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Abstract

Plants integrate complex regulatory networks to ensure the adaptative growth
of roots and leaves. These networks combine internal signals and external cues,
such as nutrient availability and plant-colonising microorganisms — plant
microbiota. The extent to how microbial communities, nutrient availability and
internal signalling are coordinated to ensure adaptative growth of plant organs
remains poorly understood. To study root and leaf responses to the different
environmental cues, we planted four maise genotypes in three selected soils with
different mineral nutrient contents and bacterial compositions. While root growth
of the different genotypes was not affected by soil variability, leaves differentially
integrated the soil effect. To understand the factors modulating the development
of individual leaves, we investigated their mineral nutrient content and
microbiome composition. We demonstrated that the soil effect on leaf
development results from changes in the concentration of individual mineral
elements impacting distinct leaf-associated bacterial communities.
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1 Introduction

In nature, plants integrate different mechanisms to ensure the adaptative
growth of roots and leaves in response to environmental changes (Martins et al.,
2017; Peng et al., 2021; Rao et al., 2021). This response occurs through complex
regulatory networks that integrate internal signals (genetic) and external cues,
such as nutrient availability, soil water content, light, pathogens, and beneficial
bacteria (De Wit et al., 2016; Duran et al., 2018; Vega et al., 2019; Gu et al.,
2020). Recent evidence suggests that these external cues may differentially
affect the growth of roots and leaves. For instance, magnesium (Mg) deficiency
impaired root and leaf growth in potato (Solanum tuberosum L.) (Koch et al.,
2020), while iron and ammonium induce adventitious root formation in leaf
cuttings of Petunia hybrida (Hilo et al., 2017). However, in most of these studies,
the plant-associated microbial diversity, the plant microbiota, that contribute to
host nutrition, development and growth (Hiruma et al., 2016; Castrillo et al., 2017;
Harbort et al., 2020a) was not taken into consideration. Therefore, little is known
about how plant organs ensure their growth when the microbiota is present and
how the plants integrate the microbiota effect in their responses to environmental

stressors.
1.1 Plant growth and regulation

Organ development is a dynamic process of progressive specialization of cells
and tissues that determine organ growth and the rate at which developmental
processes occur (Kalve et al., 2014). Plant organs are formed post-embryonically
and emerge from an organized cluster of dividing cells known as meristems (Stahl
and Simon, 2010; Sablowski, 2011). Two main meristems are specified during
embryogenesis which are responsible for almost all the growth that occurs post-
embryonically: the shoot apical meristem (SAM), which gives rise to above-
ground tissues and organs (Du et al., 2018) and the root apical meristem (RAM),

which establishes the root architecture (Motte et al., 2019).
1.1.1 Leaf growth and regulation

In plants, leaf development follows a general program that is flexible and

adjusts according to species, developmental stages, and in response to
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environmental factors (Poethig, 2013; Bar et al., 2015; Dubois et al., 2017). This
program is sequential and involves four main stages: (1) initiation, (2)

morphogenesis, (3) expansion and (4) senescence (Dengler and Tsukaya, 2001).

Leaf initiation originates from a pool of pluripotent stem cells located at the
shoot apical meristem (SAM) (Barton, 2010). Functionally, the SAM is divided
into three zones, a central zone (CZ) containing pluripotent stems cells that
organize and renew the meristem, a peripheral zone (PZ) from which leaves
initiate, and a rib zone (RZ) that provides cells for the stem (Aichinger et al., 2012;
Tsuda and Hake, 2016). In the early stages of development, the founder cells are
recruited from PZ at the site of the incipient leaf primordium. The leaf initiation
starts with an auxin maximum being generated by the auxin efflux carrier
PINFORMED1 (PIN1) (Reinhardt et al., 2003; Heisler et al., 2005; Johnston et
al., 2015). Auxin triggers activation of the auxin-responsive transcription factor
MONOPTEROS (MP; ARFb5), which down-regulates the
SHOOTMERISTEMLESS (STM) gene (Chung et al., 2019). STM encodes a
class | KNOTTED-LIKE HOMEOBOX (KNOX1) transcription factor responsible
for maintaining the stem cell fate in the SAM (Jasinski et al., 2005; Yanai et al.,
2005).

The morphogenesis stage involves developmental processes in which the leaf
shape develops as growth progress (Ha et al., 2007, 2010). At this stage,
primordium grows predominantly in the distal direction. During this process, cells
in the primordium develop a polarity gradient along the adaxial-abaxial axis
(Bowman and Floyd, 2008; Qi et al., 2017). The polarity is determine by
interactions between genes that specify its adaxial or abaxial identity (Bowman
et al., 2002; Kidner and Timmermans, 2007). The cells identity in the adaxial
domain depends on the expression of REVOLUTA (REV), PHABULOSA (PHB),
and PHAVOLUTA (PHV) genes, which encode class Ill homeo domain-leucine
zipper (HD-ZIPIII) proteins (McConnell et al., 2001; Emery et al., 2003; Caggiano
et al., 2017; Yu et al., 2017). Abaxial domain identity depends on the KANADI1
(KAN1) gene expression and members of the YABBY gene family (Eshed et al.,
2001; Kerstetter et al., 2001; Stahle et al., 2009; Sarojam et al., 2010; Yu et al.,
2017). These two classes of genes produce signals that suppress each other’s

expression creating an asymmetric distribution of cells and tissue types that
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determine final leaf shape (Reinhart et al., 2013; Huang et al., 2014, Xie et al.,
2015).

The third stage of leaf development, the expansion, encompasses a more
extended period and represents an increase in leaf surface area and volume
(Pantin et al., 2012). At this stage, the expansion occurs at similar rate across the
leaf, but cells at the tip of the leaf cease to expand first while the cells at the base
continue the expansion until the leaf is fully expanded (Donnelly et al., 1999;
Beemster et al., 2005; Fournier et al., 2005). Two classes of miRNA/transcription
factors modules play dominant and antagonistic roles in sustaining cell
proliferation and expansion during the expansion stage (Palatnik et al., 2003; Liu
et al., 2009; Rodriguez et al., 2010; Wang et al., 2011). The module miR319, also
called miRJAW in Arabidopsis and its target genes TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR (TCP)
transcription factors promote the switch from cell proliferation to cell expansion
by regulating the expression of miR396 (Cubas et al., 1999; Ori et al., 2007; Li et
al., 2012). The activation of miR396 by TCPs transcriptionally repressed several
GROWTH-REGULATING FACTORS (GRFs) genes (Liu et al., 2009; Wang et
al., 2011) that formed the second module with miR396. The GRFs are a family of
transcription factors that delay the transition from proliferation to expansion in leaf
development by modulating the levels of cyclins (Lee et al., 2009; Debernardi et
al., 2014).

Along with regulation provided by miRNA-transcription factor modules,
hormonal regulation also plays a role in regulating the expansion stage.
Gibberellins (GAs) and brassinosteroids (BRs) contribute to leaf growth by
enhancing cell proliferation and expansion (Achard et al., 2009; Tong et al.,
2014). Overexpression of GA biosynthetic enzymes or constitutive activation of
GA signalling leads to larger leaves (Choe et al., 2001a). The positive effect of
GAs on cell proliferation relies on the repression of cell-cycle inhibitors, such as
KIP-RELATED PROTEIN 2 (KRP2) and SIAMESE (Achard et al., 2009). On the
other hand, blocking GA signalling decreases leaf size (Huang et al., 1998;
Achard et al., 2009).

The overexpression of BRASSINOSTEROID INSENSITIVEL, encoding the

BR receptor, or DWARF4, a BR biosynthetic gene, results in larger leaves (Choe
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et al., 2001b; Gonzalez et al., 2010; Zhiponova et al., 2013). Mutants deficient in
BR biosynthesis or signalling display reduced leaf size and lower cyclinB (CYCB)
expression, suggesting that BR controls the cell division process (Zhiponova et
al., 2013). Moreover, BR signalling represses PEAPOD1 (PPD1) and PPD2,
which encode transcription factors that limit the proliferation of the stem cell-like

cells, called meristemoids (Gonzalez et al., 2015).

Senescence is the last stage of leaf development preceding its death (Woo et
al., 2016). During senescence, leaf cells undergo significant changes in cell
structure, metabolism and gene expression (Breeze et al., 2011; Woo et al., 2016;
Oteqgui, 2018). In this stage, the chloroplast breakdown and macromolecules
recycle nutrients that are supplied to nutrient sinks such as roots, young leaves
and seeds (Ishida et al., 2014; He et al., 2020; Lornac et al., 2020).

These four development stages are tightly regulated at the molecular level (Li
et al., 2020; Vercruysse et al., 2020). However, the final size of the leave is often
adjusted based on the environmental conditions (Clauw et al., 2015; Urano et al.,
2022). In general, during the early stages of leaf development, initiation and
morphogenesis, leaves respond less to environmental perturbations (Zhao and
Traas, 2020). At these early stages leaf primordia are well protected within the
bud, and the distribution of resources within the plants, such as water and
nutrients, are channelled to the young leaves, even during times of stress. As
leaves undergo the expansion stage and senescence, they are more vulnerable

to environmental cues (Parent et al., 2010).
1.1.2 Root growth and development

At the growing root tip, root apical meristem (RAM) contains a pool of stem
cells that originates all roots tissues. In the model plant Arabidopsis thaliana, the
RAM have five sets of stem cells (initials): vasculature initials, cortex/endodermal
initials (CEIl), epidermis and lateral root cap initials (EPI LRC STEM CELLS),
pericycle initials and columella initials (Dolan et al., 1993; Scheres et al., 2002).
These sets of cells surround the quiescent centre (QC), (Van Den Berg et al.,
1997) which is essential to maintain stem cell fate through WUSCHEL-RELATED
HOMEOBOX 5 (WOX5) transcription factor (Sarkar et al., 2007; Bennett et al.,
2014; Forzani et al., 2014).
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During root tip expansion, stem cells are maintained in the central meristem
zone by cell division, while a number of cells at the distal end make their way
through mitosis, enter the transition zone and subsequently extend rapidly in the
elongation zone driving the root growth (Dolan et al., 1993; Heidstra and Sabatini,
2014; Di Mambro et al., 2017). This growth and development result from the
coordinated action of several plant hormones. The root tip expansion starts with
the polar auxin transport mediated by auxin efflux carrier PIN1 (Petrasek and
Friml, 2009) from shoot to the root tip. Then, auxin is transported shootward by
PIN2, establishing an auxin maxima at the QC. These auxin transport
mechanisms also establish a gradient distribution of auxin in the meristem zone
(Grieneisen et al., 2007; Bargmann et al., 2013; Chaiwanon and Wang, 2015).
Auxin gradient regulate many key transcription factor during root growth. For
example, the master regulator of root organogenesis, PLEOTHORA (PLT)
transcription factor, activate cell proliferation in the root due to the auxin
suppression of SHORT HYPOCOTYL 2 (SHY2) responsible for the ARFs
inhibition that is necessary to activate PLT (Moubayidin et al., 2010; Salvi et al.,
2020). Furthermore, auxin represses a large number of genes involved in cell
elongation, which are activated by brassinesteroids (BRs) (Chaiwanon and
Wang, 2015). BRs promote root cell elongation mainly through activation of BRZ1

transcription factors (Guo et al., 2013; Vragovic¢ et al., 2015).

Besides the primary root, the root system is constitute of another two different
root types: lateral root and adventitious roots (Bellini et al., 2014). While the lateral
root is a root that formed from a root tissue, the adventitious root originated from
shoot tissue (Omary et al., 2022). These two root types share key elements of
genetic and regulatory networks, however they are subject to different regulatory
mechanisms. Although the transcriptions factors ARF7 and ARF19 are essential
during lateral root initiation by activating the transcription factor LATERAL
ORGAN BOUNDARIES DOMAIN 16 (LBD16), in adventitious root initiation
WUSCHEL RELATED HOMEOBOX 11 (WOX11) transcription factor is
responsible for the LBD16 activation (Liu et al., 2014).

1.2 The role of microbiota in regulating plant growth

In nature, plants are colonized by microbial communities consisting of

hundreds to thousands species of bacteria, archaea, fungi, viruses, protists and
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other microbial eukaryotes, collectively known as plant microbiota (Turner et al.,
2013; Hacquard et al., 2017; Walters et al., 2018). Plant microbiota originates
mainly from the soil, air, and via vertical transmission (transferred from parent to
progeny) (Truyens et al.,, 2015; Wagner et al., 2016). Plant-associated
microorganisms play an essential role in plant health and growth (Lebeis et al.,
2015; Finkel et al., 2019). They are involved in host nutrient uptake and use
(Hiruma et al., 2016; Castrillo et al., 2017), plant abiotic stress tolerance (Rolli et
al., 2015; Santos-Medellin et al., 2017), and plant protection against pathogens
(Vogel et al., 2021).

The plant-associated microbiota can directly or indirectly provides benefits to
plant growth and health through several mechanisms (Castrillo et al., 2017;
Harbort et al., 2020b; Vogel et al., 2021). The direct mechanisms are based on
the production of substances that either facilitate resource acquisition or
modulate plant hormone levels (Shi et al., 2010; Spaepen et al., 2014a), while
the indirect mechanism involves the decrease of deleterious effects of plant-
pathogens (Ritpitakphong et al., 2016; Helfrich et al., 2018).

The mechanisms of plant growth promotion driven by the microbiota effect on
nutrient acquisition have been extensively studied in the case of the rhizosphere
(Gouda et al., 2018; Zhang et al., 2019; Danish et al., 2020). For example,
nitrogen-fixing rhizobia and mycorrhizal fungi have been extensively reported as
influencing plant nutrient status by providing plants with nitrogen (N) and
phosphorus (P), increasing nutrient availability, or enhancing nutrient acquisition
capacity in the soil (Smith and Smith, 2011; Udvardi and Poole, 2013; Chiu and
Paszkowski, 2019; Schwember et al., 2019). In addition, members of the
microbiota, other than rhizobia, increase the availability and uptake of
phosphorus (P), zinc (Zn), and iron (Fe) (Goteti et al., 2013; Vaid et al., 2014,
Pandey and Gupta, 2020; Chen et al., 2021) by releasing phosphatase enzymes
or organic chelates in the rhizosphere (Sharma et al., 2003; Richardson and
Simpson, 2011; Jain et al., 2020). Hormones such as auxin and cytokinins (CKs)
produced by rhizobacteria, alter root system architecture, that could indirectly
enhancing nutrient acquisition by the roots (Spaepen et al., 2007, 2014b;
Zamioudis et al., 2013; Ballly et al., 2014).
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Furthermore, diverse members of microbiota associated with plants promote
plant growth indirectly by protecting them from biotic stress (Berg; Berendsen et
al., 2012; Mendes et al.,, 2013). The mechanisms by which plant-associated
microorganisms protect against plant pathogens include competition for niches
and nutrients, antibiosis, production of lytic enzymes, inhibition of pathogen
virulence, and stimulation of the plant defence mechanisms known as induced
systemic resistance (ISR) (Raaijmakers and Mazzola, 2012; Pieterse et al.,
2014). For example, the MYB72 transcription factor that plays a role in induced
systemic resistance, has been identified as crucial for plant adaptation to iron
deficiency (Palmer et al., 2013; Stringlis et al., 2018; Zamioudis et al., 2014).
MYB72 regulates genes responsible for the biosynthesis of coumarins, which are
prominent compounds in root exudates with an important role in iron uptake and
assimilation (Fourcroy et al., 2016; Harbort et al., 2020; Schmid et al., 2014).
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2 Objectives

The plant microbiota is derived from the soil microbial community, which is
governed by its own environmental cues (Delgado-Baquerizo et al., 2018, 2020).
Correlations with soil microbial diversity, and by derivation, with plant microbiota
composition and diversity, were observed for soil environment factors, such as
pH (Lauber et al., 2009; Fierer et al., 2012), water content (Santos-Medellin et
al., 2017), and nutrient concentrations (Leff et al., 2015). Emerging evidence
suggests that soil microbiota play an essential role in plant growth under
environmental changes. For example, Arabidopsis plants grown under variable
soil phosphorus (P) conditions demonstrate shifts in the bacterial composition
that affect their rosette size (Finkel et al., 2019) and the bacterial genus

Variovorax is necessary to maintain the root growth (Finkel et al., 2020).

Given the fact that plants assemble distinct microbial communities in roots and
leaves (Bai et al., 2015), we hypothesized that root and individual leaves within a
plant represent differential ecological niches that recruit distinctive bacteria-

resident communities in response to different environmental stressors.
To test the defined hypothesis, we built a generalized framework with the aim:

» To assess whether mineral content and bacterial composition in
individual leaves could explain the variations in leaf development
observed in the plant response to different soil properties.

» To investigated whether the organ response is similar or varies

between leaf developmental stages, independently of variations in
nutrients and microbiota at the solil level.
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3 Materials and Methods

3.1 Soil variability effect on maize ionome and microbiome
3.1.1 Soil collection

For the soil experiments, we used a collection of two arable soils and a
natural soil from three different geographical locations. Arable soils were
collected from the INIDA station, Sdo Domingos, Cabo Verde, a semi-arid region
(331 mm of accumulated rainfall) located in the central area of Santiago island
(15°1°7.6728”N, 23°32’54.3372”W) and from the INIDA station, Tarrafal, Cabo
Verde, an arid region (196 mm of accumulated rainfall) located in the northern
coastal area of Santiago island (15°15'17.5468”N, 23°44’38.9256”W). The
natural soil, free of pesticide and fertiliser, was collected from a farm located at
Sutton Bonington Campus, University of Nottingham, UK (+52° 49' 59.75"N, —-1°
14' 56.62"W). Before soil collection, all tools were washed with water and
disinfected with 70 % ethanol. Approximately the first 5-10 cm of the soil
containing the local vegetation, was discarded and the collected soil was stored

in clean plastic boxes at 4 °C until use.
3.1.2 Soil preparation

Collected soils were dried in cleaned plastic trays at room temperature for
one week and then sifted using ethanol disinfected 2 mm sieve. Soils were mixed
with autoclaved pavior sand in a proportion of 2:1 (v/v) to increase the soil
drainage and decrease soil compaction. Sterile pots, with a square of sterilised
Miracloth (Millipore) at the bottom, were weighted and filled with 300 g of each

soil mixture and used to grow Zea mays plants.
3.1.3 Plant growth conditions. Nutrient effect

To determine the soil effect on leaf ionome and microbiome, we analysed
a collection of Zea mays genotypes (B73, Matuba, CVSt and Zm523) that
represent different levels of adaptation to nutrient and water content in soils
(Chen et al., 2012; Thierfelder et al., 2016).

All seeds were surface-sterilized with 70 % bleach, 0.2 % Tween-20 for 8

min, followed by three rinses with sterile distilled water to eliminate any seed-
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borne microbes on the seed surface. Before sowing, seeds were placed in 9 cm
Petri dishes with 10 mL of sterile water and incubated at 30°C in the dark
overnight to promote germination. Maize seeds were then sown in the soil
mixtures prepared as described above using sterile tweezers, and as controls,

we used unplanted pots (“bulk soil”).

Pots were randomised using a true random generator (random.org), and
trays were reshuffled every day in the growth chamber. All pots, including
controls, were daily watered with autoclaved Milli-Q water (18.2 MQ cm; Merck

Millipore) using a pump-action pressure spray bottle (Hozelock, Ltd, England).

Plants were grown in a growth chamber under 16-h light/8-h dark at 26 °C
day/24 °C night, 500 pE m st photosynthetically active radiation regime. We

repeated this experiment twice using three replicas per treatment.
3.2 Characterisation of plant phenotypes
3.2.1 Quantification of leaf length

At harvest time, the image of maize shoot was manually acquired using an
EOS 4000D DSLR camera (Canon) with an 18-55 mm lens in the automatic
mode. The flash function was kept off, and images were stored in JPEG format.
Individual leaf length was determined from images using the Measure function in
ImageJ software (Schneider et al., 2012). After Set scale in cm in each image,
leaf length was determined by drawing a line from the leaf base to the leaf tip
using the “freehand” function in ImageJ and measuring it using the Measure

function.
3.2.2 Determination of individual leaf and root biomass

To determine the individual leaf dry weight, leaves were collected
individually and dried in an oven at 70 °C for three days. Individual leaves were
weighted using a Metler four-decimal analytical scale. In the root case, the total
root system was collected and rinsed with water to remove the soil particles
attached. Cleaned roots were lyophilized in an Alpha 2-4 LD freeze dry system

and then weighted in Metler four-decimal analytical scale.
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3.2.3 Analysis of leaf mineral elemental profile

The elemental profiles of individual leaves were measured using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Individual leaves
were collected from the plant at the V4-developmental stage (leaf number 4 fully
expanded with the collar formed). The leaf material was washed three times with
18.2 MQcm Milli-Q water (Merck Millipore) and cut into small pieces using a clean
ceramic scalpel. Representative samples containing fragments from the different
regions of the leaf were collected in a sterile 1.5-mL Eppendorf tube and stored
at 4 °C until further use. The leaf samples were placed in weighted Pyrex
digestion tubes and dried at 88 °C for 20-h. After cooling, leaf samples were
weighted on Mettler five-decimal analytical scale, and 1-3 mL (depending on the
sample dry weight) of the concentrated trace metal grade nitric acid Primar Plus
(Fisher Chemicals) was added to each tube. Prior to the digestion, 20 pg/L of
Indium (In) was added to the nitric acid as an internal standard to assess putative
errors in dilution, variations in sample introduction and plasma stability in the ICP-
MS instrument. The samples were then digested in DigiPREP MS dry block
heaters (SCP Science; QMX Laboratories) for 4-h at 115 "C. After cooling down,
the digests were diluted to 10-30 mL (depending on the volume of the nitric acid
added) with 18.2 MQcm Milli-Q Direct water and elemental analysis was
performed using an ICP-MS, PerkinElImer NexION 2000 equipped with Elemental
Scientific Inc 4ADXX FAST Dual Rinse autosampler, FAST valve and peristaltic
pump. The instrument was fitted with a PFA-ST3 MicroFlow nebulizer, baffled
cyclonic C3 high sensitivity glass spray chamber cooled to 2 °C with PC3X Peltier
heated/cooled inlet system, 2.0 mm i.d. quartz injector torch and a set of nickel
cones. Twenty-four elements were monitored including following stable isotopes:
7Li, 1B, 23Na, 24Mg, 31p 345 39K 43Cg. 48T 52Cr, 55Mn, 56Fe, 59Co, SONi, 63Cu,
66Zn, ">As, 82Se, Rb, 88Sr, Mo, *1Cd, 2°2Pb and ''®In. Helium was used as a
collision gas in Kinetic Energy Discrimination mode (KED) at a flow rate of 4.5
mL/min while measuring Na, Mg, P, S, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, As, Se

and Pb to exclude possible polyatomic interferences.

The remaining elements were measured in the standard mode. The
instrument Syngistix™ software for ICP-MS v.2.3 (Perkin Elmer) automatically

corrected any isobaric interferences. The ICP-MS measurements were
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performed in peak hopping scan mode with dwell times ranging from 25 to 50 ms
depending on the element, 20 sweeps per reading and three replicates. The ICP-
MS conditions were as follow: RF power — 1600 Watts, auxiliary gas flow rate
1.20 L/min. Torch alignment, nebuliser gas flow and quadrupole ion deflector
(QID) voltages (in standard and KED mode) were optimized before analysis for
highest intensities and lowest interferences (oxides and doubly charged ions
levels lower than 2.5 %) with NexION Setup Solution containing 1 pg/L of Be, Ce,
Fe, In, Li, Mg, Pb and U in 1 % nitric acid using a standard built-in software
procedure. To correct for variation between and within ICP-MS analysis runs,
liquid reference material was prepared using pooled digested samples and run
after the instrument calibration and then after every nine samples in all ICP-MS
sample sets. Equipment calibration was performed at the beginning of each
analytical run using seven multi-element calibration standards (containing 2 pg/L
In internal standard) prepared by diluting 1000 mg/L single element standards
solutions (Inorganic Ventures; Essex Scientific Laboratory Supplies Ltd) with 10
% nitric acid. As a calibration blank, 10 % nitric acid containing 2 pg/L In internal
standard was wused, and it was run throughout the analysis. Sample
concentrations were calculated using the external calibration method within the
instrument software. Further data processing, including calculation of final

elements concentrations, was performed in Microsoft Excel.
3.3 Analysis of soil mineral elemental profile

For the soil mineral elemental analysis, soil samples were harvested from
the individual pots and placed in 50 ml Falcon tubes. The soil samples were first
dried using a plastic weighing boat in the fume hood for approximately 72h at
room temperature. Five grams of soil was then weighted in 50 ml Falcon tubes
with a four-decimal scale, and digested with 20 mL of 1 M NH4HCO3, 5 mM
diamine-triamine-penta-acetic acid (DTPA), and 5 mL 18.2 MQcm Milli-Q Direct
water (Merck Millipore), 1h at 150 rpm in a rotary shaker (adapted from
(Soltanpour and Schwab, 1977). Each sample was gravity filtered through a
quantitative filter paper (Whatman 42- WHA1442070) until obtaining
approximately 5 mL of filtrate. 0.5mL of the filtrates were open-air digested in
Pyrex tubes using 1 mL of concentrated trace metal grade nitric acid Primar Plus
(Fisher Chemicals) spiked with 20 pg/L indium internal standard for 4-h at 115 °C
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in dry block heater (DigiPREP MS, SCP Science; QMX Laboratories, Essex, UK).
Each sample was then diluted up to 10 mL with 18.2 MQcm Milli-Q Direct water.
The elemental analysis was performed using PerkinElmer NexION 2000 ICP-MS
equipped with Elemental Scientific Inc. autosampler in the collision mode (He) as
described for leaf samples. To correct for variation between and within ICP-MS
analysis runs, liquid reference material was prepared using pooled digested
samples and run in the same manner as leaf samples. Sample concentrations
were calculated using the external calibration method within the instrument
software. Further data processing to obtain the final concentration of the elements
was performed in Microsoft Excel and included correction of the drift, subtraction
of the blank concentration, multiplication by the dilution factor and normalization

to the soil dry weight.
3.4lonome analysis

In conjunction, for both leaves and soil elemental profiles, we created a matrix
(samples x ion) in which each cell was filled with the calculated element
concentration in a given sample. Afterwards, we applied a z-score transformation
of each ion across the samples in the matrix. Next, we applied a principal
component analysis (PCA) using the Euclidean distance between samples and
the z-score matrix as input to compare the elemental profiles of leaves and soil.
Additionally, we estimated the variance explain by soil origin, fractions and leaf
number by performing PERMANOVA via the function adonis from the vegan v2-
5.5 R package (Oksanen, 2007).

For the natural soil characterization experiment, we compared the
concentration of each ion in the three soils against each other by fitting a linear

model with the following design:
lon concentration ~ Soil

After fitting the model, we applied the pairwise comparisons. Further, we used
the false discovery rate (FDR) approach to adjust the p-values obtained from the
pairwise comparisons. An ion was considered significant for each comparison if
it had a p-value < 0.05. The enrichment profiles of each ion across the shoot and
soil fractions were visualized using a heatmap created by the ggplot2 v.3.2.1
(Wickham, 2016), R package.
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For the enrichment in the single-leaves experiment, we used the same

approach described above with a different linear model design:

lon concentration ~ Number of leaf (NumLeaf) + Soll
3.5 Analysis of microbiome composition
3.5.1 DNA extraction

Microbiota composition was determined in individual leaves, roots and soil
samples from plants grown using the three soils described in material and
methods 2.1. At the harvesting time, individual leaves were cut into small pieces
using a sterile scalpel. A representative sample containing leaf fragments from
the different regions of the leaf was collected in a sterile 2-mL Eppendorf tube.
Leaf samples were rinsed three times with sterile distilled water to remove weakly
associated microbes and soil particles. The whole root system was also collected
and rinsed three times with sterile distilled water in 500 mL glass bottles. Soil
samples were collected in 50 mL falcon tubes containing sterile distilled water
and then filtered using sterile 100 ym nylon mesh cell strainers (Fisherbrand™,
Thermo Fisher Scientific Inc.) to remove plant debris and big soil particles. Then,
soil samples were centrifuged at room temperature for 20 min at max speed in
an Eppendorf 5810R centrifuge, and the supernatant was discarded. The pellet
was dissolved in 1 mL of sterile water, and the resulting suspensions were
transferred to sterile 1.5-mL Eppendorf tubes. Samples were centrifuged again
at high speed in a benchtop centrifuge, and the supernatants were discarded. All

samples were stored at -80 °C until use.

Before DNA extraction, leaf and roots samples were lyophilized using an
Alpha 2-4 LD freeze dry system. Individual root systems were cut into small
pieces using flame-sterilized scissors, and a representative root sample was
transferred to 2-mL Eppendorf tubes. Leaf and roots samples were pulverised
using a Tissue Lyser Il (Qiagen) with the following conditions: 4 cycles of 60
seconds at the frequency of 30 s'1. The DNA extraction was carried out using 96-
well-format MoBio PowerSoil Kit (MOBIO Laboratories; Qiagen) following the
manufacturer’s instruction. Before starting the extraction, leaf, root and soil
samples were manually randomised by shaken them several times in a plastic

bag. Samples were taken individually from the bag and loaded into the DNA
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extraction plates. This random distribution was maintained throughout library

preparation and sequencing.
3.5.2 16S rRNA amplification and sequencing

For the 16S rRNA sequencing, the V3-V4 region of the bacterial 16S rRNA
gene was amplified using the primers 338F (5'-ACTCCTACGGGAGGCAGCA-3')
and 806R (5'-GGACTACHVGGGTWTCTAAT-3'). Each sample was amplified in
triplicate, and the PCR reactions were performed using three sets of unique
primers combinations per plate. The following conditions were used for PCR
amplification: 5 yL Kapa Enhancer, 5 yL Kapa Buffer A, 1.25 uL of 5uM 338F,
1.25 L of 5uM 806R, 0.375 pL mixed plastid and mitochondrial rRNA gene-
blocking peptide nucleic acids (PNAs; 1:1 mix of 100 uM plastid PNA and 100 yM
mitochondrial PNA), 0.5 pL Kapa dNTPs, 0.2 yL Kapa Robust Taq, 8 uyL dH20
and 8 yL DNA,; temperature cycling: 95 °C for 1 min, 24 cycles of 95 °C for 15 s,
78 °C (PNA) for 10 s, 50 °C for 30 s, 72 °C for 30 s and 4 °C until use. PCR
products of triplicate were combined and purified using AMPure XP magnetic
beads (Beckman Coulter) to remove primer dimers. 10 pyL of purified DNA was
subjected to a second PCR using the following conditions: 12 yL Kapa HiFi
Readymix, 0.375 uL mixed (1:1) of 100 yM pPNA and 100 yM mPNA; 2.5 uL of
5 uM index primers; temperature cycling: 95 °C for 1 min, 9 cycles of 95 °C for 15
S, 78 °C for 10 s, 60 °C for 30 s, 72 °C for 35 s and 4 °C until use. Subsequently,
amplicons were pooled together in equal amounts and then diluted to 10 pM for
sequencing. Sequencing was performed on an Illumina MiSeq instrument using
a 600-cycle V3 chemistry kit in the DeepSeq facility at the University of
Nottingham. DNA sequence data, the abundance matrix, metadata and

taxonomy will be available upon publication.
3.5.3 16S rRNA amplicon sequence data processing

For the 16S rRNA analysis, sequences data were processed with cutadapt
(Martin, 2011), DADA2 and R packages. Raw reads were demultiplexed and
trimmed with cutadapt. The resulting sequences were then denoised and
collapsed into amplicon sequence variants (ASVs), using DADA2 v.1.10.1
(Callahan et al., 2016). Briefly, the paired reads were filtered by removing

seguences containing uncalled bases, truncating reads after bases with a quality
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score of 2 and reads with no more than 3 expected errors using the FilterAndTrim
function. We then learn the error for the forward and reverse reads separately
with the learnErrors function. These error rates were then used to infer amplicon
sequence variants (ASVs) with the function dada on the reverse and forward
reads individually. After, we merge the forward and reverse sequence with the
mergePairs function. The merged ASVs were used to build an ASV sequencing
table using the makeSequenceTable function. Then, we removed chimeras from
the sequence table with the removeBimeraDenova function. The resulting ASVs
were mapped to SILVA 132 database (Quast et al., 2013). We filtered ASVs that were
assigned to chloroplast, mitochondria, oomycete, archaea or did not have a
known kingdom assignment. After the filtering, the remaining ASVs, with more
than 1000 reads per sample, were used to create the raw count abundance
tables. The resulting abundance tables were processed and analysed with
functions from the ohchibi package (https://github.com/isaisg/ohchibi).

3.54 16S rRNA amplicon sequence analysis

To compare alpha diversity across soils, roots, and individual leaves, we
calculated the Shannon diversity index using the diversity function from the vegan
package v2.5-5 (Oksanen, 2007). We used ANOVA to test for differences in alpha
diversity between the different fractions. Beta diversity analyses (Principal
coordinate analysis, Pco and canonical analysis of principal coordinates, CAP)
were based on Bray-Curtis dissimilarity matrices calculated from the rarefied
abundance tables. Additionally, we estimated the variance explain by soil origin,
fractions and leaf number by performing PERMANOVA via the function adonis
from the vegan v2-5.5 R package (Oksanen, 2007). We applied PCo using the

function prcomp in R.

The relative abundance of bacterial phyla was depicted using a stacked bar
representation encoded in the function chibi.phylogram from the ohchibi package

(https://github.com/isaisg/ohchibi).

For the enrichment profile in the natural soil characterization experiment, we
used the R package DESeq2 v.1.24.0 (Love et al., 2014) to compute the soil
origin-specific enrichment profiles. For each phylum in the abundance tables, we

estimated its difference in abundance with the three different soils (Tarrafal, S&o
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Domingos and Sutton Bonington) by fitting a Generalized Linear Model (GLM)

with the following design:
Abundance ~ Soil

From the fitted model, we extracted the following comparisons: Tarrafal vs
S&o Domingos, Tarrafal vs Sutton Bonington and Sao Domingos vs Sutton
Bonington. A phylum was considered statistically significant if it had a p-value <
0.05. We visualized the results for the GLM using a heat map. The rows in the
heat map were ordered according to the dendrogram obtained from the phyla
analysis. The heat map was coloured based on the logz-transformed fold change
output by the GLM. The significant comparisons (p-value < 0.05) were highlighted

with black framing.
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4 Results and Discussion

4.1 Soils from Cabo Verde and UK represent different levels of variability in mineral

content and bacterial composition

Plant growth largely depends on soil water content, the combination and
concentration of mineral nutrient availability in soil, and soil microbiota
composition (Salas-Gonzalez et al., 2021). To demonstrate the soil effect on plant
growth, we selected three different soils, and we first determined the mineral
content profiles and the bacterial composition of each soil. Two arable soils with
an irregular rainy season and few heavy rains were selected from Santiago Island
(Cabo Verde) (Baptista et al., 2015) to compare with rich soil (free of pesticides
and fertilizers) with a history of high precipitation exposure, from Sutton
Bonington (Nottingham, UK). Six replicas of each soil were analysed in two
independent experiments to determine nutrient content and profiles of bacterial

communities.

We examined differences in soil mineral content in the different soils using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Principal component
analysis (PCA) of the mineral nutrient profiles showed that all the soils are
different in terms of their mineral nutrient composition (adonis: degrees of
freedom (df) = 2; coefficient of determination (R?) = 0.84; P<0.001) (Figure 1A).
To further explore the variation of different elements per soil, we calculated
pairwise comparisons in soil mineral content across all soils. We identified four
well-defined groups of mineral nutrients that appeared in either enriched or
depleted concentrations across the different soils (Figure 1B). Group 1(G1)
contained Zn, U, Se, Pb, P, Mo, Mn, Fe, Cr, Co, Cd, As, Al and Ag were
predominantly enriched in Sutton Bonington samples, which suggest that this
clade is driving the differences between the soils from the two countries. Group
2 (G2), containing Rb, K, and Ba, showed an enrichment pattern in Tarrafal soil.
Group 3 (G3) containing V, Sr, S, Ni, Mg, Cu, Ca, and B showed an enrichment
pattern in S&o Domingos soil, whereas group 4 (G4) reflected an enrichment
pattern in Ti and Na in Cabo Verde soils (both Tarrafal and Sdo Domingos).

We then investigated the bacterial composition in the three soils. Total DNA was

extracted from soils, and the 16S rRNA (V3-V4) regions were amplified and
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sequenced using Illumina platform. Sequences were collapsed into amplicon
sequence variants (ASVs) and we measured the a-diversity (within-sample
diversity) and B-diversity (between-sample diversity) across the different soils.
We estimated a-diversity across soils by calculating the Shannon diversity index.
Séo Domingos and Sutton Bonington showed quantitatively similar index and
higher than Tarrafal soil, indicating that microbial diversity in these two soils was
higher than Tarrafal (Figure 1C). As we expected, we found that bacterial
communities’ composition differs among soils. Principal coordinates analysis
(PCo) showed that the different soils carried different bacterial communities
(Figure 1D). The primary axis (PCol) of variation distinguished the Cabo Verde
soil microbiomes from the one of Sutton Bonington. In contrast, the secondary
axis (PCo2) of variation separated between the soils collected in Cabo Verde
(Tarrafal and S&o Domingos). Then, we investigated the abundance patterns of
bacterial phyla found in each soil. The general taxonomic patterns in each saoil
are driven mainly by differences in the abundances of taxonomic groups. The
Actinobacteria, Chloroflexi, and Proteobacteria phyla were generally abundant in
the three soils, whereas Bacteroidetes, Planctomycetes and Acidobacteria

showed an opposite pattern (Figure 1E).

To study which phyla are enriched in the different soils, we utilized a
generalized linear model (GLM). We found that Actinobacteria, Planctomycetes,
and Firmicutes phyla were significantly enriched in Cabo Verde soils (Figure 1F).
In contrast, Latescibacteria, Verrucomicrobia, and Nitrospirae showed significant
enrichment in Sutton Bonington soil. Whereas, Proteobacteria and
Gemmatimonadetes showed an enrichment pattern in Tarrafal soil samples,
suggesting that these phyla drive the difference between Cabo Verde soils.
Taken together, these results demonstrate that our soils selection represent

different level of variability in mineral content and bacterial composition.
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Enrichment pattern of mineral nutrient concentrations in the different soils. Each column in the
heat maps represents a specific contrast in the enrichment model. The heat maps are coloured
based on z-score. Positive z-score (coloured in red gradient) represent enrichments on the left
side of the name of the contrast (e.g. Tarrafal vs S&o Domingos, enriched in Tarrafal comparing
to Sao Domingos). In contrast, a negative z-score (coloured in blue) represent enrichments on
the right side of the name of the contrast (e.g. Tarrafal vs Sdo Domingos, enrichment in Sdo
Domingos in comparison to Tarrafal). Significant comparisons between each soil are outlined
in black (g < 0.05). (C) Bacterial alpha diversity estimated using the Shannon Diversity Index.
Letters represent post hoc test results, based on ANOVA model. (D) PCo based on Bray-Curtis
dissimilarities between bacterial communities across soils. The bar graph to the left of the PCo
depicts the percentage of variance explained by statistically significance (p < 0.05) variables in
a PERMANOVA model. (E) Relative abundance profiles of the rare bacterial phyla across the
three soils. (F) Enrichment pattern of bacterial communities in the different soil. Each row along
the different panels represents a unique phylum identified in the soils. Each column in the heat
maps represents a specific contrast in the enrichment model. The heat maps are coloured
based on log: fold changes derived from fitted GLM. Positive fold changes (coloured in red
gradient) represent enrichments on the left side of the name of the contrast (e.g. Tarrafal vs
Sao Domingos, enriched in Tarrafal as compared to Sdo Domingos), whereas negative fold
changes (coloured in blue) represent enrichments on the right side of the name of the contrast
(e.g. Tarrafal vs Sdo Domingos, enrichment in S&o Domingos in comparison to Tarrafal).
Significant comparisons are outlined in black (g < 0.05). Principal component analysis; PCo,
Principal coordinate analysis; PERMANOVA, Permutational Multivariate Analysis of variance;

GLM, generalized linear model.

4.2 Roots and leaves growth respond differentially to soil mineral content

To assess the effect of different soils on plant growth, we grew four maize
genotypes that represent different levels of adaptation to soil nutrient and water
content (Chen et al., 2012; Thierfelder et al., 2016) in the three soils characterised

in this work.

For the analysis, we harvested the plants when they reached V4
developmental stage (approximately 15 days) and we then quantified plant
phenotypes such as root and shoot biomass, individual leaf biomass and length
as proxies for plant growth (Figure 2). We observed genotype-specific differences
in root dry weight (ANOVA, P < 0.001) but not soil-specific differences (ANOVA,
P=0.3212) (Figure 2A-B). The genotypes B73 and Matuba showed the lowest
root dry weight. While CVSt and Zm523 genotype showed the highest root dry
weight (Figure 2A, ANOVA followed by post hoc Tukey’s HSD). By averaging the
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genotypes and analysing the root dry weight per soil, we found no significant
effect of the soil on root biomass. These results indicate that the root biomass is
not affected by the variability in soil mineral content or microbiome. By contrast,
we found soil-specific differences in shoot dry weight (ANOVA, P < 0.01) (Figure
2D) but not genotype-specific differences (ANOVA, P=0.434) (Figure 2C).
Analysis of plants grown in the two Cabo Verde soils (Tarrafal and Sao
Domingos), showed Tarrafal with a significant difference in shoot dry weight as
compared to plants grown in S&o Domingos soil (Figure 2D, ANOVA followed by
post hoc Tukey’s HSD), whereas, the shoot dry weight of plants grown in Sutton
Bonington was similar to the shoot dry weight of plants grown in both soils from
Cabo Verde (Figure 2D, ANOVA followed by post hoc Tukey’s HSD). These
findings indicate that root response to soil variability is buffered by genotypes
while leaf growth is affected by soil natural variability.

To further understand shoot growth in response to the different soils, we
studied individual leaf dry weight and length. We found that in all 3 soils, leaf dry
weight and length was quantitatively similar in a subset of leaves (L1, L2 and L6;
numbers refer to the positions of leaves according to their order of appearance)
and L3 to L5 was more extensively affected by soil mineral content and
microbiome variability (Figure 2E-F, ANOVA followed by post hoc Tukey’s HSD).
This finding indicates that individual leaves differentially integrate soil effect in

maize.
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Figure 2: Leaf growth differently responds to soil natural variability. (A and B) Root dry weight (in mg) of
four-week-old Zea mays grown in pots with the 3 different soils. Three independent biological replicates
(n =150 plants). (C and D) Shoot dry weight (in mg) of four-week-old Zea mays grown in pots with the 3
different soils. Two independent biological replicates (n = 76 plants). (E) Individual leaf biomass (in mg) in
pots with the 3 different soils. Two independent biological replicates (n = 474 leaves). (F) Individual leaf
lenght (in cm) of four-week-old Zea mays grown in the 3 different soils. Three independent biological

replicates (n = 647 leaves). For all plots, letters indicate statistical significance corresponding to ANOVA
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with Tukey’s HSD post hoc test (o = 0.05). In all box plots, the centre line represents the median, box edges

show the 25th and 75th percentiles, and whiskers extent to 1.5x the interquantile range (IQR).

4.3 Leaf age drives the variation in leaf mineral nutrient composition

To understand the factors that affect leave growth, we investigated the mineral
nutrient and trace element composition of the leaves, the ionome (Salt et al.,
2008) using the same maize genotypes and soils described above. The analysis
of ionome in single leaves based on average Euclidean distance across
replicates, revealed that ionome in leaf were separated by leaf age and soil origin
(Figure 3A-B). PERMANOVA indicated that the factor leaf age (Leaf number)
explains the variation in leaf ionome composition (Adonis: df = 5; R? = 0.24;
P<0.01) than maize genotypes (adonis: df = 3, R? = 0.02, P<0.01) and soil origin
(Adonis: df = 2, R2 = 0.15, P<0.01) (Figure 3B). To identify the ionome signature
in each leaf, we calculate pairwise correlations in ionome content across all
samples. We identified eight well-defined clusters of mineral nutrients with
concentrations that are enriched and depleted across individual leaves (Figure
3C). The most mobile elements in plants, K and P (Taiz et al., 2015) formed a
distinct cluster (CI1 and CI8) with a gradient increase of concentrations as the
leaf transition from L1 to L6. Interestingly, Pb, Zn, and Ni (Cl2) showed a unique
pattern where the concentrations between leaves changed according to the soil
used to growth the plants. Cluster 3 (CI3) and Cluster 6 (CI6) were composed of
elements that were mainly enriched in L1 (S, B, Li, Co, Cr) and elements that
were enriched in L1 and L2 (Ti, Mg, Ca, Mo), respectively, in all soils, whereas,
Fe, Mn, Cd, As, and Cu were enriched in the same subset of leaves mainly in
Sutton Bonington soil (Figure 3C). These data suggest that each leaf has a
unique mineral element signature that depends to some extent on individual soill
characteristics. This effect suggests that individual leaves in the plant may

represent different ecological niches for the bacterial communities.
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Figure 3: Leaf age effects on maize shoot ionome. (A) and (B) PCA analysis based on
Euclidean distance of leaf mineral nutrient composition (ionome) showing the ionomic profiles of
maize genotypes growing in the three soils. (B) The bar graph to the left of the PCA represents
the percentage of variance explained by statistically significance (P<0.05) variables in a
PERMANOVA model. Different colours show the leaf mineral profile in each soil (A) and in each
leaf (B). (C) Heatmap showing mineral nutrient concentrations in individual leaves. The heat maps

are coloured based on z-score.

4.4 Different leaves assemble different bacterial communities

To explore whether an individual leaf is able to assemble a distinct
microbiome, we compared the composition of leaf-associated bacterial
communities in individual leaves in 4 maize genotypes grown in pots filled with
each of the three soils described above. For each genotype, we harvested soil,

roots and individual leaves when the plants reached the V4 developmental stage.
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We also harvested soils from unplanted pots from each soil that we used as
controls. Next, we generated a bacterial community profile for each sample via
PCR amplification of the 16S ribosomal RNA (rRNA) gene. We obtained
10,357,079 sequences from 514 samples. We found that alpha diversity
decreased from soil to the root and shoot fractions in the three soils used in this
work (Figure 4A), however diversity at shoot level was higher than at roots.
Compared to Arabidopsis, a dicot, that shows a higher microbial diversity in root
than shoot (Castrillo et al., 2017; Finkel et al., 2019), this result suggests that: (1)
in monocot (maize) there is not only a different recruitment pattern of microbial
communities, but also a different abundance of these communities; (2) by
analysing single-leaf microbial composition we can recover a higher number of
species per sample. However, further studies are needed in order to define this
pattern in dicot and monocot.

Next, we explore the community composition for each fraction soil, root and
shoot. We found that roots and shoots harbour bacterial communities distinct
from the surrounding soil community and from each other (Figure 4B). To further
explore single leaf bacterial communities, we analysed the microbial diversity and
composition in individual leaves. We found that L1, L2, and L6 sustained a lower
bacterial alpha diversity in Sutton Bonington soil compared to Tarrafal and to S&o
Domingos and a higher alpha diversity for L3 to L5 (Figure 4C). Interestingly, the
beta diversity analysis showed that each leaf assembles a different composition
of bacterial community (Figure 4D). CAP analysis based on Bray-Curtis distances
revealed significant differences in bacteria composition according to leaf number,
which separated along the first coordinate axis (Figure 4D). These differences
are robust across the three different soils, suggesting divergence in bacterial
community in individual leaves. Finally, to explore leaf-specificity in the plant
microbiome composition, we compared soil, root, and single leaves at the phyla
levels. In all 3 soils, the relative abundance of Actinobacteria and Proteobacteria
phyla was higher in soil and roots compared to leaves (Figure 5)., while the
Firmicutes phylum was present at higher relative abundance in leaves as
compared to root and soil. Our results demonstrate that maize individual leaves

harbour a different microbiota community.
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Figure 4: Individual leaf microbiomes. (A) Bacterial alpha diversity estimated using the Shannon
Diversity index. (B) Canonical analysis of principal coordinates (CAP) based on Bray-Curtis
dissimilarities between bacterial communities across soil, root, and shoot. The bar graph to the
left of the CAP depicts the percentage of variance explained by statistically significant (p < 0.05)
variable in a PERMANOVA model. (C) Leaf number displayed reproducible effect on bacterial o-
diversity. Each panel represents bacterial a-diversity across the different leaves. Bacterial a-
diversity was estimated using Shannon diversity index. Letters represents statistical significance
corresponding to ANOVA with Tukey’s HSD post hoc test (o = 0.05). (D) Canonical analysis of
principal coordinates (CAP) based on Bray-Curtis dissimilarities showing the influence of leaf
number on the assembly of the bacterial community across plants grown in the 3 different soils

described here. Different colours differentiate between the leaves. PERMANOVA R? and p-value
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(P) are shown within each plot. All samples are biologically independent and represent two

independent experiment (Tarrafal, n = 60 leaves. Sdo Domingos, n = 60 leaves. Sutton Bonington,

n = 60 leaves).
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Figure 5: Relative abundance profiles of the main phyla found across the soils. (A) Tarrafal (B)
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5 Conclusions and future perspectives

Plant growth is complex, dynamic and multifactorial, our study demonstrates
that external cues, such as soil mineral content and soil microbiota have a
differential effect on root and shoot growth and biomass. Moreover, we found that
individual leaves respond differentially to those external cues.

Soil mineral composition has been described as one of the main factors that
explains variation in leaf ionome composition (Stein et al., 2017). Our ionome
analysis revealed that different leaves represent a distinct ionome profile that is
reproducible independently of the soil mineral content. This differential response
of leaves to external cues has been described in the context of plant immunity
(Berens et al., 2019). Since, bacterial communities play an important role in plant
development and growth, we cannot exclude that the leaf ionome findings and
the reported differential leaf immunity may differentially affect leaf-associated
bacteria. The data show that different leaves harbour different bacterial
communities. Factors and mechanisms determining microbiota structure and
contributions to plant growth are beginning to be defined (Hou et al., 2020; Salas-
Gonzalez et al., 2020). In the context of the observed differential leaf ionome and
microbiome, this raises the intriguing possibility that each leaf within a plant is a
distinct habitat having an adapted corresponding distinctive leaf-resident
community. This adaptation could be through several mechanisms such as ability
to extract nutrients, production of hormones and surfactants, as well as motility
and biofilm formation (Nadakuduti et al., 2012; Ueda et al., 2018; Leveau, 2019;
Oso et al., 2019).

In conclusion, my work here describes the importance of leaf-environment in
selecting different microbial communities in plants, likely modulating plant growth
in natural environment. This opens the possibility to develop microbial-based
strategies to control plant growth at the organ level, raising opportunities to
improve plant edible parts without affecting their nutritional content. Therefore, to
reach this final goal, further studies are required to understand the individual
mechanisms operating in each leaf and disclosing if these mechanisms are
retained in different microbial habitats such as soil, flowers and seeds with similar

nutrient composition.
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