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ABSTRACT

As drought events become more severe, understanding drought-tolerance traits in crops is vital for food security. Brassica olera-
cea L., awidely consumed vegetable (including cabbage, cauliflower, and broccoli), has seen a rise in cultivation, but the response
of different genotypes to drought remains poorly studied. Here, we investigated the mechanisms underlying drought resistance
in seven genotypes of B. oleracea (two grandparental lines and five F2 genotypes) by examining stem anatomical and hydraulic
traits, as well as stomatal characteristics, leaf dimensions, and stomatal regulation under drought conditions. Detailed meas-
urements of stem anatomical traits were obtained using light and electron microscopy, while stem hydraulic vulnerability was
assessed using the Optical Vulnerability method. The seven genotypes displayed contrasting water-use and hydraulic strategies.
Under well-watered conditions, initial stomatal conductance (g,,) showed considerable variation independent of their leaf and
stomata size and density, while the leaf water potential at 90% stomatal closure (¥g,,) was similar among genotypes. Stomatal
safety margins (SSM) were positive across genotypes, confirming coordination between stomatal regulation and xylem hydrau-

lics, and mainly driven by stem P, ., which was approximately 1 MPa lower in the most tolerant genotype. Embolism resistance

507
was best explained by the thickness of the intervessel pit membrane, highlighting the importance of including anatomical traits
in plant drought tolerance studies. To conclude, the intraspecific variation observed in anatomical, hydraulic and stomatal traits
among our B. oleracea genotypes indicates potential adaptability to drought and suggests that more drought-tolerant genotypes

could be identified within this crop species through targeted, human-mediated crosses.

1 | Introduction

One of the main effects of global climate change involves shifts in
precipitation patterns towards more unpredictable and extreme
drought periods (Yuan et al. 2023). In agriculture, this will play
a major role as the impact of longer and more intensive drought
periods will pose a serious challenge to safeguard food produc-
tion in the future (Grigorieva et al. 2023; Ghosh et al. 2024).
A better understanding of the mechanisms associated with
plants’ drought tolerance is therefore essential for develop-
ing more drought-tolerant crops that will reduce the negative

impact of climate change on crop growth, yield, and survival
(Meza et al. 2020; Pereira et al. 2024; Torres-Ruiz et al. 2024).
Addressing this challenge requires research into plant-water re-
lations, plant hydraulics, and observations on anatomical traits
associated with drought tolerance (Lens et al. 2022; Mantova
et al. 2022; McDowell et al. 2022).

A key focus in plants' drought resilience research is the study
of hydraulic failure due to gas embolism in water-conducting
xylem cells (McDowell et al. 2008; Choat et al. 2012; Lens
etal. 2013; Max et al. 2023; Garcia et al. 2023; Alon et al. 2024).
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The xylem water potential (xylem pressure), which induces a
50% loss of hydraulic conductivity (P, ), haslong been used as a
proxy for assessing plant vulnerability to drought-induced em-
bolism (Tyree and Sperry 1989; Tyree and Zimmermann 2013).
P, is a widely used predictive functional trait in comparative
studies, being generally more negative in plants from drier
environments (Brodribb and Hill 1999; Maherali et al. 2004;
Choat et al. 2012; Lens et al. 2016; Larter et al. 2017). At the
intraspecific level as well, substantial variation in P,, can be
measured across populations thriving in contrasting envi-
ronments (Kolb and Sperry 1999; Schuldt et al. 2016; Lopez
et al. 2016; Volaire et al. 2018; Déria et al. 2019) or across
genotypes with contrasting stem anatomical differences
(Ahmad et al. 2018; Thonglim et al. 2021, 2023). Whereas the
nanoscale mechanisms governing embolism initiation in the
xylem sap and its subsequent spread through interconduit pit
membranes into the three-dimensional vessel network are
not yet fully resolved (Schenk et al. 2015; Zhang et al. 2020,
2024; Kaack et al. 2021; Lens et al. 2022), P, variation in
angiosperms has been mainly attributed to variation in the
thickness of the intervessel pit membranes rather than vessel
diameter (Lens et al. 2011, 2022, 2023; Li et al. 2016; Déria
et al. 2018, 2019; Thonglim et al. 2021, Thonglim et al. 2023;
Isasa et al. 2023), although there is no single trait that can
explain the whole plant drought tolerance. Lethal levels of
drought-induced hydraulic failure, from which angiosperms
cannot recover, typically occur beyond the P, threshold,
at ~88% loss of conductivity (Pg,), although the physiologi-
cal thresholds defining the point of no return remain to be
precisely determined across a broader range of species and
life forms (Urli et al. 2013; Hammond et al. 2019; Mantova
et al. 2021, 2022; Brodribb et al. 2021).

Plants can delay catastrophic hydraulic failure by closing
their stomata, thereby reducing transpirational water loss and
maintaining a more stable xylem water potential (Martin-
StPaul et al. 2017; Mantova et al. 2023). However, a decrease in
stomatal conductance (g,) is inherently associated with lower
carbon assimilation, which may constrain plant growth and
competitiveness (Schonbeck et al. 2022). Therefore, a more in-
tegrated way to assess a plant's drought tolerance strategy is
to combine stomatal regulation and water-use behavior with
xylem hydraulic vulnerability. One way to do this is to calcu-
late the stomatal safety margin (SSM), defined as the difference
between the water potential at stomatal closure (¥g,) and P,
(Skelton et al. 2015; Dayer et al. 2020; Thonglim et al. 2023).
Plants with conservative water use strategies, characterized
by early and rapid stomatal closure together with embolism-
resistant xylem, show a wider and positive SSMs; plants with
riskier strategies close their stomata at lower water potential
when the xylem has already started to embolize, leading to
narrow positive or even negative SSMs (Skelton et al. 2015;
Martin-StPaul et al. 2017; Pivovaroff et al. 2018; Thonglim
et al. 2023).

Hydraulic studies have mainly focused on woody species,
largely overlooking herbaceous species despite their im-
portance in agriculture (Cochard 2002a; Lens et al. 2016;
Skelton et al. 2017; Lamarque et al. 2020; Harrison Day
and Brodribb 2023; Huang et al. 2024; Pereira et al. 2024).
Furthermore, research on herbaceous crop hydraulics that

integrates stomatal behavior with detailed anatomical obser-
vations is even more limited (Li et al. 2009; Ahmad et al. 2018;
Andrade et al. 2022; Harrison Day et al. 2023; Haverroth
et al. 2024; Bortolami et al. 2024), which constrains our un-
derstanding of the underlying mechanisms behind drought
resistance in forbs and grasses (Huang et al. 2024). In the
stems of predominantly herbaceous lineages, correlated traits
such as intervessel pit membrane thickness, lignification/
woodiness levels in stems, and vessel wall thickness are key
anatomical traits linked to drought-induced embolism resis-
tance across various lineages (Lens et al. 2011, 2022, 2023;
Li et al. 2016; Pereira et al. 2018; Ddria et al. 2018, 2019;
Thonglim et al. 2021; Thonglim et al. 2023; Zizka et al. 2022;
Isasa et al. 2023; Haverroth et al. 2024).

Other drought-associated traits, beyond stomatal closure and
stem anatomical characteristics, have been linked to varia-
tion in leaf morphology and function. Across environmental
gradients, smaller leaves are generally more prevalent in drier
ecosystems, reflecting a global pattern of leaf area adaptation
to water availability (Yates et al. 2010; Wright et al. 2017).
This pattern has often been associated with enhanced resis-
tance to drought-induced embolism, as species with smaller
leaves tend to exhibit more negative P, values (Scoffoni
et al. 2011; Krober et al. 2014; Schreiber et al. 2016; Guillemot
et al. 2022). Similarly, in perennial woody crop species such as
olives and coffee, reduced single-leaf area has been linked to
improved hydraulic performance under water deficit (Nardini
et al. 2014; Razouk et al. 2022). However, in leafy vegetables
such as cabbage, a reduction in leaf size can substantially de-
crease agricultural yield and, in turn, the amount of market-
able biomass. Additional leaf traits, such as stomatal density
and size, have been associated with regulation and limita-
tion of transpirational water loss (Drake et al. 2013; Caine
et al. 2019, 2023).

In our study, we focused on Brassica oleracea L., a globally
cultivated species with high nutritional value and pharma-
cological potential (Stoewsand 1995; Ayaz et al. 2006; Singh
et al. 2007), for which selective human-driven breeding has
resulted in a wide diversity of cultivars consumed as vegeta-
bles (broccoli, cabbage, cauliflower, brussels sprouts, and oth-
ers) (Rakow 2004). During this century, the agricultural and
economic production of cabbage-type B. oleracea cultivars
has substantially grown (FAO 2023), increasing the need for
more research to identify genotypes that are more resistant to
drought in the context of plant resilience to climate change
(Sahin et al. 2018; Mafakheri and Kordrostami 2020; Ben
Ammar et al. 2022).

To assess how stem anatomical and leaf traits jointly con-
tribute to hydraulic safety in Brassica oleracea (cabbage), we
crossed two parental lines with contrasting stem anatomies
and leaf size: a giant woody Jersey Island accession and a
small herbaceous TO1000 accession (see Section 2). We then
analysed the two lines and five F2 genotypes at an early de-
velopmental stage (2-month-old individuals) to determine
how variation in xylem anatomy (e.g., Tp,,: intervessel pit
membrane thickness; T,;: vessel wall thickness), stem wood-
iness (P 5: proportion of lignified area per total stem area),

stem embolism resistance (P, ,, P,, and Pg,), drought-induced
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and well-watered stomatal behaviour (¥g,: stomatal closure
threshold and g,,), and the interaction between drought-
induced stomatal behaviour and embolism resistance (SSM:
stomatal safety margin) relates to differences in hydraulic
safety. In addition, we quantified leaf and stomatal anatomi-
cal traits (leaf size, total leaf area, stomatal size, and stomatal
density) to assess whether leaf and stomatal dimensions con-
tribute to genotypic differences in stomatal drought response
and tolerance to drought-induced embolism. We hypothesised
the following: (1) There is genotypic variability in resistance
to xylem embolism, which is accounted for or explained by
stem anatomical traits, particularly intervessel pit membrane
thickness, vessel wall thickness, and the proportion of stem
woodiness. (2) Stomatal closure (Vg ) is coordinated with
stem xylem vulnerability, leading to positive hydraulic safety
margins (SSM: ¥g, — P50). (3) Genotypes with greater stem
hydraulic safety (less vulnerable xylem) and/or conservative
stomatal behaviour (reduced g, or early ¥g ) also exhibit
water-conservative leaf and stomatal morphological traits
(smaller leaves, lower total leaf area, and smaller stomata or
lower densities), indicating coordinated regulation between
stem and leaves and possible variability in the SSM among
genotypes.

2 | Material and Methods
2.1 | Plant Material

We crossed the small, homozygous, small-leaved, fast-flowering,
herbaceous B. oleracea line TO1000 (Parkin et al. 2014) with
the tall, heterozygous, biennial, large-leaved, late-flowering
woody walking stick kale (Brassica oleracea L. convar. aceph-
ala (DC.) Alef. var. viridis L.) native to Jersey (Channel Islands,
UK; hereafter JKC) (Parker and Stevens-Cox 1970). Although
the TO1000 line is treated as an herbaceous accession, there is
still a clear wood cylinder confined to the base of the stem (for
a more elaborate discussion between herbaceous and woody
species, see Lens et al. 2012; and Kidner et al. 2016). These
two accessions were crossed reciprocally, resulting in F1 seeds
from both parents (see Vos et al. 2022 for more information).
Afterward, an early-flowering F1 was crossed with a late-
flowering F1, leading to about 200 F2 genotypes. All geno-
types were grown from in vitro tissue culture. We selected five
F2 genotypes (18174, 18168, 18187, 18326, and 18367) and the
two grandparents along a tolerant-to-sensitive gradient based
on a pilot drought experiment where we fast-screened stoma-
tal conductance and water potential decline across all 200 F2
genotypes and the two grandparents (Figure S1, van Haasteren
et al. 2019). A second criterion for selecting the F2s focused on
only including genotypes that kept the leaves attached to the
main stem for longer periods under drought stress conditions,
thereby avoiding early disconnection between the petioles and
the main stem.

2.2 | Growth Conditions

The seven B. oleracea genotypes are available as tissue culture
plants in a dedicated growth chamber at the Institute of Biology
Leiden (Leiden University, The Netherlands). The tissue-culture

plants are stored in sterile test tubes with 4mL nutrient-rich
agar medium. Every 2 to 3months, the plantlets were multiplied
in vitro by cutting parts of the internodes between leaves from
the previous tissue culture batch. The cloned plant parts were
then placed again in sterile test tubes with agar medium until
the internodes had grown into plantlets with a developing root
system and visible stem elongation. After 2months in the tubes,
the plantlets with sufficient root system development were
transferred from the agar medium to soil (100% basis biomix
composed of 65% peat and 35% organic matter, pH 5.2, Lensli
Substrates). We selected a 3L pot size to ensure the root system
would not fully occupy the pot at the 2-month-old stage. The
potted plants grew for two months in well-watered conditions
inside a controlled growth chamber at 20°C and 70% relative hu-
midity, with a daily 16/8-h light/night cycle at 200 umolm=2s~!
photosynthetically active radiation and watered every second
day until the beginning of the experiments. Two months after
potting, the experiments started.

2.3 | Xylem Vulnerability to Embolism in Stems
2.3.1 | Optical Vulnerability Method

For each plant, the soil was gently washed from the roots
to speed up the dehydration process during the experiment.
After cleaning, the roots were temporarily wrapped in wet
tissue to prevent rapid dehydration before the data recording
started. A section of 30 mm length of bark (< 1 mm thick) was
carefully removed from the stem to expose the xylem. To im-
prove light transmission and protect the exposed xylem from
dehydration, we immediately covered the exposed xylem
with a hydrogel layer (Tensive Gel; Parker Laboratories Inc.).
We then placed the stem and hydrogel on a flatbed scanner
(V850 Perfection Pro Scanner, Epson Corp.) and used duct
sealer clay (Oil-Based Compound, DSI1, Panduit) over the
scanner's glass to hold the setup in place (Figure S2). The em-
bolism events in the exposed stem xylem were then recorded
with the flatbed scanner in a 30X 10 mm region of interest,
using the OpenOV_AutoScan IT script (PhenoBois 2026) to
capture an image every 5min until the exposed xylem area
was fully embolised. Simultaneously, the stem xylem water
potential was recorded every 30min for each plant using a
stem psychrometer (PSY1, ICT International) placed at the
base of the stem. Water potential was measured once a day
during the first days of the experiment using a pressure cham-
ber (Model 1515D, PMS Instruments) to verify the accuracy
of the stem psychrometer. As the TO1000's stem was too thin
for the stem psychrometer and the leaves were challenging
(small and fragile) for the pressure chamber, we mainly used
the PSYPRO water potential system (Wescor Inc.) to monitor
water potential. The results of this device were also verified
with the pressure chamber during the first 2 days of drought.
The entire OV method took 1week for most genotypes, while
TO1000 was fully embolized at day 3. After all embolism re-
cordings were finalized, we conducted the image analysis in
ImageJ (Fiji) (Schindelin et al. 2012) (see http://www.opens
ourceov.org/). When the xylem sap inside a particular vein
transitions to vapor, this is captured by differences in the
light transmission (recorded as pixel differences) in the sub-
sequent images. The accumulation of these pixel differences
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was then transformed into a percentage of embolised pixels
as a proxy of the percentage loss of conductivity due to embo-
lism, estimated with other methods based on water transport
measurements. The subsequent images were linked with the
associated water potential values through time to build the
vulnerability curves of each plant (3-4 plants per genotype)
(Brodribb et al. 2016, 2017).

2.3.2 | Cavitron Centrifuge Method

We analysed the stems of four out of the seven genotypes with
the Cavitron centrifuge to verify the accuracy of the results
obtained with the OV method. The Cavitron is a custom-built
centrifuge that allows measuring the water flow through the
stems while applying negative pressure to the central part of
the stem via increasing centrifugal force (Cochard 2002b;
Cochard et al. 2005). The selection criteria were based on the
length of the main stem. At the 2-month-old developmental
stage, only TO1000 (n=7), JKC (n=1), 181326 (n=3), and
18187 (n=4) had the stem length required to fit the Cavitron
centrifuge's rotor. For TO1000, seven stems were combined to
achieve sufficient hydraulic conductivity during the centrifu-
gation experiment, yielding a single vulnerability curve for this
genotype. Also, only one replicate for the JKC grandparent was
analysed due to problems with plant growth when transferring
the plants from tissue culture to soil.

Before the Cavitron measurements, the complete stem of each
plant was harvested at the Institute of Biology Leiden. The
leaves were removed while the whole stem was submerged
in a water container. Subsequently, the stems were imme-
diately wrapped in wet tissue paper with the roots still at-
tached, bagged in black plastic bags to avoid dehydration, and
shipped to the PHENOBOIS platform (INRAE, University of
Bordeaux, France) for measurements with the standard cavit-
ron rotors (27 and 39 cm). A reference ionic solution of 10 mM
KCI and 1mM CaCl, in deionized ultrapure water was used
to estimate the maximum hydraulic conductance of the stem
in its native state (K, in m*MPa~'s™") under xylem pressure
close to 0 MPa. The rotation speed was then increased to reach
a lower xylem water potential in steps of —0.2 or —0.4 MPa.
The hydraulic conductivities at each xylem pressure step (K)
were measured using Cavisoft software (Cavisoft v1.5), with
the percentage loss of conductivity (PLC) at each pressure step
determined as:

PLC =100 X (1 (K /Kpy))
2.3.3 | Reconstructing Embolism Vulnerability Curves

For both the OV and the Cavitron methods, vulnerability curves
were fitted to show the (measured or simulated) change in the
percentage loss of conductivity against the stem water potential to
estimate the P, value as a proxy of stem vulnerability to embo-
lism. Sigmoid functions (Pammenter and Vander Willigen 1998)
were fitted to the data of each plant sample per genotype using the
NLIN procedure in SAS 9.4 (SAS 9.4; SAS Institute) following the
equation:

PLC =100/ [1 + exp((S/25) x (P — Py)))]

where S is the slope of the vulnerability curve at the inflexion
point (P,), and P is the xylem pressure applied at each step. The
parameters S and P., were averaged for each genotype.

2.4 | Stomatal Regulation and Hydraulic
Coordination Traits

2.41 | Water Potential and Stomatal Conductance (g,)

Three (F2 genotype 18174 and grandparent JKC) or five plants
(for the other five genotypes studied) per genotype were sub-
mitted to a drought treatment of at least 12 days without wa-
tering. A control batch with the same number of plants per
genotype was kept under well-watered conditions. The plants
remained in pots under the same environmental conditions in
the climate chamber as those in which they were grown at the
Institute of Biology Leiden. Both drought treatment and con-
trol plants were randomly distributed on climate chamber ta-
bles under the same controlled environmental conditions. We
measured the plant's water potential with the pressure cham-
ber in previously bagged leaves every second day in a fully
expanded mature leaf, meaning our measurements reflected
the stem's water potential as the transpiration stream in the
measured leaf stopped. For TO1000, the pressure chamber
was used only on the first day of the experiment to validate the
PSYPRO device, which was used throughout the experiment
due to difficulties in safely measuring this genotype with
the pressure chamber (because of the small, fragile leaves).
At the same time, g, (mmol H,0 m~2s~") was recorded daily
with an LI-600 porometer/fluorometer (Li-Cor) in Auto Mode
configuration. The g measurements were repeated daily up to
three times in a single mature leaf (5-6th leaf from the stem
apex), in the middle section of the leaf, and between the mar-
gin and the midrib. Before the onset of drought (i.e., water po-
tential <—1MPa), we did not find significant differences in
g, between control and drought-treated plants per genotype
(Figure S3A). A sigmoid function was fitted to build one g
curve per genotype, while the water potential dropped during
drought, using the following equation with the NLIN proce-
dure in SAS:

8 = 8wo/ [1 + exp (S X (\P - 'Pgsso))]

where g, is the maximal stomatal conductance at water po-
tential approaching zero, S is the slope, and ¥g_., is the water
potential at 50% of stomatal closure. The g, curves per geno-
type were then transformed into percentages to estimate the
water potential value at 90% of stomatal closure (¥g,,). The
Wg.4o Was used to estimate the drought intensity leading to
stomatal closure.

2.4.2 | Stomatal Safety Margin

Following Martin-StPaul et al. (2017), and Thonglim
et al. (2023), the stomatal safety margin (SSM) for each genotype
was estimated as the difference between g, and the P, values
from the OV-based stem vulnerability curves, according to the
following equation:

SSM =Yg — Psg

40f 18

Physiologia Plantarum, 2026

0d ‘€ *970T ‘FSOE66€1

:sdny woiy papeoy

QSUAOI'T suowwo)) aAneal) ajqeatjdde ayy £q paUIdA0S oIk Sa[OIIR () £aSN JO SINI 10] AIRIqIT dUI[UQ AS[IAN UO (SUONIPUOI-PUB-SULIA}/ W0 KA[IM"AIIqI[aul[uo//:sdyy) suonipuo) pue swa ], a1 32§ ‘[9702/90/+0] uo Kreiqry aurjuQ £3[ip\ ‘101U ANsiaalporq sijeinieN £q z560.L'1dd/ 1 111°01/10p/woo Kafim K



2.5 | Stem Anatomy
2.5.1 | Light Microscopy

Three to five stems per genotype were cut into 3-5cm length seg-
ments from the well-water control plants at the end of the drought
experiment. The samples were taken close to the base of the stem
at a similar height to the section scanned during the OV method
to match the P, measurements from the OV technique. The stem
samples were fixed in 70% ethanol and cut into transverse sec-
tions of 20-30 ym using a sliding microtome (Reichert). Following
Lens et al. (2005), the sections were then bleached with sodium
hypochlorite 1%-3%, rinsed with water, stained with safranin
(0.5% in 50% ethanol) mixed with alcian blue (1% in water) (35%—
65%), and dehydrated in an ethanol series (50%, 70%, and 96%).
We used Histo-clear as a clearing agent before the sections were
mounted in Euparal green. A Zeiss Axio Imager D2 (Axio Imager
M2, Zeiss) was used to photograph xylem traits at 40x magnifica-
tion (Table 1). A Zeiss modular stereo microscope (ZEISS SteREO
Discovery. V20, Zeiss) was used to photograph the proportion
of stem tissues in a cross-section at 28 to 115X magnifications
(Table 1). The pictures were analysed with ImageJ.

2.5.2 | Transmission Electron Microscopy

We harvested a sample of 1cm in length from the bottom of the
bigger stem samples taken for light microscopy before they were
deposited in ethanol for three stems per genotype and immedi-
ately submerged them in Karnovsky's fixative (Karnovsky 1965)
after slicing the sample multiple times longitudinally. The 1cm
sliced samples were transferred to 0.1M cacodylate buffer, post-
fixed with 1% buffered osmium tetroxide and rinsed with buffer
solution. We used 1% uranyl acetate for staining and subsequently
dehydrated the samples in a series of ethanol: 1% uranyl acetate
replacement (30%, 50%, 70%, 96% ethanol and twice in 100% etha-
nol). The stained samples were infiltrated with Epon 812 (Electron
Microscopy Sciences, Hatfield, UK) and placed in the oven at
60°C for 48h. We used a rotary microtome with a glass knife to
trim the Epon blocks into 2um-thick sections. Subsequently, we
used a Leica EM UC7 ultramicrotome with a diamond knife to
cut the sections with vessel-vessel contact areas into ultrathin
sections of 90-95nm in thickness. The sections were dried and
mounted on film-coated copper slot grids with Formvar coating
(Agar Scientific), and then post-stained with uranyl acetate and
lead citrate. Ultrastructural observations of intervessel pits were
performed and photographed using a JEM-1400 Plus transmission
electron microscope (TEM) (JEOL) equipped with an 11-megapixel
camera (Quemesa, Olympus). We measured the intervessel pit
membrane thickness (min. 32 pits per genotype) and pit chamber
depth (min. 13 pits) with ImageJ in non-shrunken intervessel pit
membranes from two to three individuals per genotype (Table 1).

2.6 | Leaf Traits
2.6.1 | LeafSize, Leaf Number, and Total Leaf Area
The average leaf size for each genotype was calculated based on

the individual area of multiple mature leaves (n=3-5 per geno-
type) from the well-watered control batch. The area was measured

by outlining a mature, well-watered leaf on a paper sheet. The leaf
outline with scale reference was scanned in a flatbed scanner, and
its area was calculated using the polygon selection tool in ImagelJ.
We estimated the leaf number per genotype by counting all fully
unfolded leaves per individual (n=3-5 per genotype) from each
genotype from the well-watered control batch. To estimate the
total leaf area per plant, we multiplied the leaf size and leaf number
(Table 1). Stem anatomical traits and leaf traits were measured in
2-month-old well-watered controls to avoid any effect of drought-
induced tissue damage. This means that these plants were different
from the 2-month-old plants that were used in the stem hydraulics
and stomatal regulation during drought measurements.

2.6.2 | Stomata Anatomy

The stomatal density, length, and width were measured from
(both adaxial and abaxial) epidermal imprints from a mature
leafin three individuals per genotype. To create the imprints, we
applied transparent nail varnish to a leaf surface area of 3x3cm
in a similar position as the area used to measure g, (Hilu and
Randall 1984). After 3-5min, the dried varnish was removed
by pressing and lifting a piece of transparent adhesive tape. The
imprints were then placed on a microscope slide. Three to five
non-overlapping fields of view were photographed with the Axio
Imager D2 at 40X magnification and measured with ImageJ.
Stomatal density (per mm?) was calculated based on the num-
ber of stomata counted in the area of the field of view (Table 1).

2.7 | Statistical Analysis

First, we tested for statistically significant differences in stem
embolism resistance (P,,), stem hydraulic traits (P,, and Pgy),
leaf and stem anatomical features (Table 1), and stomatal
regulation and hydraulic coordination traits (gy,, P&, and
SSM) among the genotypes studied, by running linear mixed
models in the nlme package (version 3.1, R Studio version
2024.04.2) (Pinheiro 2011). We set the genotype and the stud-
ied traits as fixed effects, and the individual plants as random
effects, since multiple measures were taken on each plant.
For each model, we used the emmeans package (version 4.0.3)
(Lenth et al. 2018) to perform pairwise comparisons with es-
timated marginal means (Searle et al. 1980) with Benjamini
and Hochberg adjustment (Benjamini and Hochberg 1995).
Pearson's index was applied with the psyche package (2.4.6.26)
to study the correlation among the traits mentioned above.
Then, linear multiple regression models were built using the
stem anatomical traits (predictive variables) with a significant
correlation to stem hydraulic traits (P,,, P,,, and Pgg), and
leaf anatomical traits with stomatal regulation and hydrau-
lic coordination traits (gyy,, Y&, and SSM). We selected our
predictors using previous knowledge and a collinearity anal-
ysis with the variance inflation factor (VIF). Subsequently, a
two-way stepwise model selection was followed with the Stats
package (4.5.0) to remove the least predictive variables accord-
ing to the Akaike information criterion (AIC). We calculated
the relative importance of each independent variable in the
models using the Lindeman, Merenda and Gold (1980) method
in the relaimpo package (2.2-7). After obtaining our final re-
gression models, we used mixed-effects models and Pearson's
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coefficient to estimate the correlation of the random effects of
the dependent and independent variables. This step strength-
ened our analysis since variables were averaged by genotype
from different datasets: a hydraulic and a stomatal regulation
dataset from drought treatment experiments, along with an
anatomical dataset from well-watered plants. Results were
considered significant when p <0.05.

3 | Results

3.1 | Stem Vulnerability to Embolism

The stem P,, among the seven genotypes measured with the
optical vulnerability (OV) technique varied from —-2.11 to

—3.06 MPa (Figure 1; Table 2). These results were supported by
similar stem P, values obtained with the Cavitron centrifuge

100+ N Genotypes

3 — 18174
§ — 18168
v 80- —— 18326
(I} — 18187
g TO1000

60 - 18367
€ — IKC
Q
3 \
x
- 40 -
(]
Bs)
E

20
£ N

0 o T T

5.0 -45 -40 -35 -3.0 -25 -20 -1.5 -1.0 -0.5 0.0
Xylem pressure (MPa)

FIGURE 1 | Mean stem optical vulnerability (OV) curves for each
B. oleracea genotype constructed by plotting the percentage of embo-
lised xylem pixels as a function of xylem pressure (MPa). Thick-colored
curves correspond to average values and shaded bands to the standard
error in the genotype-specific vulnerability curves (based on three to
four individuals). The black solid line shows the pressure that induces
50% of embolised pixels in the xylem vessels (P,), and the grey dashed
respectively.

for genotypes 18187, 18326, JKC, and TO1000 (Figure S4).
Based on the OV measurements, significant differences in
stem P, were detected among genotypes, with the F2 geno-
type 18174 showing significantly higher embolism resistance
(P;,=-3.06+0.18 MPa) than all other genotypes (18187,
18326, 18367, JKC, TO1000, p <0.05, Figure S3B). In contrast,
the most embolism-vulnerable genotype was the JKC grand-
parent, with P, values very close to the other four remain-
ing sensitive genotypes (P,,=-2.11%£0.11MPa) (Figure 1;
Table S1 and Figure S3B). Additionally, we found strong pos-
itive correlations between P, and P , and Py, (R=0.76 and
R =0.86, respectively; Figure S5).

3.2 | Stomatal Regulation and Hydraulic
Coordination

Under well-watered conditions, genotype 18174 showed the lowest
stomatal conductance (387mmolH,0 m=2s~!; Figure 2, Table 2).
Genotypes 18367, 18326, and TO1000 displayed intermediate val-
ues (718, 793, and 805mmol H,Om™2s, respectively; Figure 2,
Table 2), while 18168, JKC, and 18187 presented the highest sto-
matal conductance, ranging from 946 to 1397mmolH,0m=s™!
(Figure 2; Table 2; Figure S3A). For ¥g,, the values were rather
similar across the seven genotypes studied. TO1000 had higher
Vg o, than 18187 and 18326 (t=—4.1, p<0.05 and t=-2.6, p<0.01,
respectively; Figure S3C) (Table 2; Figure 2), meaning it closed
the stomata earlier than these two genotypes. Regarding the sto-
matal safety margin (SSM), all genotypes showed positive values,
ranging from 0.85 to 1.82MPa, which were primarily driven by
the difference in stem P, across the genotypes (Table 2; Figure 2).
Consistent with this, genotype 18174 had the widest SSM
(1.82MPa), corresponding to its highly embolism-resistant stem
(lower stem P, ) (Figure 2; Figure S3B,C).

3.3 | Anatomical Variation and Correlations in
Stem, Secondary Xylem, and Leaf Traits Among
Genotypes

Vessel wall thickness (T,) was significantly different among
genotype 18174 and the two grandparental lines, while the re-
maining F2linesshowed similarvalues (F=15.46;p=1.89e~%;

and dotted lines show P, and P,

TABLE 2 | Stem and leaf hydraulic traits of the B. oleracea genotypes.

Genotype P, (MPa) P, (MPa) P,(MPa) Slope,., W%Wg,,(MPa) SSM(MPa) g, (mmolH,0m2s™")
18174 -3.61 -3.06 -2.51 90.9 -1.24 1.82 386
18168 -3.07 —2.58 —-2.08 101.2 —1.30 1.27 946
18326 -3.11 —-2.33 —-1.55 64.1 —-1.43 0.90 793
18187 -3.07 —2.26 —-1.45 61.5 -1.30 0.96 1397
TO1000 -2.79 -2.20 -1.62 85.5 -1.03 1.17 805
18367 —-2.32 -2.14 -1.95 273.8 —-1.29 0.85 717
JKC —-2.35 —-2.11 —1.88 216.7 -1.23 0.89 1144

Note: Py, P, and P, refer to the water potential at 88%, 50% and 12% loss of hydraulic conductivity in stems, respectively, from the optical vulnerability curve in
Figure 1. Min. three individuals per genotype (n=3).

Abbreviations: g, stomatal conductance from the maximum value of water potential (maximum g value) in Figure 2A; Slope,,., slope of the optical vulnerability
curve; SSM, stomatal safety margin; ¥g,, water potential at 90% of stomatal closure.
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FIGURE 2 | Stomatal regulation and hydraulic coordination of the B. oleracea genotypes. (A) Stomatal conductance (g) reduction as a response

to xylem pressure decline during drought among the seven genotypes (the maximum g_ value at the highest water potential value in the curve was
y p g g g g yp & g p

considered the average g, per genotype). (B-H) Graphs showing the percentage of embolised pixels in the stem xylem (curve on the left) and the

percentage of g (curve on the right) as functions of stem xylem pressure used to estimate each genotype's stomatal safety margins (SSM). The dashed

lines represent xylem pressure (water potential in bagged leaves) at 90% loss of stomatal conductance (¥g,). The solid lines show the xylem pressure
at which 50% of hydraulic conductivity is lost (P,). The difference between the dashed and the solid line refers to the SSM. See Table 2 for the mean

values of each trait per genotype, and Table S1 for the standard errors.

Figure S6C). The vessel density (D,,) was higher in genotype
1867 and lower in 18168, when compared to the F2s (F=14.29;
p=2.97e7%; Figure S6D). The ratio of vessel wall thickness
to vessel diameter (Ty,,/Dy;,y) followed a pattern similar to
that of T, however, for this trait, the TO1000 grandparent
showed the lowest value (F=8.938; p=0.0004; Figure S6E).
The intervessel pit membrane thickness (TPM) was higher in

genotypes 18174 and 18168 compared to the other genotypes
(Figure 3V-AB; F=38.05; p <2e~!%; Figure S6N). In addition,
all genotypes exhibited vestured pits, as shown in Figure 3V-
AB. We did not find significant differences in other detailed
xylem anatomical traits; for instance, in the proportion of
fiber wall area per fiber cell area (PpyF,), fiber wall area
(Apyw)s or vessel diameter (D, Dy, ) (Figure S6). Interestingly
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TO1000

FIGURE 3 | Growth form showing the two grandparental lines (A, B) and five B. oleracea F2 genotypes (C-G), along with light microscope

cross-sections of their stems (H-N) and wood cylinder (O-U), and transmission electron microscope sections of intervessel pits (V-BB). Black double
arrows in V-AB show the thickness of the pit membrane (T},,), and red arrows point to the presence of vestures projecting from the border of the pit
aperture. Scale bars equal 10cm (life forms, A-G), 1000 um (stem sections, H-N), 100 um (wood sections, O-U), or 1 um (pit sections, V-AB).

(Tyw/Dyax) Was positively correlated with Ty, but not with
Dy ox (Figure S5).

The stem area (A) was similar for 18367, JKC and 18174, and
for 18187, 18168 and 18326 (F=28.3; p =2.09¢~13; Figure S6G).
A similar pattern was found in pith area (Ay;y) (F=5.58;
p=0.0001; Figure S6I) and pith to xylem ratio (P:X) (F=3.714;
p=0.004; Figure S6J). Lignified area per total stem area (P, ;)
was similar for 18168, TO1000 and 18326 with higher val-
ues, while 18174, JKC and 18367 shared similar lower values
(Figure 3H-N; F=3.082; p=0.01; Figure S6L). The lignified
stem area (A, ;) was similar among all genotypes except for
TO1000, with the lowest value (F=4.2; p=0.001; Figure S6M).
Regarding stem and xylem trait correlations, P, |, showed no
significant associations with other xylem traits except for a
negative correlation with V},. Similarly, A, . was positively
correlated with T, but not with any other xylem traits. Among
the stem traits, Aq was negatively correlated with P, ;. and
positively correlated with both A, ;;; and P:X. Apart from its
negative association with A ., P, showed no additional
correlations with stem traits (Figure S5).

Genotypes differed significantly in all leaf traits (Figure S7A-C).
Leaf size (S|,,) was largest in 18174, JKC and 18168 (172-
144cm?), and smallest in TO1000 (7cm?). Leaf number (N, )
was highest in TO1000 (96) and lowest in JKC (8). Total leaf area
(T cap) followed a similar pattern to S, ., with genotypes bear-
ing larger leaves (18168 and 18174) showing higher T, ; (2360
and 2351 cm?), except for JKC, which, despite its high leaf area,
had the second lowest T/ . . (1288cm?) due to its reduced num-
ber of leaves (see Table S1 for all average values and standard
error). In general, genotypes with bigger leaves tended to have

fewer leaves and vice versa, as S; . .and N| . .showed a negative
correlation (Figure S5).

Additionally, genotypic variation in stomatal anatomical traits
was observed on both leaf surfaces (Figure S7D-I). On the
abaxial surface, stomatal density (Dg,,) did not differ signifi-
cantly among genotypes; however, according to the observed
pattern, the density was highest 18174 (335mm?) and lowest in
18367 (208 mm?), while stomatal width (Ws,p) and length (Lg, )
showed a significant decreasing trend from JKC (12 ym) to 18174
(8 yum) and TO1000 (21 um) to 18174 (15 um), respectively. On
the adaxial surface, stomatal density (Dy, ;,) differs significantly
among genotypes, from the highest 18174 (295 mm?) to the low-
est 18168 (146 mm?), whereas width (W, ) and length (Lg, )
both vary significantly, showing similar patterns to the abaxial
surface (Figure S7E-I). Abaxial and adaxial stomatal densities,
lengths and widths were positively correlated. The negative
correlation between the abaxial stomatal density (Dg,,) and
stomatal length (Lg, ;) indicates that the genotypes have either
higher amounts of small stomata on their leaves or fewer larger
ones. Likewise, the negative correlation between leaf size (S, ;)
and L, seems to indicate that genotypes with big leaves have
smaller stomata (Figure S5).

3.4 | Xylem and Stem Anatomical Traits
Accounting for the Variation in Vulnerability to
Embolism

According to Pearson’s coefficient, stem P,  showed a strong and sig-
nificant negative correlation with T, and Ty,y,/Dy; ,x (R=-0.93,
p<0.01 and R=-0.82, p<0.05, respectively; Figure S5). Linear
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regression models supported these results and confirmed that both
variables accounted for the variation in Py, (T}, R*=0.87, p<0.05
and T,y/Dy4x R*=0.67, p<0.05; Figures 4A,B and S8A,B). Both
anatomical variables were retained by the most parsimonious sig-
nificant multivariate model with stepwise selection accounting for
the variation in P., among the genotypes (AIC=-6.4, Table S2).
Tpy had a higher relative importance for P, (56.3%) than
Tyw/Dyax (36%) (Figure 4C). No other stem anatomical traits
correlated with Tp,,, while only Ty, correlated with T',/Dy,x
(Figure S5). We did not find correlations between P, and P, ;. or
with other stem anatomical traits studied (Figure S5). For exam-
ple, the lack of correlation between P, and P, was evident as
the genotype with the most negative P, (18174) did not show high
stem lignification (P, ;) (Figures 3H and S6L), but had thicker T},
and vessel walls (T,,) with consequently higher T\,,,/D,;,x values
than the other genotypes (Figure S6C,E,N). However, a pilot ex-
periment using the Cavitron centrifuge with a limited sample size
(n=1) for the 8-month-old JKC genotype revealed a considerably
lower P, (—3.8 MPa) compared to the younger 2-month-old plants
(=2.3MPa). This shift occurred alongside an 8% increase in P, | in
the older JKC individuals (Figure 5). Stem P, only showed a sig-
nificant correlation to T\,,/Dy, .y (R=—0.87, p<0.05, Figure S5)
and was retained together with Ay, and T, (relative importance
to P, of 48.8%, 29.2%, and 19.5%, respectively, Figure S8C) by the
most parsimonious significant P, model (R*=0.98, AIC=-11.1,
Table S3). Stem Py, was positively correlated to Ty, (R=-0.88,
p<0.01) and was the only variable retained by the most parsi-
monious significant Py, model (R*=0.77, AIC=3.7, Table S4). No
significant correlation was found between embolism resistance,
stomatal conductance or SSM and S, ., N| o5 OF T} ¢ (Figure S5).

Leaf’ = "L
However, both N, .. and T, showed significant negative and

positive correlations, respectively, with ¥g_, (Figure S5). Stomatal
anatomical traits—including abaxial and adaxial density (Dg,ps
Dg,p), length (Lg, o, Lo, ), and width (W, We, ) on both leaf
surfaces, were not correlated with stomatal regulation traits, and
only Wy, , was related to SSM (Figure S5).

4 | Discussion

In this study, we examined how the coordination between
xylem structure and stomatal regulation determines hydraulic
safety in the herbaceous crop species Brassica oleracea based
on 2-month-old individuals from two contrasting grandparent
lines (the large-leaved woody JKC and small-leaved herbaceous
T01000) and five of the resulting F2 genotypes. We found that
the 1 MPa variation in stem P, among the genotypes was best
accounted for by intervessel pit membrane thickness (TY,,), fol-
lowed by the vessel thickness-to-span ratio (Ty,,/Dy, ,x)- Despite
the pronounced differences in pre-drought stomatal conduc-
tance (ggy,) (3.6-fold), leaf size and total leaf area (3.5- and 24.6-
fold, respectively), drought-induced stomatal behaviour was
remarkably similar across genotypes, showing that the width of
the positive SSM is largely determined by P.,.

4.1 | Intraspecific Variability in Cabbage Stem P,
Is Mainly Driven by the Intervessel Pit Membrane
Thickness

Based on the optical vulnerability technique measured at the
base of the stems, we observed a significant 1MPa difference

A 20 Genotypes
= — 18174
[=u —— 18168
2 24 — 18326
) — 18187
; P TO1000
) 18367
9 <0.05
) P ’ — JKC
321
0.30 0.35 0.40 0.45 050
Tom (um)
B C
o 60 -~
e
© 20 © 50 -
a * =
2 S 40 -
Q
o
e 2.5 : é 30
5 320
& 301  R=067 | e 0 4
p<0.05 ]
X o -
0.075 0.100 0.125 0.150 Tom Tuw/Puiax

TVW/ DMAX

R2= 92.3%, metrics are not normalized

FIGURE 4 | Linear regression and relative importance of intervessel pit membrane thickness (Tj,,) and thickness to span ratio of vessels (T,y,/
Dy 4x) tostem P, . (A) Linear regression of Ty, and P,. (B) Linear regression of T,,,/D,, ,x and P,. Each dot represents the average per genotype, and

n=3-4; T,.,/D

the bars represent the standard error (Pso’ vw/ Prax

TVW/DMAX’

The R? and the p-values are given. Model parameters for Py,

n=3-5). (C) The relative importance of P, variation is mainly explained by Ty, and

based on R? contribution averaged over orderings among regressors and determined using the Lindemann, Merenda, and Gold method.
g g greg g

P,,, and Py, are shown in Tables S2-S4.
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Cross-section of the basal stem part of a 2-month-old individual, P

, stem sections and P, of JKC genotype. (A) Cross-section of the basal stem part of an 8-month-old individual, P, n=1. (B)
Lig t=4. Scale bars=1000 um. (C) Stem vulnerability curves for the JKC geno-
type at two developmental stages. For 2-month-old plants, P, is indicated by a vertical black solid line (Cavitron method, n=1) and a vertical pur-
ple solid line (OV method, n=4); 95% confidence interval is shown as purple shading for the curve and purple dashed vertical lines for the P,. For
8-month-old plants, P, is indicated by a vertical red solid line (n=1), with the 95% confidence interval shown as grey shading for the curve and red

dashed vertical lines for the P,, computed using bootstrapping.

in P,, between the most resistant B. oleracea genotype (18174, reported for herbaceous Brassicaceae (—1.58 to —4.9 MPa; Doria
P,,: —3.06 MPa) and the most sensitive one (grandparental line et al. 2019; Thonglim et al. 2023) and are substantially less nega-
JKC, P, : —2.11MPa; Figure 1; Table 2). This difference is nota- tive than values reported for many other herbaceous species, par-

ble and suggests that even closely related genotypes can display ticularly grasses, which can tolerate much lower water potentials
distinct hydraulic strategies to cope with water deficit, which (down to —7.5MPa; Lens et al. 2016; Volaire et al. 2018).

are functionally linked to anatomical traits, as our subsequent

analyses indicate. These findings align with the broader pattern =~ Among all the traits we measured, intervessel pit membrane
of within-species variation in P, reported in other plants asso- thickness (T},,) emerged as the strongest predictor for the
ciated with contrasting environments or anatomical differences variation in P, (Figures 3V-AB, 4 and S6N, Table S2). This is
(Lépez et al. 2016; Volaire et al. 2018; Ddria et al. 2019; Ahmad consistent with growing evidence showing that angiosperm
et al. 2018; Thonglim et al. 2023). Our optical vulnerability re- species tolerant to drought-induced embolism have thicker in-
sults were consistent with stem P, values obtained using the tervessel pit membranes (Lens et al. 2011, 2022; Li et al. 2016;
Cavitron centrifuge for a subset of genotypes (18187, 18326, Déria et al. 2018, 2019; Thonglim et al. 2021, 2023; Isasa
JKC, and TO1000; Figure S4) and demonstrate that cabbage is et al. 2023). Furthermore, T}, shows a stronger association
a comparatively hydraulically vulnerable herbaceous crop. The with Py, (100%) and P, (56.3%) than with P, (19.5%), sug-
stem P, values measured here lie at the sensitive end of those gesting that T}, becomes increasingly important as embolism
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propagation progresses. While the exact nanoscale triggers of
the onset of embolism in the xylem sap continue to be refined
(Schenk et al. 2015; Zhang et al. 2020, 2024; Kaack et al. 2021;
Lens et al. 2022), our findings align with the mechanistic in-
tervessel pit models proposed by Kaack et al. (2019, 2021) and
Zhang et al. (2020). Thicker pit membranes provide superior
hydraulic safety because their 3D ultrastructure contains more
tortuous, longer, and narrower multiconstriction pathways.
This nanoscale architecture increases the physical resistance to
the meniscus movement of air, thereby reducing the probabil-
ity of air entrance at the pit level and the subsequent spread of
embolism throughout the 3D vessel network (Jansen et al. 2009;
Li et al. 2016; Kaack et al. 2019, 2021; Zhang et al. 2020; Lens
et al. 2022).

4.2 | Beyond Pit Membranes: Correlation
of Anatomical Traits and Their Contribution to
Embolism Tolerance in B. oleracea Genotypes

In addition to T},,, the ratio of double vessel wall thickness to
vessel diameter (T,y,/Dy,x) Was a good predictor of P, and
P,,. Tyw/Dyax also contributed to most of the variation in
the P,, model (48.8%), followed by fibre wall thickness (A,
29.2%). The ratio of vessel wall thickness to vessel diameter
(Tyw/Dyax) Was also significantly correlated with vessel
wall thickness (T,) (R=0.87, p<0.05). The maximum vessel
lumen diameter (D,,,), however, showed no correlation to
traits that are associated with the hydraulic traits measured,
such as intervessel pit membrane thickness or vessel or fibre
wall thickness, implying that the functional signal in the
Tyw/Dyax Versus P is determined by vessel wall thickening
rather than changes in lumen size, as confirmed by Thonglim
et al. (2021) and Bouché et al. (2014). The strong correlations
between xylem cell wall thickening (T, Ty /Dy x> and Agy,)
and hydraulic safety thresholds likely reflect a functional co-
ordination rather than a direct causal link. Increased wall
reinforcement and higher thickness-to-span ratios are best
interpreted as mechanical consequences of a safer hydraulic
strategy. Genotypes that resist the onset of embolism (P,,)
and maintain conductivity at more negative pressures (Ps)
must operate under higher xylem tension. Consequently,
they require greater structural reinforcement to prevent con-
duit implosion as water potential drops toward these critical
thresholds (Hacke et al. 2001). While ultrastructural prop-
erties of intervessel pit membranes serve as the mechanistic
cause of embolism resistance by providing tortuous multicon-
striction pathways that impede embolism spread across adja-
cent conduits (Kaack et al. 2021; Zhang et al. 2020), the vessel
and fiber walls ensure the mechanical integrity required to
reach those pressures without structural failure. This suggests
that in Brassica, selection for drought tolerance has necessi-
tated a simultaneous investment in both the nanoscale ‘valves’
(pit membranes) and the macroscale ‘piping’ (wall thickness).

Among other pit membrane traits, the chamber depth (D) was
not correlated with P, P,,, or Py, nor was it retained in any
of the multiple regression models, as previously reported for
Brassicaceae (Thonglim et al. 2021; Déria et al. 2018). A nota-
ble anatomical feature in the pit chambers of the Brassica gen-

otypes observed, and by extension in all members of the family

Brassicaceae (Jansen et al. 2001), is the presence of vestures
across all seven genotypes (Figure 3V-AB). These lignified cell
wall projections are proposed to enhance hydraulic safety by
providing mechanical support to the intervessel pit membrane,
limiting its deflection and stretching under high xylem pressure
gradients among adjacent conduits (Choat et al. 2004). As ves-
tures were not quantified in detail in this study, our observations
of the TEM images did not reveal any obvious variation in the
level of vestured pits across the genotypes, therefore question-
ing their role in fine-tuning P, and other hydraulic thresholds
alongside pit membrane thickness.

Stem woodiness or lignification, expressed as the proportion
of lignified area per total stem area (P ;), is a trait that has
been associated with increased drought tolerance in predom-
inantly herbaceous lineages and is often correlated with P,
and intervessel pit membrane characteristics (Lens et al. 2016;
Déria et al. 2018, 2019; Thonglim et al. 2021; Thonglim et al.
2023; Zizka et al. 2022; Haverroth et al. 2024). However, in the
Brassica genotypes investigated, P, ;, was not correlated with P,
nor with intervessel pit membrane thickness. Nevertheless, the
associations we observed between P, and P , with T\,/Dy/
and between P, and Ay, suggest that embolism tolerance is
related to thicker walls in both vessels and fibres, possibly re-
flecting higher levels of lignification at the cellular rather than
the tissue level.

Although stem P, is largely determined by stem xylem ana-
tomical traits, water potential decline under drought propa-
gates throughout the whole plant, and coordination between
leaf traits and stem xylem vulnerability might therefore be ex-
pected. Indeed, several studies (Scoffoni et al. 2011; Nardini
et al. 2014; Krober et al. 2014; Guillemot et al. 2022; Schreiber
et al. 2016) report associations between more negative P, val-
ues and smaller leaves. However, we found no relationship
between P, and either total leaf area or individual leaf size,
suggesting an uncoupling between leaf morphometry and
stem vulnerability in these genotypes, potentially due to hy-
draulic segmentation between stem and leaves. This hypothe-
sis could not be further evaluated, as leaf vulnerability could
not be assessed with the Optical Vulnerability method, as the
thickness of the midrib and leaf blade prevented the visualisa-
tion of embolism formation.

4.3 | Similarities and Differences in Strategies
Showing the Interplay Between Stomatal Behaviour
and Stem Hydraulics

Under pre-drought conditions, stomatal conductance (g,,) var-
ied considerably among the seven genotypes (Figure 2; Table 2),
with genotype 18174 exhibiting the most conservative water-use
strategy, as indicated by the lowest g, values, while the oth-
ers had g, values that were doubled or even more. However,
leaf and stomatal size and number, which also showed high
variability, did not explain this difference in g, even when sto-
matal size and number have been associated and described as
anatomical constraints for stomatal conductance (Franks and
Beerling 2009; Sack and Buckley 2016) and leaf size has been
cited as a determinant for photosynthetic activity and water use
(Valencia et al. 2016; Wang et al. 2019).
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Despite these differences in g, and leaf size, the xylem water
potential inducing 90% reduction of stomatal conductance
(Wgy,) Was similar across genotypes and occurred early during
drought conditions, suggesting comparable thresholds for early
stomatal closure in response to declining water availability.
This pattern agrees with the general findings in other herba-
ceous Brassicaceae (Thonglim et al. 2023) and across a wide
range of herbaceous and woody lineages, where stomatal clo-
sure operates within a relatively conserved physiological range
and typically occurs way before dramatic levels of embolism
spread (Roman et al. 2015; Combe et al. 2016; Martin-StPaul
et al. 2017). Another noteworthy finding regarding ¥g_,, was its
correlation with T' ., suggesting that plants with smaller leaf
area tend to close their stomata earlier. This observation is con-
sistent with Wang et al. (2019), who demonstrated that smaller
leaves experience higher water loss, which could necessitate
earlier stomatal closure to limit excessive water loss from tran-
spiration. Contrarily, we did not find any correlation between
stomatal size or density and ¥g,, even though smaller stomata
are generally thought to respond more rapidly to drought stress
(Drake et al. 2013; Caine et al. 2019, 2023).

In the B. oleracea genotypes studied, stomatal safety margins
(SSMs: Wg , — P.,) were positive for all genotypes and primar-
ily driven by the differences in P, (Figure 2). For example, the
widest SSM (1.82MPa) occurred in genotype 18174, showing
the most negative stem P, . Although this genotype also exhib-
its the lowest stomatal conductance (see above), a larger SSM in
herbaceous species does not necessarily confer higher drought
survival (Haverroth et al. 2023; Pereira et al. 2024).

Overall, the Brassica genotypes displayed distinct strategies
balancing water use and hydraulic safety. Some, such as 18174,
combine low g, with a wide SSM and a more negative P,
reflecting conservative water use and high hydraulic safety.
Others, including 18168, JKC, and 18187, couple higher g,
with narrower safety margins, potentially prioritising growth
over drought tolerance. These findings at a two-month devel-
opmental stage provide initial insights into which genotypes
may be more drought-tolerant. Future studies should therefore
assess drought tolerance under controlled drought experiments
while standardising leaf size (or accounting for leaf size effects)
to enable robust and comparable evaluations across the geno-
types. Furthermore, to dive deeper into the diversity of drought
strategies across the Brassica genotypes studied, other traits
need to be investigated, such as root depth, leaf turgor loss point
and capacitance, and residual stomatal conductance (Chaves
et al. 2003; Ilyas et al. 2021; Chen et al. 2022; Pereira et al. 2024),
but that is beyond the scope of our study.

4.4 | Potential Age Effect on Woodiness
and Vulnerability to Drought-Induced Embolism

Previous studies in other herbaceous species grown under con-
trolled conditions, such as Solanum lycopersicum L. and Senecio
minimus Poir., suggested that tolerance to drought-induced em-
bolism in stems enhances with increased stem woodiness, either
due to older plant age between individuals or due to older devel-
opmental age of the xylem at the stem base compared to distal
later-formed parts (Lamarque et al. 2020; Haverroth et al. 2024).

Although increased stem woodiness or lignification (P, ) was
not correlated with P, across the 2-month-old Brassica geno-
types, we did observe a similar trend using a limited pilot ex-
periment of the Jersey kale (JKC) genotype where the stem P,
of one woodier eight-month stem was considerably more neg-
ative than the average stem P,, from three 2-month-old, less
woody JKC individuals (—3.8 MPa vs. —2.3MPa and 54% vs. 46%
P, s Figure 5). A potential correlation between plant age, P,
and P, in herbaceous species has been suggested as a poten-
tial mechanism to secure water supply to reproductive organs
(Harrison Day et al. 2022; Haverroth et al. 2024). However, it
needs to be assessed whether this suggested age-P, ;,—P., effect
in herbaceous plants leads to a stronger total plant drought tol-
erance with age, or whether the more negative stem P, values in
older stems merely counterbalance the increased water demand
due to a larger canopy. Therefore, targeted drought experiments
coupled with anatomical observations across developmental
stages of multiple individuals from various species would pro-
vide a more dynamic perspective of drought tolerance through-
out the life cycle of herbaceous species.

In conclusion, the seven 2-month-old B. oleracea genotypes
exhibited contrasting water-use and hydraulic strategies
under well-watered and drought conditions. Variations in
pre-drought stomatal conductance (gg,,) under non-limiting
conditions revealed a spectrum from conservative to acquis-
itive water-use types. However, ¥Yg values were similar
across genotypes, showing comparable thresholds for stoma-
tal closure. This indicates that differences in drought response
among genotypes are not driven by the timing of stomatal
closure, but rather by other traits not measured in our study
(e.g., lower residual stomatal conductance, high capacitance
pre- and post-turgor loss, osmotic adjustment, enhanced water
uptake capacity (Chaves et al. 2003; Ilyas et al. 2021; Chen
et al. 2022; Pereira et al. 2024)).

The SSMs were positive for all genotypes, confirming func-
tional coordination between stomatal behaviour and xylem
hydraulics, and primarily driven by variation in stem P,
Tolerance to drought-induced embolism among the cabbage
genotypes was best predicted by intervessel pit membrane
thickness, not by stem woodiness in the 2-month-old geno-
types. This implies that genotypes with thicker pit membranes
have more negative stem P, values and maintain greater hy-
draulic safety relative to stomatal closure, thereby reducing
the risk of hydraulic failure during drought. In other words,
genotypic differences in hydraulic safety arise from the inter-
play between conservative water-use behaviour and intrinsic
xylem structural resistance, rather than from woodiness or
earlier stomatal closure.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Mean values and standard
error for all the traits measured in the seven B. oleracea genotypes,
ranging from most to least embolism resistant, n=3-5. Abbreviations
follow Table 1. Table S2: Most parsimonious significant multiple linear
regression model (AIC=-6.43) of stem anatomical variables indicate
that Ty, and Ty,,/Dy,.x> to @ lesser extent, account for P, variation
among the seven B. oleracea genotypes (F=24, R?=0.92, p=0.006). *p-
value <0.05. Table S3: Most parsimonious significant multiple linear
regression model (AIC =-11.07) of stem anatomical variables show that
Tyw/Dyax and Agy, together with T, , to a lesser extent, account for
P, variation among the seven B. oleracea genotypes (F=38.9, R*=0.98,
p=0.007). *p-value <0.05. Table S4: Most parsimonious significant
multiple linear regression model (AIC=3.65) where Tr,, account for
P, variation among the seven B. oleracea genotypes (F=16.6, R*=0.77,
p=0.01). *p value <0.05. Figure S1: Results from leaf water poten-
tial and stomatal conductance decline during a pilot drought experi-
ment (MSc thesis of van Haasteren et al. 2019), which was used as a
guideline for the selection of the F2 genotypes analysed in this study.
Stomatal conductance measurements were repeated throughout the
drought experiment, with ~5days between each set of measurements.
Predawn leaf water potential measurements were performed during
drought and midday leaf water potentials on the last day of drought.
Linear regression fitting was calculated for each measurement, exclud-
ing the controls. The minimum represents the predawn measurements
while the maximum represents the midday measurements. Figure S2:
Experiment layout for the stem’s xylem picture recording for the optical
vulnerability method. Duct sealer clay was placed over the Epson flatbed

scanner to contain the hydrogel where the stem was placed. Figure S3:
Boxplots with linear mixed models pairwise comparison with estimated
marginal means and Benjamini and Hochberg adjustment of gs of the
well-watered and drought batches for each genotype at water potential
<-1, P, and Wg,, per genotype. (A) Variation in stomatal conductance
(gs) of control (Co) and drought (Dr) batches per genotype and among
genotypes at water potential <—1, (B) variation in embolism resistance
(P50) among genotypes, and (C) variation in water potential at 90% of
stomatal closure (Wgs90). p-value <0.05. Figure S4: Stem vulnerabil-
ity curves obtained with the Cavitron centrifuge for genotypes 18187,
18326, JKC and TO1000. (A-D) 18187, (E-G) 18326, (H) JKC and (I)
TO1000, used to estimate (J) the average vulnerability curves and (K)
P, values per genotype for this technique. Figure S5: Pearson's co-
efficients (p <0.05) of the correlation of all the variables measured in
this study. Abbreviations follow Table 1 ***p-value <0.001; **p-value
<0.01; *p-value <0.05. Figure S6: Boxplots with linear mixed models
pairwise comparison with estimated marginal means and Benjamini
and Hochberg adjustment of stem anatomical variables per genotype.
Abbreviations follow Table 1. p <0.05. Figure S7: Boxplots with linear
mixed models pairwise comparison with estimated marginal means
and Benjamini and Hochberg adjustment of leaf and stomatal traits
(area, number, and size) per genotype. Abbreviations follow Table 1.
p<0.05. Figure S8: Correlation of Random Effects with Pearson co-
efficient of P, versus T,,/Dy;,x and Ty, and relative importance of
stem anatomical traits to P, ,. (A) P, versus Ty,/Dy,,y and (B) P ver-
sus Tpy,- (C) Relative importance of the stem anatomical variables con-
tributing to P,, variation among the genotypes determined using the
Lindemann, Merenda, and Gold (LMG) method.
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