3.5, respectively (Figure 13). This highlights the particular importance of procambial radial 

pattern maintenance during late G4. In addition, the high abundance of all characterized HD-

Zip III orthogroup members highlights their importance in maintaining the procambium as a 

pluripotent stem cell population reservoir (Lucas et al., 2013; Růžička et al., 2015; Campbell 

and Turner, 2017; Fukuda and Ohashi-Ito, 2019). 

In general, CaOPS members were upregulated at G2 (Figure 14). In Arabidopsis, OPS 

is a polar membrane protein associated with phloem lineage identity (Truernit et al., 2012; 

Lucas et al., 2013; Anne et al., 2015b; Ruonala et al., 2017). In this context, it is congruent its 

differential expression during the early stages of coffee flower bud development, such as G2, 

where the differentiation of functional phloem becomes critical to allow the formation of 

flower whorls and the subsequent development of the sink organs such as flowers and fruits 

(Hardtke, 2023b). 

No orthologs of VND6 were DE. However, VND7, like the HB8 orthologs, is 

upregulated at G2 (Figure 15). Despite this, their normalized expression values in CPM are 

relatively low. It is important to note that transcription factor genes, such as VND6 and VND7, 

are typically expressed at low levels in plants, often in a cell-type or tissue-specific manner, 

and frequently only transiently during development (Czechowski et al., 2004). Furthermore, 

VND6 and VND7, as master regulators of xylem specification, also directly regulate genes 

involved in processes such as programmed cell death and secondary cell wall thickening 

(Kubo et al., 2005; Yamaguchi et al., 2008; Endo et al., 2015; Kuriyama and Fukuda, 2002). 

Based on our anatomical analyses, we observed a high degree of secondary cell wall 

differentiation in coffee flower bud peduncles from stage G5 onwards, a finding supported by 
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a previous report (Cherubino Ribeiro et al., 2024). Our observations confirmed the thickening 

of cell walls in the xylem area, particularly at G5 (Figure 5). Additionally, RNA-seq analyses 

revealed differential expression of the transcription factor ortholog SND1, which is 

upregulated at G5 compared to G2 and late G4 (Figure 16). SND1 is known to positively 

regulate the coordinated expression of genes involved in the biosynthesis of secondary wall 

components, such as cellulose, lignin, and hemicelluloses (Zhong et al., 2007b; McCarthy et 

al., 2009), and plays a role in the development of xylem fibers. Fiber cells, which have thick 

secondary cell walls, contribute significantly to the mechanical strength of the mature organ 

(Zhong et al., 2006). Gene enrichment analyses by gene ontology terms has also shown that at 

G5, expressed genes are primarily involved in developing cell wall structures, including those 

related to structural carbohydrates such as xyloglucan and xylan (Cherubino Ribeiro et al., 

2024) that are known positive signal for tracheary elements (TE) differentiation (Kuriyama 

and Fukuda, 2001; Turner et al., 2007; Heo et al., 2017).  

Although our anatomical findings do not specify the exact developmental stage at 

which vascular fiber formation occurs, the high expression of transcripts identified as 

CaESND1A1, CaESND1A2, and CaCSND1B2 at G5, compared to G2 and late G4 (Figures 12 

and 16), suggests that from this stage onwards, the vascular area of the floral bud peduncle is 

strengthened due to higher SND1 expression. These fibers are likely already formed and 

established in the peduncles from G6 onwards (Crisosto et al., 1992). 

It is noteworthy how flower buds, upon perceiving an increase in water availability in 

the soil and the plant due to rain, quickly grow larger and change color from green to white. 

This contrasts with the previous stages of development, where apparent dormancy keeps this 

growth stagnant for months. In contrast, the rapid growth from late G4 to flowering, however, 

can occur within weeks (Alvim, 1960; Magalhaes and Angelocci, 1976; Crisosto et al., 1992; 

Drinnan and Menzel, 1994; Lima et al., 2021b; López et al., 2021; Wintgens, 2012; Penfield, 

2024). These morphological and anatomical observations prompted us to focus on molecular 

analyses. 

2.4.4 Expression dynamics of vascular identity genes during floral bud reinitiation in 

response to water availability 

 

The resumption of floral bud development following reproductive arrest due to 

prolonged water scarcity is initiated by improved water availability (López et al., 2021; López 
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et al., 2022). This reinitiating is associated with increased ethylene production (Lima et al., 

2021b), and substantial alterations in the levels of accumulated small RNAs (Cherubino 

Ribeiro et al., 2024). To test if these modifications also reflect the expression profile of the 

vasculature identity genes HB14, OPS and VND7 orthologs, we performed RT-qPCR analyses 

of their Coffea gene transcripts. Samples were taken before the beginning of the rainy season 

in southeastern Brazil (15/09/2022, with 0 mm of accumulated rain during the previous 30 

days) (INMET, 2024) and during the ongoing rainy season (04/10/2022, with 100 mm of 

accumulated rain during the previous 30 days) (INMET, 2024). 

Phenological analyses determined that on both dates, the majority of buds were at 

stage G4 following Morais et al. (2008) classification. However, they presented clear 

morphological differences, including variations in color and detachment of inflorescence 

clusters. These differences led us to sub-classify the buds as G4E (early, 15/09/2022) and 

G4L (late, 04/10/2022). 

Although we detected a trend of upregulation for HB14, OPS and VND7 in G4L 

compared to G4E with confidence intervals of contrasts not containing 0 and significant p-

values, no expression change above 2-fold was detected. It is possible that a higher peak of 

expression for these genes occurred during the interval between both dates, and what we 

detected is the downward trend of expression. Additional time-course experiments will be 

required to better resolve the expression trends of these vasculature-related genes during the 

transition from G4E to G4L in the resumption of floral bud development. 

2.4.5 Regulatory network for vascular tissue development and differentiation in coffee 

flower bud peduncles: insights from anatomical, computational, and molecular analyses 

 

Because the vascular tissues in woody plants are highly radially organized and several 

pathways regulating the activity of the vascular cambium, phloem, and xylem differentiation 

are conserved in tree species, particularly in woody plants (Côté et al., 2010; Takata et al., 

2019; Haghighat et al., 2024), we propose a regulatory network for the maintenance/renewal 

of (pro)cambium cells, and the differentiation and development of phloem and xylem cells in 

the reproductive stage of C. arabica, especially in the flower bud peduncles.  

Based on our anatomical, computational, and molecular findings, we propose a 

general model for peduncle vascular development that integrates orthologs of VND6/7, HD-

ZIP class III, and OPS, along with downstream genes such as ALTERED PHLOEM 
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DEVELOPMENT (APL) (Bonke et al., 2003), and MYB46/83 (Zhong et al., 2008; McCarthy 

et al., 2009). We suggest that orthologous genes in coffee plants for these transcription factors 

hierarchically regulate the expression of genes involved in vascular cell differentiation and 

formation. This regulation extends to pathways involving genes like CLE41/CLE44 

(CLAVATA3/EMBRYO SURROUNDING REGION-RELATED), TDIF (TRACHEARY 

ELEMENT DIFFERENTIATION INHIBITORY FACTOR), and TDR/PXY (PHLOEM 

INTERCALATED WITH XYLEM)-WOX4 (WUSCHEL-RELATED HOMEOBOX 4)/WOX14, 

which control the activity of the procambium and/or cambium (Hirakawa et al., 2010a; 

Hirakawa et al., 2010b; Haghighat et al., 2024). We hypothesize that this organization 

generates the signaling cascade necessary for maintaining (pro)cambium cells and promoting 

the differentiation of phloem and xylem vessels, thereby supporting the development of 

flower buds from G2 onwards in the coffee plant (Figure 18). 

 

 
Figure 18. Vascularization network model for vascular development in flower bud peduncles of C. 
arabica. A: Floral buds at stages G2, G4, and G5, illustrating the progressive development of the 
vascular area in peduncles through both cross and longitudinal views. B: Proposed regulatory network 
for cellular maintenance of the (pro)cambium (blue area) and the main genes involved in phloem cell 
differentiation (purple area) and xylem cell differentiation (light blue area).  
 

This way, The CLE41/44-TDIF signaling pathway orchestrates a delicate balance 

between cell proliferation and differentiation in the vascular (pro)cambium. CLE41/CLE44-

TDIF, produced in the phloem, act as mobile signals that travel to the (pro)cambium. There, 

they bind to specific receptor (TDR/PXY) on (pro)cambial cells, triggering the expression of 
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WOX4 and WOX14 transcription factors. These factors, acting together, promote (pro)cambial 

cell proliferation while simultaneously suppressing differentiation into xylem cells (Hirakawa 

et al., 2010b; Haghighat et al., 2024). Furthermore, CLE/TDIF acts as a negative signal for 

xylem differentiation. While the HD-Zip Class III have been extensively implicated in the 

regulation of primary and secondary vascular tissue pattern formation (Prigge and Clark, 

2006), transcript accumulation in a few HD-Zip III sequences is regulated by auxin, 

specifically AtHB-8 (Baima et al., 1995), and brassinosteroids (Zhong and Ye, 2001). In 

addition, miR165/166 binds to HD-Zip Class III genes, playing a crucial role in gene 

silencing, a process highly conserved in plants (Emery et al., 2003).  

In the Phloem, OPS influences brassinosteroid signaling by directly inhibiting BIN2, a 

GSK3-like kinase (GSK3) family member (Anne et al., 2015b). BIN2 is known to suppress 

BES1, a key transcription factor promoting xylem differentiation. This suggests a potential 

link between brassinosteroid signaling and the balance between phloem and xylem 

development. APL, a protein expressed during late-stage sieve element differentiation, 

negatively regulates NAC transcription factors NAC20, NAC45, and NAC86. These NAC 

factors, in turn, control the NEN proteins involved in nuclear degradation, essential for sieve 

element formation (Furuta et al., 2014b; Rodriguez-Villalon, 2016). This pathway highlights 

the complex regulatory network underlying phloem cell differentiation. 

Finally, VND6 and VND7 trigger xylem specification, regulating genes for 

programmed cell death and secondary cell wall thickening (Kubo et al., 2005; Ohashi-Ito et 

al., 2010; Yamaguchi et al., 2008). In addition, the expression of XCP1/XCP2 proteases are 

also controlled by VND6/7 participates in both vacuolar rupture and subsequent autolysis. On 

the other hand, VNI2 interacts with VND7, thus repressing its function (Heo et al., 2017). 

Concomitantly, SND1 is involved in secondary wall biosynthesis in xylem fibers. In this 

regard, SND1 increases the expression of several downstream transcription factors that are 

highly expressed in fibers during secondary wall synthesis such as NST1 and NST2, that are 

regulators of secondary wall thickening (Zhong et al., 2006). A deeper understanding of these 

intricate pathways in C. arabica will be crucial for unraveling the mechanisms underlying 

plant growth and development. 
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2.5 Concluding remarks and future perspectives 

 

Our work addresses new findings in the vascular development of the peduncles of the 

reproductive organs in C. arabica. Our anatomically analyses shows that the positioning of 

the phloem and xylem vessels follows the typical pattern of dicotyledons, with the phloem 

differentiation towards the epidermis and the xylem developing inward, towards the pith. 

Furthermore, we observed that the vascularization of the branch node is continuous through 

the emerging floral bud, accompanying the development of the floral organs and coffee fruits. 

With our findings on the orthologs for genes known to activate vascular 

development—HB for procambium initiation and formation, OPS for phloem identity, and 

VND7 for protoxylem and metaxylem differentiation—we also establish a basis for future 

research on molecular aspects of vascularization, not only in coffee but also in 24 other plant 

species, many of them with agro-economic interest, such as Oryza sativa, Solanum 

tuberosum, Lactuca sativa, Solanum lycopersicum, and Cucumis melo L., among others. 

Additionally, through our RNAseq/RT-qPCR analyses we unraveled molecular 

control mechanisms in coffee vascular development showing different expression behaviors 

of three important orthogroup members known to promote vascular development in model 

plants (HB14, OPS, and VND7) during key steps of coffee flower bud differentiation. There 

are still many uncharacterized genes in the coffee plant related to vascular development, our 

combined anatomical, computational, and molecular analyses, along with existing knowledge 

in model plants, allow us to propose a regulatory network for the maintenance of 

(pro)cambium cells and the differentiation of the phloem and xylem cells during the 

development of three stages of flower buds, mainly before the rainy period (G2) and during 

the subsequent incidence of rains (late G4 and G5). 

This foundational research enhanced our understanding of peduncle vascular 

development. Ultimately, this knowledge will be used to improve coffee production by 

developing management strategies that optimize peduncle vascularity. By enhancing water, 

sap, and nutrient distribution, we may reduce floral bud non-uniformity and fruit abortion, 

ultimately increasing yield and providing strategies to deal with an increased unpredictable 

weather.  
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GENERA CONCLUSIONS  

 

Our understanding of plant-environment interactions is largely incomplete and 

requires further investigation. Given the complexity of plants, we need equally sophisticated 

tools to fully comprehend these interactions. During our research, we observed significant 

plasticity in vascular tissues, with their cellular structures changing over time. This plasticity 

indicates a complex and adaptable architecture within the plant, which is intricately regulated 

at the transcriptional level by various genetic networks. An example of this complex 

architecture is the arrangement of vascular bundles extending from the root through the stem. 

Vascularization adapts, especially in radial patterns, to supply increasingly complex structures 

such as leaves, flowers, and fruits. This intricate process is regulated by several genes that 

have been largely conserved across vascular plants. 

Therefore, our focus here was on the vascularization of coffee, particularly in the 

relatively underexplored flower and fruit peduncles, because this critical area directly links 

the plant with the developing organs. Our anatomical, computational, and molecular 

approaches allowed us to examine a vascular network that becomes more complex in woody 

trees, sparking significant research aimed at improving products of interest, such as wood and 

food. 

We have set four objectives to be met in the concluding section of this thesis. The first 

objective was to "Determine the moment of differentiation of the vascular tissue in the 

different stages of development of the reproductive organs of C. arabica by means of 

anatomical analyzes in the peduncles of floral buds, flowers and fruits." We found that 

vascularity was present even at the earliest stages; G1 and G2. At this stage, the peduncle was 

not yet distinguishable from the rest of the bud, but it was attached to the node with a clearly 

distinguishable procambial region. 

The second objective was to "Correlate the differentiation and development of the 

vascular tissue (phloem and xylem) with the different morphological changes during the 

different stages of development of the floral buds and fruits of C. arabica." We observed 

dramatic changes in the vasculature across the different stages of flower and later fruit 

development. The complexity of the vasculature increased during successive stages of bud 

and fruit development. Figures 2 to 8 in Chapter 2 provide an in-depth description of this 

process. 
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The following objective, "Identify coffee orthologs governing vascular development at 

the transcriptional level," was addressed through an in-depth analysis of orthologs of VND, 

OPS, and HD-Zip III orthogroups, not only in coffee but also in a set of 25 plant species, 

some of economic importance, which may aid future research efforts. In coffee, gene 

balancing effects were detected in the form of differential composition of orthologs between 

sub-genomes. 

Finally, the fulfillment of objective 4, "Use gene expression analyses to pinpoint the 

stages where these orthologs are upregulated," revealed that most vascularity-related 

orthologs were upregulated as early as G2. Notable exceptions included the upregulation of 

CaEHB14 during late G4 (a stage triggered by the resumption of rains after water deficit) and 

the subsequent upregulation of SND1 genes at G5, indicating enhanced synthesis of cell walls 

at this stage. 

We have also asked, “How could anatomical differences in bud vascularization 

influence the non-uniformity of flowering?” It turns out that the regulatory networks 

governing bud vascularization are a complex process. We moved further towards answering 

this question by identifying many of the actors influencing this development and linking them 

with their potential phenotypes scrutinized by our anatomical approaches. Nevertheless, our 

results brought many additional questions that will need to be addressed before this question 

is fully resolved. 

Our research paves the way for future studies on the orthologs of genes involved in 

vascular development in agriculturally and biologically significant plants. The goal is to 

improve their production and address global food demands. Additionally, understanding 

vascularization in economically important crops enhances resource transportation within the 

plant, which is increasingly vital due to global climate change. Ultimately, our work aims to 

deepen knowledge about the coffee plant—not only for its economic value but also as a 

representative example of small, woody trees with complex flowering architecture, 

contributing to the production of the sought-after coffee fruit. 
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