
Frontiers in Plant Physiology

OPEN ACCESS

EDITED BY

Yasuyuki Kawaharada,
Iwate University, Japan

REVIEWED BY

Anish Malladi,
University of Georgia, United States
Ramya Enganti,
Indiana University, United States

*CORRESPONDENCE

N. S. Arias

ns_arias@yahoo.com.ar

RECEIVED 30 June 2024
ACCEPTED 13 November 2024

PUBLISHED 02 December 2024

CITATION

Palmeri MA, Arias NS, Parra G, Carbonell-
Silletta L, Silva RA, Goldstein G, Scholz FG and
Bucci SJ (2024) Foliar water uptake and
phyllosphere microbe colonization increase
under higher soil
nitrogen availability.
Front. Plant Physiol. 2:1457037.
doi: 10.3389/fphgy.2024.1457037

COPYRIGHT

© 2024 Palmeri, Arias, Parra, Carbonell-Silletta,
Silva, Goldstein, Scholz and Bucci. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 02 December 2024

DOI 10.3389/fphgy.2024.1457037
Foliar water uptake and
phyllosphere microbe
colonization increase under
higher soil nitrogen availability
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Leaf water uptake (FWU) represents an alternative pathway to plant water

acquisition that can have positive effects on water and carbon balance. Leaf

surface traits including the phyllosphere microbes can affect the leaf wetness

capacity and FWU. These functional and structural leaf traits could change

depending on soil resources availability. The aim of this study was to evaluate

the responses of FWU and leaf surface traits such as contact angle, water drop

adhesion (LWA) and phyllosphere-associated microbiota to soil nitrogen

addition. Three dominant plant species, Azorella prolifera, Senecio filaginoides,

and Papostippa speciosa, of an arid steppe in Patagonia exposed to nitrogen (+N)

and nitrogen plus water (+NW) addition for ten years were selected. Leaf contact

angle did not exhibit statistical differences among treatments within species. LWA

was higher in all treatments with respect to the control (C) for shrub A. prolifera

and grass P. speciosa. Nitrogen addition increased significantly FWU in A.

prolifera and in P. speciosa with respect to C. Colony-forming units of

culturable microorganisms (CFU) on leaf surface responded to N addition, but

the changes were statistically significant in S. filaginoides and P. speciosa in +NW,

increasing three and eight times, respectively, in relation to the C. A positive linear

relationship was found between FWU and LWA across species and treatments.

On the other hand, CFU of phyllosphere was negative and exponentially

correlated with LWA and FWU, across species and treatments. The results

suggest that soil N enrichment could affect functional leaf traits and

phyllosphere microbiota in a way that may confer a higher potential to cope

with drought by facilitating the use of alternative water sources. On the other

hand, we suggested that species with leaves more colonized have less surface

exposed for FWU and could have lower wettability depending on the
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hydrophobicity degree of microbes. However, a higher cover of epiphyte’s

microorganisms could compensate the effects of lower FWU by avoiding the

leaf dehydration. This study contributes to a better understanding of plant leaf-

microbe interactions under higher N atmospheric deposition and intensive

fertilization as global agricultural production is expected to increase.
KEYWORDS

foliar water uptake, phyllosphere microbiota, patagonian steppe, water drop adhesion,
wettability, nitrogen, plant-microbe interactions
1 Introduction

Plants resistance to drought relies on several adaptive strategies,

which include the use of alternative water sources (e.g., atmospheric

water deposited on leaf surface). Foliar water uptake (FWU) has been

observed in a wide range of ecosystems (Cavallaro et al., 2020b; Eller

et al., 2013; Hayes et al., 2020; Losso et al., 2023; Matos et al., 2024;

Roth-Nebelsick et al., 2023; Schreel and Steppe, 2019; Waseem et al.,

2021). Some studies have showed than leaf wetting contributes to

maintain the water status through FWU (Cavallaro et al., 2020a, b;

Eller et al., 2013). Liquid or gaseous atmospheric water can entry to

the leaf through cuticle (Fernández et al., 2017), trichomes (Losso

et al., 2023; Ohrui et al., 2007; Schreel and Steppe, 2020; Waseem

et al., 2021), stomatal pores (Binks et al., 2020; Guzmán-Delgado

et al., 2021) or/and hydathodes (Fradera-Soler et al., 2024), when the

water potential inside the leaf is lower than that in the air surrounding

leaf. In addition to a favorable water potential gradient, it is necessary

that the leaf exhibited certain traits that favor the leaf wetness, water

adhesion and/or water retention (Carbonell Silletta et al., 2022; Roth-

Nebelsick et al., 2023). These traits increase the wettability, and the

amount and the time duration that water drops are maintained on

leaves with possibility to be up taken and moved inside leaf.Moreover

of physic-chemical cuticle traits and of inherent three-dimensional

foliar microstructures (e.g., trichomes, epicuticular waxes, stomata)

(Almonte et al., 2022; Fernández et al., 2024; Papierowska et al., 2018;

Tie et al., 2023), aggregates microbes inhabiting leaf surface can

modify the leaf hydrophilicity (Brewer and Nun, 2007; Drummond

and Rosado, 2022; Holder, 2007; Rosado and Holder, 2013). At the

same time, the leaf hydrophilicity degree can affect the leaf

colonization by microorganisms.

Leaf surface, which represents the higher percentage of the plant

phyllosphere (Sohrabi et al., 2023; Vorholt, 2012), is colonized by a

wide range of microorganisms including bacteria, fungi, yeasts, algae,

archaea and viruses (Lindow and Brandl, 2003). While several

microorganisms on leaf surface detrimentally affect plant health

and vigor (Cappelletti et al., 2016), other members have significant

contributions to plant growth-promoting traits and defenses against

pathogens (De Mandal and Jeon, 2023). This microbiome may also

have beneficial impacts on plant water balance (Rosado et al., 2018;
02
Vorholt, 2012). For example, aggregates of epiphytes microbiome can

improve the leaf wettability through the production of hygroscopic

exopolysaccharides or of surfactants (Grinberg et al., 2019; Knoll and

Schreiber, 2000), restricting the leaf dehydration or increasing the

water retention on leaves and thus facilitating FWU. In other cases,

fungal endophytes and bacteria growing into stomata pores can active

the stomatal aperture by the formation of a continue water film that

connect the apoplast with the leaf surface allowing a bidirectional

flow of water and solutes (Schreel and Steppe, 2020), Burkhardt et al.,

2012; Fernández et al., 2017).

The heterogeneous topography of leaf surface interposed by

three-dimensional microstructures generate different microhabitats

for the colonization by microorganisms. Because of the exposed

nature of leaves, the microbiota of phyllosphere must cope with

several stress factors (e.g., high UV radiation exposition, low water

and nutrient availability, high temperatures) to maintain hydration

and to obtain nutrients for growth and survival. Thus, the degree of

site colonization on the leaves depends on a combination of biotic

and abiotic factors. Although the cuticle is the primary barrier for

passage of water from the leaf interior to leaf surface in contact with

the atmosphere, the base of trichomes, stomata and groves along

veins are considered aqueous sites of the cuticle (Schönherr, 2006),

favoring the microbiota establishment (Chaudhry et al., 2021).

These sites are likely also rich in leaf-derived soluble nutrients

(Beattie, 2011). It has been found that water and nutrient content in

plant tissues and on the leaf surface are positively correlated

(Derridj, 1996; Yadav et al., 2005).

Plants and microbes, alone or in interaction, are faced with quick

changes in their environment due to climate change (changes in

precipitation and temperature) and to anthropogenic activities

leading to higher atmospheric N deposition or to changes in soil

chemical properties, directly through agronomic fertilization. These

factors can modify the leaf functional traits (Binks et al., 2020;

Bucci et al., 2006; Cavallaro et al., 2023), micro topology and

physicochemical properties (Chin et al., 2023a; Whipps et al., 2008),

affecting the microbiome colonization degree and diversity

(Karlsson et al., 2017) and thus to the complex interplay of plant-

microbiome association (Zhu et al., 2022). Cavallaro et al. (2023)

showed that soil water addition decreased FWU, while leaf wettability
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remained unchanged in several woody species in a semiarid steppe. On

the other hand, exposure to climate variation (temperature and

humidity) resulted in acclimation of leaf surface traits related with

FWU in some species of other ecosystems (Chin et al., 2023b). The

effects of environmental changes have been more studied for microbial

communities in the soil and associated to roots (e.g., Hartman and

Tringe, 2019; Li et al., 2021; Trivedi et al., 2017) but less for epiphytic

phyllosphere microbiota (e.g., Darlison et al., 2019; Flexas et al., 2018;

Xiong and Lu, 2022). Mainly, there is a paucity of information on the

effects of changes in soil water and nutrient inputs on FWU and leaf

surface traits. Consequently, in this study we evaluated the effects of

long-term soil N addition and N plus water addition on FWU, leaf

traits related to wettability and colony-forming units of culturable

microorganisms in the phyllosphere (CFU) of three native plant species

in a Patagonian steppe in Southern Argentina, characterized by low

precipitation and soil nutrients. We also explored the relationships

between FWU, wettability traits and CFU across species

and treatments.
2 Materials and methods

2.1 Site description and study species

The study was conducted at the Rıó Mayo Experimental Field

Station of INTA (National Institute of Agricultural Technology) in

South Central Patagonia (45°24′11″S 70°17′37″W, 500 m a.s.l.), in

the growing season of 2022. The study site has a mean annual

temperature (1982-2018) of 9.4°C, with a mean monthly

temperature in the warmer month (January) of 15°C and in the

cooler month (July) of 2°C (Carbonell-Silletta et al., 2024). The

historical mean annual precipitation in the last four decades is 130

mm, with an annual range between 50 and 250 mm (Carbonell-

Silletta et al., 2024). Most precipitation occurs in the autumn and

winter, while in the growing season (spring-middle summer)

precipitation is scarce and occurs as small and unpredictable

events (55% of them are less than 1 mm) (Carbonell Silletta et al.,

2022; Cavallaro et al., 2020b). Soil nitrogen content (Carbonell

Silletta et al., 2022) and moisture (Pereyra et al., 2017) are very low.

The vegetation is distributed in patches composed of shrubs and

grasses on a bare soil matrix (Soriano et al., 1994). The dominant

shrub species in the study area are Adesmia volckmannii Phil.,

Azorella prolifera (Cav.) G.M. Plunkett & A.N. Nicolas and Senecio

filaginoides DC. The dominant grass species are Poa ligularis Nees

ex Steu, Pappostipa speciosa (Trin. & Rupr.) Romasch and

Pappostipa humilis (Cav.) Romasch.

For this study, two species of shrubs (A. prolifera and S.

filaginoides) and one of grass (P. speciosa) were used. All

determinations were carried out during the growing season

(December).The study involved two treatments with soil nitrogen

addition (+N) and nitrogen with water addition (+NW) and a control

(C). The experiment was initiated in 2013 and continues to the

present. It consists of 15 plots of 625 m2 each, separated into 5 plots

per treatment. Fertilized plots were treated with 100 kg ha-1 yr-1 in the

form of urea and diammonium phosphate (160 kg and 154 kg,
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respectively) in two applications per year for 9 years. After, the

amount of fertilizer was reduced to 25 kg ha-1 yr-1. Plots with water

addition are equipped with a semi-automatic system of sprinkler

irrigation in which the amount of historical annual precipitation for

the site is increased by approximately 25%, distributed in events of

5 mm each during the growing season. After 2021 we added a single

water pulse of 20 mm in each plot with +NW. More details on

experimental design can be found in Carbonell-Silletta et al. (2024).
2.2 Soil and leaf N content

To determine total nitrogen, three soil cores (5 cm diameter and

5 cm depth) were randomly taken from each plot and mixed well to

obtain a composite sample (n = 5). Total nitrogen was determined

by the Kjeldahl method (Bremner, 1996).

Leaf nitrogen content was determined in fully expanded and

healthy leaves from different individuals of each species and in each

plot. A composite sample of different individuals was used per plot

and species. Total leaf N content was measured using the

Kjeldahl technique.
2.3 Leaf water content

To determine leaf water content (LWC) fully expanded and

healthy leaves from different individuals of each species and in each

plot were collected. Fresh weight (FW) was determined using a

precision electronic balance (0.001 g precision, ACCULAB ALC-

210.4). Then, leaves were dried in oven at 70°C per 72 h and the dry

weight (DW) was determined. Leaf water content (g H2O g-1 dry

weight) was determined as follows:

LWC =  
FW − DW

DW
2.4 Foliar water uptake

To assess foliar water uptake (FWU), the methodology

described by Limm et al. (2009) was followed. Thirty fully mature

leaves per species and treatment were cut at midday and

transported in sealed bags to the measurement site. Petioles were

sealed, and the leaves were submerged in distilled water for 3 hours.

This duration is based on previous studies on the same species and

study site (Cavallaro et al., 2020a). After time, the leaves were

removed from the water and dried with paper towels before being

weighed again. To evaluate errors associated with drying, the

procedure followed to Cavallaro et al. (2020a). We determined

the increase in water mass expressed in mmol and then we

normalized by leaf area (m2).

FWU was calculated as:

FWU = (Mass1   −  Mass2  ) − (Residual  Mass2  

−  Residual  Mass1)=LA
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Where Mass1 is the initial mass and Mass2 is the final mass after

immersion, Residual Mass1 is the initial mass of the leaf after the

air-drying event before being submerged again, and Residual Mass2
is the final mass after being briefly wetted and LA is the leaf

area (m2).
2.5 Leaf water drop adhesion

To evaluate the amount of water on leaf surface per unit leaf

area at a point which additional water can no longer be retained and

starts to drip off (i.e. leaf water drop adhesion), we used the protocol

described in Cavallaro et al. (2022). Thirty mature leaves per species

and treatment were used. The leaves were weighed using a precision

electronic balance (0.001 g precision, ACCULAB ALC-210.4) to

obtain their initial mass (Mass1). Leaves were immediately

submerged for 10 seconds in distilled water, then removed and

allowed to drain for 10 seconds. Posteriorly, final leaf mass was

determined (Mass2). The procedure lasted less than 1 minute,

avoiding water losses due to transpiration before wetting and later

due to evaporation after immersion in water. Then, the leaf area

(LA) was determined using the ImageJ (1.52a) software. Leaf water

adhesion (LWA, g m-2) was calculated as:

LWA   =
(Mass2  −  Mass1)

LA

where Mass1 (g) corresponds to the leaf mass before immersion,

Mass2 (g) is the leaf mass after being submerged and LA is the leaf

area (m2).
2.6 Contact angle

The contact angle formed by a tangent line to the point of

contact between a water droplet and the leaf surface in a horizontal

state was measured using a 1 ml droplet. We used this size

droplet because the species of interest have small leaves

(Cavallaro et al., 2022) and even so, it was not possible to

perform measurements on P. speciosa. The contact angle was

measured by photographs of the droplets on the leaf surfaces

taken with a camera attached to a magnifying glass and analyzed

with the ISCapture software (V3.6.6).
2.7 Colony forming units

To quantify colony-forming units (CFU) on phyllosphere, the

protocol described by Mina et al. (2020) was adapted. One g of

leaves from each species and treatment was immersed in test tubes

containing 10 mL of peptone water (BRITANIA, 10 g/l peptone and

5 g l-1 sodium chloride) and shaken with an orbital shaker

(ARCANO TS-1000) at 100 rpm for one hour at room

temperature. Aliquots of 100 mL of the suspension were plated in

triplicate on nutrient agar medium (BRITANIA, 5 g l-1

pluripeptone, 3 g l-1 meat extract, 8 g l-1 sodium chloride, and

agar 15 g l-1) and incubated in darkness at a constant temperature of
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25°C. Daily observations were made at 24 h, 48 h, and 72 h. The

number of CFU was recorded at 72 h after seeding.

Cultivable bacteria from superficial soil were determined by the

dilution plate count method (Pepper and Gerba, 2015). Six soil

samples per treatment were collected. For each sample, 1 g of soil

was weighed and placed in dilution bottles containing 20 ml of

sterile saline solution. Bottles were shaken at 1000 rpm for 5 min,

and then 1 ml of the suspension was serially diluted and 0.1 ml

spread-plated onto nutritive agar. Plates were incubated at 25°C for

4 days. Then, colony-forming units (CFU) were determined. Only

plates containing between 30 and 300 colonies were considered

for counting.
2.8 Observation of leaf surface microbial
colonization by epifluorescence

To visualize microorganisms on leaf surface we followed the

method used by (Morris et al., 1997). Briefly, 20 to 40 fresh and

healthy leaves of A. prolifera and P. speciosa were collected in the

field, Then, in the laboratory leaves were immersed in a solution of

acridine orange for two minutes, raised two folds with distilled

water, set on a microscope slide and observed with an

epifluorescence microscope Trino Biotraza XSZ146AT with a

camera Leica DFC 450 C attached.
2.9 Statistical analysis

We used one-way ANOVA to assess the effects of N addition on

soil N content, soil CFU, leaf N content, leaf water content, foliar

water uptake, leaf water drop adhesion, and CFU on phyllosphere.

Each species was analyzed separately. The normality and

homoscedasticity of data were tested. Treatment means were

compared to control with a Tukey post-hoc test when significant

differences at p<0.05 were detected in the ANOVAs. Simple

regression analyzes were tested separately to evaluate the

relationship between LWA and FWU, CFU and LWA, and CFU

and FWU. Regression analyzes were performed for all treatments

and species together. All statistical analyzes were performed with

Statistica 7.0 software (StatSoft, OK, US) and graphs were

performed using SigmaPlot 12.6 (Systat Software, Inc., Point

Richmond, CA).
3 Results

Soil N content in the +N and +NW plots increased substantially

in relation with C plots, although the differences were not

statistically significant (Table 1). Culturable colony-forming units

in the soil were lower in the soil of the plots with +N and +NW

compared to the soil in C plots, with significant differences in

+N (p<0.05).

Leaf nitrogen content was significantly higher in leaves of all

study species under N addition (+N and +NW) (Table 1). The

maximum increments were observed in +N, being in A. prolifera at
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43%, in P. speciosa at 72% and in S. filaginoides at 55% in relation to

the control. Leaf water content decreased significantly in N+ and

NW+ treatments in A. prolifera (p<0.05) (Table 1). However, in P.

speciosa, the leaf water content increased significantly in +N and

+NW (p<0.05). In S. filaginoides leaf water content was significantly

higher in +NW (p<0.05) and had no statistical differences in N+

plots. Leaf area decreased in A. prolifera and increased in P. speciosa

with significant differences (p<0.05) and there were no differences

in S. filaginoides under N+ and NW+ treatments (Table 1).

All the studied species exhibited FWU during the growing

season, with values ranging from 0.37 ± 0.02 mmol m-2 s-1 in P.

speciosa to 1.12 ± 0.05 mmol m-2 s-1 in A. prolifera (Figure 1). Foliar

water uptake increased or tended to increase in the +N and +NW

treatments compared to the control in all species. In A. prolifera,

FWU increased significantly only in +N compared to the control (p

<0.01) (Figure 1). Although in S. filaginoides the FWU increased by

30% in the +N treatment compared to the control, this change was

not statistically significant. In the grass P. speciosa, FWU increased

by 60% in the +N treatment compared to the control (p <0.01).

Leaf water drop adhesion (LWA) had a similar behavior in A.

prolifera and P. speciosa (Figure 2). In both species, LWA increased

significantly with N addition (+N and +NW) (p <0.01). In A.

prolifera LWA increased about 70% in +N and +NW compared to

the C. In P. speciosa LWA increased more than two-folds in the +N

and +NW treatments compared to the control (19.75 ± 1.64 g m-2,

15.77 ± 1.59 g m-2, and 8.00 ± 1.00 g m-2, respectively; p <0.01). In S.

filaginoides there were no significant differences in LWA between
Frontiers in Plant Physiology 05
treatments, varying from 144.19 ± 9.6 g m-2 in +NW to 188.59 ±

13.96 g m-2 in the control.

No significant differences between nitrogen addition treatments

and control were found for the contact angle between a water

droplet and the leaf surface, however there was a tendency to
FIGURE 1

Foliar water uptake in control (black bars), Nitrogen addition (+N; red
bars), and combination of Nitrogen and water addition (+NW; green
bars) treatments. Each bar represents the mean value ± SE of
30 leaves. The asterisks indicate significant differences compared to
the control treatment. (p<0.05). *Statistical difference.
TABLE 1 Soil inorganic nitrogen content (ppm), colony forming units in
the soil (CFU ml-1), leaf nitrogen content (%), leaf water content (g H2O g-1

dry mass) and leaf size (cm2) for control (C), Nitrogen addition (+N) and
Nitrogen plus water addition (+NW) treatments.

Treatment

C +N +NW

Soil N content 0.64 ± 0.33 11.28 ± 3.43 3.91 ± 1.44

Soil colony forming units 102 ± 27 a 22 ± 5.3 b 39 ± 11 a

Leaf N content

Azorella prolifera 1.94 ± 0.05 a 2.78 ± 0.05 c 2.57 ± 0.06 b

Pappostipa speciosa 1.18 ± 0.11 a 2.04 ± 0.06 b 2.21 ± 0.08 b

Senecio filaginoides 1.68 ± 0.04 a 2.60 ± 0.07 b 2.64 ± 0.03 b

Leaf water content

Azorella prolifera 2.53 ± 0.11 a 1.92± 0.14 b 1.81± 0.11 b

Pappostipa speciosa 0.52 ± 0.07 a 0.63± 0.03 b 0.82± 0.03 b

Senecio filaginoides 3.27 ± 0.19 a 2.82 ± 0.16 a 4.12 ± 0.27 b

Leaf size (cm2)

Azorella prolifera 0.68 ± 0.04 a 0.40± 0.02 b 0.42± 0.03 b

Pappostipa speciosa 0.31 ± 0.01 a 0.36± 0.02 b 0.36± 0.01 b

Senecio filaginoides 0.14 ± 0.01 a 0.16 ± 0.01a 0.17± 0.01 a
Each value represents the mean ± SE (n =3 to 6).
Different letters represent significant differences respect to the control (p<0.05).
FIGURE 2

Leaf water adhesion (g m-2) in Azorella prolifera, Pappostipa speciosa
and Senecio filaginoides in each treatment: control (C; black bars),
Nitrogen addition (+N; red bars) and Nitrogen and water addition (+NW;
green bars). Each bar represents the mean value ± SE of 30 leaves.
Significant differences with the control treatment are indicated with an
asterisk (p<0.05). *Statistical difference.
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increase (data not shown). The contact angle in A. prolifera varied

between 60.7° ± 2.12° in the control and 68° ± 3.9° in +NW

treatment, while in S. filaginoides ranged from 126.18° ± 2.76° in

the control to 136° ± 2.93° in the +N treatment.

The three species showed a trend to have higher CFU on

phyllosphere per μL in the treatments with N addition (Figure 3).

In A. prolifera CFU increased more than two and eight-folds in

+N and +NW, respectively, compared to the control, although

the differences were not statistically significant (0.01 ± 0.008

CFU μL-1 in the control, 0.04 ± 0.03 CFU μL-1 in +N and 0.08 ±

0.002 CFU μL-1 in +NW). Senecio filaginoides showed significant

differences in the combined treatment compared to the control

(p<0.05). The highest value of CFU per μL for this species was

found in the +NW treatment (0.22 ± 0.03 CFU μL-1), while in the

control CFU were 0.06 ± 2.52 CFU μL-1. In P. speciosa, the lowest

amount of CFU per μL was found in the control (0.05 ± 0.01 CFU

μL-1) and the highest in the +NW treatment (0.41 ± 0.01 CFU μL-1),

with a significant difference between these two treatments (p<0.05).

Aggregates of microorganisms were observed on leaves of A.

prolifera and P. speciosa stained with orange acridine. Higher leaf

surface area fluorescence was observed in +NW treatments

compared with the C in the two species analyzed (Supplementary

Figure S1).

There was a positive and significant relationship between FWU

and LWA (Figure 4). A single function was fitted across species and

treatments (y = 0.4 + 0.0018x, R2 = 0.79, p <0.001) although each

species tended to have a different operating range along the

common functional response curve. The species with the lowest

LWA (P. speciosa) was also that with the lowest FWU, while A.

prolifera, with the highest LWA, also had the highest FWU.

The CFU per μL were related through a decreasing exponential

function with LWA (y = 0.35exp(-0.007x); R2 = 0.66; p < 0.01)
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(Figure 5A) and with FWU (y = 4.46exp(-5.3x), R2 = 0.8 p < 0.001)

(Figure 5B) across species and treatments. Species with higher LWA

and FWU showed a lower quantity of CFU per μL on the

leaf surface.
4 Discussion

In this study, we observed a high plasticity in the leaf responses

to changes in soil resources availability in species from different

functional groups growing in an arid environment characterized by

low soil N availability. Soil and leaf nitrogen enrichment impacted

on functional leaf traits as FWU and on leaf surface properties that

increased the force of water drop adhesion and the colonization of

culturable microorganisms on leaf surface.

Consistent with previous studies in the Patagonian steppe

(Cavallaro et al., 2022, 2023; Cavallaro et al., 2020a), the three

study species absorbed water via FWU. Values of FWU observed for

shrubs and grasses in this steppe are relatively higher than those

found in other ecosystems worldwide (Berry et al., 2019; Losada

et al., 2021; Losso et al., 2023), suggesting that FWU have an

important role in the water balance for these species (Cavallaro

et al., 2020a, b). This mechanism allows shrubs and grasses to use

the leaf wetting events due to dew formation and to small rain

pulses occurring during spring and summer (Cavallaro et al.,

2020b) when soil water availability decreases due to low

precipitation and high air saturation deficit (Pereyra et al., 2017).

Thus, FWU contributes to the recovery of the leaf water potential

and thus avoiding or reducing the water stress (Cavallaro et al.,
FIGURE 4

Relationship between leaf water adhesion (LWA; g m-2) and foliar
water uptake (FWU; mmol m-2 s-1) across species and treatments.
Control (black symbols), nitrogen addition (red symbols) and
Nitrogen and water addition (green symbols). Each symbol
represents the mean value ± SE (n=30 for LWA and FWU). The
function fitted to the data is y= 0.43 + 0.002x; R2 = 0.79; p<0.001.
FIGURE 3

Colony-forming units of culturable microorganisms (CFU µl-1) in control
(C; black bars), Nitrogen addition (+N; red bars), and nitrogen and water
addition (+NW; green bars) treatments. Each bar represents the mean
value ± SE; n=4. The asterisks indicate significant differences compared
to the control treatment (p<0.05). *Statistical difference.
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2020b; Matos et al., 2024; Tian et al., 2024; Wang et al., 2023;

Yokoyama et al., 2021).

Several studies have analyzed the plant plasticity to changes in

soil resources (Arias et al., 2015, 2021; Bucci et al., 2006; Cavallaro

et al., 2023; Costa et al., 2021; Scholz et al., 2007), however, it is not

well understood how FWU and leaf wettability acclimate to new

environmental conditions. Under improved soil water availability,

Cavallaro et al. (2023) found that in shrub species the FWU

decreases, and it was related more to changes in the gradient

between leaf water potential and the water potential of the air

surrounding the leaf surface more than to leaf surface traits such as

contact angle, water drop adhesion and retention. In our study, we

observed a relative plasticity not only in FWU but also in leaf

wetness properties predicted by LWA under N addition alone or

combined with water addition in two of the species analyzed.

However, while FWU tended to increase only with +N, the LWA

increased similarly in both treatments. The negative effect of soil

water addition on FWU observed previously by Cavallaro et al.

(2023) in these species was compensated by an increment due to

nitrogen addition. Thus, the interactive effect of +NW observed on

FWU suggests antagonistic impacts of increased soil N content and

increased soil water inputs. On the other hand, the interactive

effects of combined treatment on LWA confirmed the low plasticity

of the biophysical leaf surface traits to higher precipitation

(Cavallaro et al., 2023), resulting in a similar response of LWA to

+N and to +NW. Recently, Carbonell-Silletta et al. (2024) showed

that Patagonian shrubs and grasses respond more to soil N addition

than to soil water addition, suggesting a higher limitation by soil

nutrients than by soil water content. Changes in the amount and

distribution of waxes, number of trichomes and stomata and in

cuticle thickness could explain the improved LWA observed under

N addition. At this instance, we have no information on how these

leaf traits were modified under N addition. However, studies in
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other ecosystems indicate that soil N enrichments can change

stomatal density (Costa et al., 2021; Zhu et al., 2020), trichomes

density (Bilkova et al., 2016), the cuticle properties (Batool et al.,

2024) and, consequently, could affect the FWU, leaf wettability and

probably increase the leaf water uptake at a plant level. Although

some studies have found that higher trichome density is associated

with higher water drop adherence on leaf surface and higher FWU

(Fernández et al., 2014; Li et al., 2023; Pan et al., 2021), other studies

suggest that trichomes increase the hydrophobicity of leaf surface

(Brewer et al., 1991; Durante et al., 2011; Fernández et al., 2014). In

our study we observed that P.speciosa exhibites lower values of

LWA compared with S. filaginoides and A. prolifera. P. speciosa is a

grass that has distinctive leaf traits as longitudinal grooves running

alongside the leaf that are known to act like channels for guide the

drop of water to the base of the plants at the root zone (Roth-

Nebelsick et al., 2012). This leaf trait could help grasses to use

alternative sources of water and maintain leaf water status under

periods of water deficits moving water downward toward the root

zone. LWA need to be lower in the grooves of the leaf to enhanced

water movement to the base of the plant. However, under N+ and

NW+ treatments P. speciosa increased LWA and the amount of

CFU, probably because N+ addition increased trichomes or

modified density of stomata that could increase the sites of

colonization for microorganisms and thus improve leaf

wettability.In addition to possible changes in structural traits of

the leaf surface, Knoll and Schreiber (2000) suggested that native

wetting properties of leaf surfaces given by hydrophobic nature of

cutin and waxes, could be significantly masked by the presence of

epiphytic microorganisms. Some studies show that the leaf surface

colonized by microorganisms is more wettable (Knoll and

Schreiber, 2000; Schreiber et al., 2005) and that epiphytic

microbes can increase the water permeability of cuticle (Schreiber

et al., 2005). Both effects can improve the leaching of inorganic and
FIGURE 5

Relationship between colony-forming units of culturable microorganisms (CFU µl-1) and (A) leaf water adhesion (LWA; g m-2) and (B) foliar water
uptake (FWU; mmol m-2s-1) across species in control (black symbols), Nitrogen addition (red symbols) and Nitrogen plus water addition (green
symbols) treatments. Each symbol represents the mean value ± SE (n=4 for CFU and n=30 for LWA and FWU). The functions fitted to the date are:
(A) y = 0.65e(-0.007x); R2 = 0.66; p<0.01 and (B) y = 4.46e(-5.3x); R2 = 0.8; p<0.001. Values of P. speciosa in the Control plots were not included to fit
the functions and were considered outliers.
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organic substances from the leaf interior through the cuticle to the

leaf surface. Thus, leaf water adhesion increase observed under N

treatments may be correlated with the higher colonization by

epiphytic microorganisms, as suggested by the higher colony-

forming units count of culturable microorganisms. In P. speciosa

and A. prolifera there was an increase in LWA and CFU. Higher

CFU could also increase the amount of extracellular polymeric

substances (EPS) and biosurfactants secreted by some

microorganisms as a dispersed soluble slime on the leaf surface as

well as the hydrophilicity of the surface (Knoll and Schreiber, 2000).

As the phyllosphere is an open system, microbes composition

and abundance can be directly related to the surrounding

environment of host plants (i.e., soil, air, neighbor plants) (Brown

et al., 2020; Song et al., 2015; Zhu et al., 2022). Thapa et al. (2017)

found that the quantity of cultivable microorganisms is modified in

accordance with the amount of N in leaves and soil. Thus, an

explanation about why soil nitrogen addition increased the CFU in

the leaves could be related to changes in the soil biota due to

fertilization. However, we may discharge this possibility, because,

although we did not determine the biomass and diversity of the soil

microbes under N addition, the soil CFU counts in +N and +NW

plots were substantially lower than those in the C plots. A plausible

explanation for the increase of CFU count in the phyllosphere of

plants under N addition is the higher leaf N content. Nitrogen

absorbed by roots and then transported to leaves may arrive to leaf

surface by moving through aqueous routes in the cuticle

(Schönherr, 2006), which in turn results in a better nutrient

supply to leaf surface microorganisms. Although in some

ecosystems it is not expected that N be a growth limiting factor

for organisms living on leaf surface due to high atmospheric

nitrogen deposition, it does not occur in the Patagonian steppes

where N deposition is relatively low (Yahdjian et al., 2011) and leaf

N content is very low (Carbonell-Silletta et al., 2024). Different

studies have showed that leaf N is one of the main factors affecting

the composition of bacteria and fungi in phyllosphere (Kembel

et al., 2014; Liu et al., 2023). In addition, higher relative water

content observed in leaves of P. speciosa and S. filaginoides under N

treatments could contribute to higher microbiome colonization. For

some mediterranean woody and non-woody species, leaf water

content was found to be the primary explanatory variable for

phyllosphere microbial colonization (Yadav et al., 2005). Because

the Patagonian steppe exhibits higher productivity under N

addition (Carbonell-Silletta et al., 2024), higher photosynthesis

rate could increase the availability of other nutrients, such as

soluble carbohydrates, to phyllosphere microorganisms (Kembel

et al., 2014; Yadav et al., 2005). The observation of epifluorescence

in the furrows of the leaves of A. prolifera and in the uncinate

trichomes in P. speciosa supports the higher degree of colonization

of microsites with a higher probability of co-localization of higher

water, nutrient, and energy-rich molecules availability by culturable

microbiota, mainly in the leaf surface under +NW. In addition to

the role of epiphytic microorganisms in increasing LWA, higher

coverage of the leaf surface by microorganisms could contribute to

maintaining the water status by avoiding the leaf dehydration. To

survive in the harsh leaf environment, microorganisms can trigger
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the production of biofilms, which are characterized as “water-filled

regions” (Quan et al., 2022) to protect against desiccation. As we

have quantified only culturable microbial communities, it is

possible that the response of phyllosphere to changes in the

surrounding environments may be more complex than that

observed in this study.

We found a relationship between FWU and LWA with CFU

across species and treatments, but with the species occupying

different portions of this gradient in leaf traits. This suggests that

species differ in their capacity of foliar water uptake which could

depend on leaf structural characteristics, soil water access, and

stomatal regulation (Cavallaro et al., 2023, a; Wang et al., 2023),

and that host species is a main factor determining the composition

and diversity of epiphytes in the phyllosphere (Vogel et al., 2021;

Vokou et al., 2012). Although FWU and the microorganisms in the

phyllosphere contribute both to avoid the water stress, the inverse

relationship observed between these leaf characteristics across

species suggest that both strategies could not occur simultaneously.

In this study, we observed that under natural field conditions

plants with higher FWU were those with less CFU. Higher CFU

could compensate the lower FWU and thus contribute to

maintaining plant water status. At one end of this relationship is

the grass species while on the opposite side is the shrub A. prolifera;

however, these study species reach similar minimum water

potentials during the dry season (Bucci et al., 2011). We assumed

that species with higher CFU counts probably have higher leaf

surface covered with microorganisms and, thus, lower leaf surfaces

exposed to FWU. In addition, this is probable that traits favoring

the microbial colonization do not contribute to FWU. For example,

species such as P. speciosa and S. filaginoides have trichomes, which

are considered hydrophobic, depending on the density, structure

and chemical composition (Fernández et al., 2014), decreasing leaf

water retention (Brewer et al., 1991). However, the trichomes could

constitute sites colonized by epiphytes (Monier and Lindow, 2004;

Yadav et al., 2005). On the other hand, the effects of the

phyllosphere on wettability are dependent on the hydrophobicity

of organisms (Rosado and Almeida, 2020). In this study we did not

identify the microbes, however, we found many CFU of fungi in P.

speciosa and S. filaginoides while in leaves of A. prolifera were not

observed (data not shown), which could affect the leaf wettability.

Duan et al. (2024) suggest the presence of a “core microbiome” in

the leaves that could be modified by differences in leaf traits with an

important role at the ecosystem level. In arid ecosystems, plants that

favor the colonization and establishment of microorganisms could

have advantages in maintaining the leaf water status.

In conclusion, the results indicate that soil N inputs not only

enhance plant nutrient availability, but also increase the leaf

wettability and the capacity to use alternative water sources by

FWU. Moreover, the higher leaf surface covered by microorganisms

may reduce the leaf dehydration, contributing to cope with water

shortage or higher atmospheric evaporative demand during the dry

season. These responses observed under N addition may explain the

higher plant growth observed in +N and +NW plots by Carbonell-

Silletta et al. (2024) in this Patagonian steppe. Overall, this

study helps to a better understanding of plant leaf-microbe
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interactions and to predict how the phyllosphere could respond to

climate change and to higher N atmospheric deposition and

intensive fertilization as global agricultural production is expected

to increase.
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