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Abstract

Pit membranes in bordered pits of tracheary elements of angiosperm xylem represent primary
cell walls that undergo structural and chemical modifications, not only during cell death, but also
during and after their role as safety valves for water transport between conduits. Cellulose
microfibrils, which are typically grouped in aggregates with a diameter between 20 to 30 nm,
make up their main component. While it is clear that pectins and hemi-cellulose are removed
from immature pit membranes during hydrolysis, recent observations of amphiphilic lipids and
proteins associated with pit membranes raise important questions about drought-induced
embolism formation and spread via air-seeding from gas filled conduits. Indeed, mechanisms
behind air-seeding remain poorly understood, which is due in part to little attention paid to the
three-dimensional structure of pit membranes in earlier studies. Based on perfusion experiments
and modelling, pore constrictions in fibrous pit membranes are estimated to be well below 50
nm, and typically smaller than 20 nm. Together with the low dynamic surface tensions of
amphiphilic lipids at air-water interfaces in pit membranes, 5 to 20 nm pore constrictions are in
line with the observed xylem water potentials values that generally induce spread of embolism.
Moreover, pit membranes appear to show ideal porous medium properties for sap flow to
promote hydraulic efficiency and safety due to their very high porosity (pore volume fraction),
with highly interconnected, non-tortuous pore pathways, and the occurrence of multiple pore

constrictions within a single pore. This three-dimensional view of pit membranes as mesoporous
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media may explain the relationship between pit membrane thickness and embolism resistance,
but is largely incompatible with earlier, two-dimensional views on air-seeding. It is hypothesised
that pit membranes enable water transport under negative pressure by producing stable,
surfactant coated nano-bubbles, while preventing the entry of large bubbles that would cause

embolism.

Keywords: pit membrane, vessel, xylem, angiosperms, embolism, air-seeding, porous medium,

ultrastructure

Introduction

Bordered pits represent a key evolutionary anatomical xylem feature of vascular plants (Kenrick
& Crane 1991; 1997). Indeed, the long-distance transport of water and nutrients, which is based
on a transpiration-driven process that occurs largely under negative pressure, relies on openings
in the secondary cell wall of water conducting xylem cells (vessels and tracheids). Since the <2
nm pores in secondary cell walls of conduits offer a very high hydraulic resistance (Donaldson et
al. 2015, 2018), larger openings offered by bordered pits are highly important for efficient
transport between conduits (Zimmermann & Brown 1971; Tyree & Sperry 1989; Choat et al.
2008). Although multicellular vessels with their perforation plates independently evolved in
ferns s.1., Gnetales, and angiosperms (Thompson 1918; Bliss 1921; Muhammad & Sattler 1982;
Carlquist & Schneider 2001; Pittermann et al. 2011), no vascular plant has been found yet, in
which water is transported from the absorbing roots to transpiring leaves via a completely
unsegmented system. Instead, water must pass through a highly redundant transport system by
crossing hundreds to thousands of apoplastic connections, which are termed bordered pits

because of the partly overarching shape of the secondary cell wall.
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Although the ultrastructure and function of bordered pits has been described in many papers and
textbooks (Schacht 1859; Choat et al. 2008), our understanding of the pit membrane
ultrastructure remains far from complete. Based on empirical evidence, intervessel pit
membranes account for about 50% of the hydraulic xylem resistivity (Choat et al. 2008), with the
remaining hydraulic resistivity created by inner conduit walls and perforation plates between
vessel elements (Ellerby & Ennos 1998; Sperry et al. 2005; Hacke et al. 2006; Christman &
Sperry 2010). Besides creating hydraulic bottlenecks for sap flow, intervessel pit membranes are
also involved in gas entry from embolised (gas-filled) vessels to water-filled ones, a process
known as air-seeding (Zimmermann 1983; Sperry & Tyree 1988). While there is convincing
evidence for air-seeding, our understanding of this process has been hampered by an overly
simplistic and two-dimensional view of pit membrane structure that does not account for the
three-dimensional structure of pores and the fibrous nature of pit membranes (Jansen et al. 2018).
The long-standing question of how plants can transport water under negative pressure cannot be
fully addressed without a solid grasp of the structure of conduit cell walls, pit membranes, and
their functional implications for movement of water and gas. Recently, detailed anatomical
observations at the nanoscale level, combined with both experimental and modelling approaches
have opened up novel ways to investigate pit membranes as three-dimensional, porous media for

xylem sap flow in plants.

This review aims to provide an overview of what is currently known about the development,
chemical composition, and three-dimensional structure of intervessel pit membranes in
angiosperm xylem. Since plant structure is closely tied to development, a short overview about
the development of bordered pits in angiosperms is given. Special attention is paid to the three-

dimensional structure of pit membranes, which is crucial for their functions with respect to
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xylem sap flow. While vessel-tracheid and tracheid-tracheid pit membranes are important for
xylem sap transport through tracheids (Pan & Tyree 2019), this review focusses on intervessel
pit membranes only. We assume that bordered pit membranes between neighbouring tracheids
and vessels of angiosperms are largely similar in structure and function (Liese & Coté, 1960),
but vessels show higher hydraulic efficiency than tracheids (Zimmermann 1983). Gymnosperms,
which have a very different pit membrane than angiosperms (Pittermann et al. 2005; Jansen &
McAdam 2019), will not be discussed here. Moreover, a brief outlook on future research

priorities is provided.

Bordered pit development

Bordered pits are composed of overhanging secondary cell walls (the pit borders), which
surround openings (the apertures) to the pit chambers on both sides of the centrally spanned and
modified primary cell wall and middle lamella. The primary cell wall and middle lamella form
the pit membrane (Fig. 1). While non-water conducting cells may also show distinct or indistinct
pit borders, water conducting cells (vessel elements and tracheids) exclusively possess bordered
pits (Sano et al. 2011). Bordered pits were long thought to develop in areas of the secondary wall
where the primary wall was pierced by plasmodesmata, known as primary pit fields (Kerr &
Bailey 1934; Wardrop 1958; Tschernitz & Sachs 1975; Juniper 1977), and that plasmodesmatal
connections played a role in releasing hydrolytic enzymes for local targeted cell wall degradation
and to prevent cellulose deposition (Juniper 1977). However, plasmodesmata are not essential for
pit development and do not necessarily disrupt cellulose deposition (Barnett & Harris 1975;
Barnett 1981, 1982). Absence of plasmodesmata from pit membranes is most common in pits of

vessel elements and tracheids, while they are abundant in pit membranes between fibres,
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parenchyma cells, and combinations of these cell types (Yang 1978; O’Brien 1981; Barnett

1982; Rabaey et al. 2008).

Ontogenetically, bordered pits are designated before secondary cell wall development by active
ROP (Rho family guanosine triphosphatases of plants) proteins tethered to the specific locations
of the plasma membrane. The initiated assembly of ROP11-MIDD1-Kinesin-13A complexes
results in depolymerisation of cortical microtubules, preventing cellulose deposition by
microtubule-guided cellulose synthases at these locations (Oda & Fukuda 2013; Bourdon et al.
2017; Sugiyama et al. 2017,. 2019). Sites of bordered pits are initially marked out during early
stages in the formation of the primary wall of tracheary elements as regions within the fusiform

cambial cells that are free of cortical microtubules (Chaffey et al. 1997).

During secondary cell wall formation, circular bands of microtubules form around the pit
apertures of bordered pits (Robards & Humpherson 1967; Uehara & Hogetsu 1993; Chaffey et
al. 1997, 1999, 2000). These circular bands of cortical microtubules will then narrow
centripetally, which results in a reduction of the pit aperture size as the bordered pit develops.
When the cortical microtubules stop this constriction process, the pit aperture remains more or
less constant, resulting in a pit canal. Upon completion of the bordered pit formation, the
microtubules are disassembled. The circular bands of microtubules around the edges of
developing pit borders are required for guiding the deposition of concentrically oriented cellulose
microfibrils at pit borders via cellulase synthase (Chaftey et al. 2000; Funada 2000). The
cellulose microfibrils in this area of the pit border, which represent an opening in the secondary
wall, are deposited in a pattern that differs from the normal reticulate texture of the primary wall.
The duration of the cell wall development and cambial differentiation of fusiform initials is

under hormonal control, affected by environmental conditions, and phenology (Kitin & Funada
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2016). While auxin concentrations are known to have an important effect on the development,
dimensions, and arrangement of vessels (Johnson et al. 2018; Smetana et al. 2019), it is less clear

how auxin may affect bordered pit development within a three-dimensional vessel network.

The development and chemical composition of intervessel pit membranes

The intervessel pit membrane is composed of the middle lamella and the primary cell walls of
two adjacent vessels. During early developmental stages, before vessels become functional, the
pit membrane, like any primary wall, is composed of pectins, cellulose, and hemi-cellulose,
which cross-links cellulose microfibrils (Kim et al. 2012; Kim & Daniel 2013; Herbette et al.

2015; Sun et al. 2017) (Table 1).

During apoptosis (a highly regulated and controlled form of programmed cell death), hydrolytic
enzymes remove most non-cellulosic compounds, including the cross-links, in a coordinated
process, which might be associated with a swelling of the intervessel pit membrane and
frequently results in a highly transparent, almost invisible pit membrane as viewed under a
transmission electron microscope (Schmid & Machado 1968; O’Brien 1970; Kim et al. 2012;
Kim & Daniel 2013; Klepsch et al. 2016; Buono et al. 2019) (Fig. 2). Some pectins remain in the
annulus of the pit membrane (Schmid & Machado 1968; Jansen et al. 2009; Plavcova & Hacke
2011; Kim & Daniel 2013; Herbette et al. 2015; Schenk et al. 2018) and there is no evidence for
pectins in the central parts of an intervessel pit membrane, making it unlikely that pit membranes
change their thickness and porosity as a hydrogel due to ion mediated crosslinks between pectins
(Zwieniecki et al. 2001; Plavcova & Hacke 2011; Nardini et al. 2011). It is unknown whether
pectins remaining in the pit membrane annulus affect the mechanical properties of the actual pit
membrane (Plavcova & Hacke 2011; Herbette et al. 2015). Moreover, pectins remain present in

the protective layer and possibly the pit membrane of vessel-parenchyma pits. The extracellular
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peptide Kratos was recently found to protect vessel-associated parenchyma cells in Arabidopsis
from cell death by hydrolytic enzymes. These Kratos peptides are missing between intervessel
pit membranes (Escamez et al. 2019), which explains the lack of pectins in intervessel pit
membranes and their presence in vessel-parenchyma pits. The up-regulation of protease genes in
various species could only partially reveal details of the mechanics, subcellular localisation, and
target identification of proteases during apoptosis of tracheary elements. Identified hydrolytic
enzymes in transdifferentiating mesophyll cells in the in-vitro system of Zinnia elegans
(Asteraceae) include Zinnia endonucleasel (ZEN1), and various proteases, such as cysteine and
serine proteases, and thrombin-like protease (TLP), which could be involved in maturation of pit

membranes (Ito & Fukuda 2002; lakimova & Woltering 2017).

While hemi-cellulose cross-links are absent in pit membranes (Herbette et al. 2015), there are
some records of weak signals for lignin in pit membranes (Table 1). Traditional staining for
lignin with safranin and fast green (Bamber 1961) combined with autofluorescence studies find
little evidence for lignin in pit membranes (Schenk et al. 2018), but some immunolabeling
studies found small amounts of lignin in Populus tremula x P. alba (Salicaceae) (Herbette et al.
2015) and metaxylem of Arabidopsis (Brassicaceae) (Ruel et al. 2012). Small amounts of lignin
were also suggested to occur in intervessel pit membranes of Rhizophora mucronata
(Rhizophoraceae) and Avicennia marina (Acanthaceae) (Schmitz et al. 2007), as well as Populus
nigra (Salicaceae) (Pereira et al. 2018). However, contamination during sample storage and/or
preparation, as well as accumulation of lignin traces and other phenolic extractives carried with

the xylem sap, could have affected lignin observations in these studies.

Fully developed pit membranes are mainly composed of cellulose, but also include all the

components found in xylem sap, such as ions, carbohydrates, peptides, proteins, and lipids.
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Proteins were detected in pit membranes of several angiosperm species based on staining with
NanoOrange (Neumann et al. 2010; Schenk et al. 2018). Evidence for the presence of
amphiphilic, insoluble lipids associated with the inner walls of water conducting cells, pit
borders, and pit membranes is based on staining with FM1-43, which is an excellent dye for
lipids, including amphiphilic lipids and biological membranes (Fig. 2), and post-fixation of
samples for transmission electron microscopy (TEM) with OsO4 (Schenk et al. 2017, 2018;
Jansen et al. 2018) (Fig. 3). Pit membranes in TEM samples that are only treated with uranyl
acetate and lead citrate and not with OsO4 are hardly visible due to their transparency, while
Os0O4 makes them more electron dense. OsOy4 is known to bind to double carbon bonds of
unsaturated fatty acid chains of lipids, some proteins and lipoprotein complexes (Riemersma
1968). Recent analyses of xylem sap based on mass spectrometry provide direct evidence for the
presence of phospholipids and galactolipids (Schenk et al. 2019). Imaging via confocal
microscopy with FM1-43 shows distinct lipid layers on both sides of pit membranes, but not in
their interior (Fig. 2), while transmission electron microscopy shows lipids inside membranes in
addition to outside layers (Schenk et al. 2018) (Fig. 3) It is unclear whether the difference
between the two types of microscopy is due to relocation of lipids into the pit membrane by the
organic solvents used during TEM preparation, or if the FM1-43 cannot penetrate through lipid
layers into the actual pit membrane. Importantly, a non-microfibrillar, interstitial coating was
found on dried and fresh pit membranes of 7Triadica sebifera (Euphorbiaceae), Laurus nobilis
(Lauraceae), and Nicotiana tabacum (Solanaceae) observed via atomic force microscopy (AFM)
(Pesacreta et al. 2005; Nardini et al. 2011; Lee et al. 2012). Since this layer had a thickness of 2
to 5 nm and was very sensitive to perturbation by the AFM tip, it is quite possible that this

coating layer consists of the lipids observed under confocal microscopy based on staining with
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FM1-43. Moreover, some pit membranes from overwintering vessels and heartwood of 7.
sebifera were found to be covered by a very heavy, encrusted layer (Pesacreta et al. 2005). The
deposition of a coating layer on intervessel pit membranes has also been observed in Fraxinus
americana (Oleaceae) during winter, with subsequent removal of this layer in spring (Wheeler
1981). Seasonal variation in the chemical composition of pit membranes is suggested by high
transparency of young, freshly developed intervessel pit membranes, while older pit membranes
are typically more electron dense (Schmid & Machado 1968). It is, however, unclear whether
this change in electron density indicates that apoplastic lipids are released from vessel-associated

parenchyma cells into vessels and tracheids.

Unlike intervessel pit membranes, the entire primary wall at perforation sites between adjacent
vessel elements is completely hydrolysed (Yata et al. 1970). How exactly the microfibrillar
network is removed at perforation sites is unclear (Meylan & Butterfield 1981; Butterfield 1995).
It can be suggested that differences in cell wall chemistry during early developmental stages
could explain the entire removal of the primary wall at the perforation plate, which is mainly
composed of pectins, includes almost no cellulose, and does not become lignified (Benayoun et
al. 1981; Chaffey et al. 1999) (Fig. 2). For example, microtubules seen at the periphery of the
perforation plate of vessel elements in hybrid aspen (Populus tremula L. x P. tremuloides
Michx.) are thought to guide enzyme-containing vesicles to the perforation plate. There, the
vesicles filled with enzymes are trapped by the microfibrils that overlay the actual perforation
plate, and the enzymes are locally released in a coordinated process (Chaffey et al. 2002).
Although there is some analogy between the development of bordered pits and perforation plates,

pit membranes do not dissolve completely, as discussed above.

Intervessel pit membrane thickness
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Angiosperm pit membranes are composed of a mesh of cellulose microfibril aggregates, which
frequently form thicker aggregates. The microfibril aggregates are arranged randomly, forming a
non-interwoven meshwork, with microfibril aggregates spanning the entire pit membrane and
continuing into the pit membrane annulus and primary cell wall. The thickness of intervessel pit
membranes shows considerable variation, with values from below 200 nm to more than

1,000 nm (Jansen et al. 2009). Pit membrane thickness was found to be a major determinant of
embolism resistance, with thick (> 500 nm) pit membranes characterising drought resistant
species with relatively high embolism resistance, while thin (200 to 300 nm) pit membranes
typically found in temperate species exhibiting lower embolism resistance (Lens et al. 2011;
Scholz et al. 2013; Li et al. 2016; Jansen et al. 2018). It is recently discussed whether potential
differences in pit membrane thickness between organs and between vessels of different sizes can
also be linked to possible changes in embolism resistance (Klepsch et al. 2018, Pfautsch et al.
2018, Doria et al. 2019, Kotowska et al. 2019). The correlation between pit membrane thickness
and embolism resistance was initially hypothesized to be caused by thick pit membranes having
more narrow pores than thin pit membranes, and possibly by considerable differences in
mechanical properties, especially those affecting aspiration and stretching of the pit membrane
towards the pit border (Choat et al. 2004; Jansen et al. 2009). Possible differences in effective
pore sizes between membranes of different thickness are discussed below when considering their

three-dimensional structure.

Pit membranes of angiosperms are generally described as having an evenly thick pit membrane,
unlike the torus-margo structure of gymnosperms (Liese 2007; Bouche et al. 2014). Some
angiosperms, however, are characterised by a clear, central thickening, which is typically slightly

larger than the outer pit aperture and has been referred to as a torus. Examples include
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Cannabaceae (Celtis), Oleaceae (Chionanthus, Osmanthus, Picconia), Rosaceae (Cercocarpus),
Schisandraceae (Schisandra), Thymelaeaceae (Daphne, Wikstroemia), and Ulmaceae (Ulmus,
Planera, Zelkova) (Wheeler 1983; Jansen et al. 2007, 2010; Dute et al. 2010, 2011; Sano et al.
2013). These torus-bearing pit membranes are found in intervessel pits, but limited to tracheid-
tracheid pit membranes in various species. Importantly, the occurrence of a torus is associated

with a circular to oval shape of the outer pit aperture.

The thickness of pit membranes is not fixed, and typically undergoes considerable changes
during its lifetime. After hydrolytic enzymes have removed the non-cellulosic compounds, a
slight swelling of pit membranes has been noticed (Schmid & Machado 1968) (Fig. 2), most
likely due to the removal of hemicellulose cross-links between microfibrils. During dehydration,
however, pit membranes may shrink by ca. 50% (Zhang et al. 2017, 2019; Kotowska et al. 2019).
Shrinkage may also occur by mechanical deformation or mechanical pressure differences across
the pit border (Tixier et al. 2014). Pit membrane shrinkage is associated with aspiration, and
becomes more common in xylem of older growth rings (Kotowska et al. 2019). Pit membranes
were found to have strongly reduced permeability after drying due to partial or complete
blockage of pit membrane pores in Eucalyptus (Rudman 1966; Kininmonth 1971, 1972). More
recent studies have found that pit membrane shrinkage due to dehydration is associated with a
strong reduction of pore constrictions and porosity, as well as an increase in the geodesic
tortuosity and constrictivity of pores (Zhang et al. 2019). Shrinkage of pit membranes and
deposition of phenolic substances on pit membranes is associated with heartwood formation
(Kininmonth 1972). The occurrence of reduced pore sizes in shrunken, dried pit membranes
should make these less prone to air-seeding, not more, as predicted based on air-seeding fatigue

(also termed cavitation fatigue) (Hacke et al. 2001; Hillabrand et al. 2016). Air-seeding fatigue
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describes an increase of xylem vulnerability after an embolism-refilling cycle of the same xylem
sample. Since air-seeding fatigue has only been found for species of Adesculus, Helianthus, and
Populus (Hacke et al. 2001, Stiller & Sperry 2002), which are characterised by very thin pit
membranes, it may be limited to species with thin pit membranes that easily develop large pores

after dehydration (Zhang et al. 2017).
Three-dimensional characterisation of pit membranes as porous media

Surprisingly, the three-dimensional porous medium characteristics of pit membranes have only
recently been modelled (Zhang et al. 2019). In that model, pit membranes were composed of
several layers or stacks of cellulose microfibril aggregates, with equal distance between each
layer. The number of layers depended on the thickness of the pit membrane. Between 6 and 8
layers were found to occur in five temperate forest tree species, while Persea americana
(Lauraceae) and Cinnamomum camphora (Lauraceae) had 12 and 18 layers, respectively (Zhang
et al. 2019). The model assumed that completely dried, fully shrunken pit membranes have zero
distance between each layer, and zero distance between two or three randomly grouped
microfibril aggregates within a layer. While these assumptions were fairly realistic, further
improvement of this three-dimensional model should account for random orientation of cellulose

microfibril aggregates within a layer, with a non-homogeneous distribution of pore spaces.

Based on our current understanding, the porosity orpore volume fraction of fresh pit membranes
is very high (ca. 81%), as expected for natural, fibrous porous media (Vallabh et al. 2010, 2011;
Shou et al. 2011). Geodesic tortuosity values (ratio of the mean shortest flow path length to the
thickness of the porous medium) (Peyrega & Jeulin 2013, Neumann et al. 2019) were very low
(ca. 1.03), and indicate that water molecules pass pit membranes along a non-tortuous pathway

that is barely longer than the actual thickness of pit membranes. Therefore, pit membranes are
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mainly composed of effective pores, which are highly interconnected, without a tortuous or
zigzagging pathway, despite their irregular pore shapes and volumes (Fig. 4). Pores between
cellulose microfibril aggregates within the same layer are typically slit- or V-shaped, and not
circular or oval as often assumed in previous models of pit membrane pores (Schenk et al. 2015).
Pore spaces within a single pore path vary in their volume, with pore constrictions acting as
hydraulic bottlenecks between larger pore spaces. From a mathematical point of view,

constrictivity (B) is defined as:
B = (Rmin / Rmax)z-

Rumax 18 the maximum radius of (overlapping) spheres that would cover at least 50% of the pore
space in a porous medium, and Ruin is the maximum radius of spheres that could theoretically
move through the pore constrictions in a certain direction to cover at least 50% of the pore space.
While the constrictivity of a pore consisting of a perfectly straight, tube-like opening without any
constriction (Fig. 4) equals 1, a lower constrictivity value of 0.76 for pit membranes indicates
that constrictions occur (Zhang et al. 2019). These constrictions or pore throats represent the
hydraulic bottlenecks in pit membranes. So far, three-dimensional porous medium characteristics
of pit membranes are obtained by modelling, and have not been measured directly based pit

membrane images.
The concept of pore constriction in pit membrane pores

Sizes of pit membrane pores have been reported in various studies, including many on the
permeability of preservatives in both fresh and dried wood (Rudman 1966; Kininmonth 1971,
1972; Choat et al. 2003; Williamson & Milburn 2017). While the term pit membrane pore size is
frequently used in literature, it does not clearly relate to the three-dimensional structure of the

entire pore pathway, with pores consisting of several to many pore constrictions, depending on
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pit membrane thickness. Thin pit membranes are likely to have pores with 5 to 10 constrictions,
while thick pit membranes include pores with 10 to more than 20 variously-sized constrictions
(Fig. 4). To highlight the three-dimensional structure of pit membranes and refer to hydraulic
bottlenecks explicitly, we suggest using the term pore constriction or constriction size instead of
pore size. Pore constrictions are hydraulically the most important structures, with the smallest

pore constriction being most crucial for flow across a pit membrane as well as for air-seeding.

Experiments based on electron microscopy and perfusion experiments with a wide range of
solutions, such as India ink, paint particles, heavy metal salt solutions, and colloidal gold
particles have found that pit membrane pore constrictions are clearly larger than the pores in
vessel cell walls, and therefore the most important apoplastic pathway for sap flow between
water conducting cells (Rudman 1966; Kininmonth 1971, 1972; Murmanis & Chudnoff 1979).
Experiments with different sizes of colloidal gold particles suggest that maximum pore
constrictions in fresh (never-dried) pit membranes are well below 50 nm, most commonly around
5 to 20 nm (Choat et al. 2003, 2004; Zhang et al. 2017, 2019). A similar estimation of pore
constrictions around 23 nm was found based on a shrinkage model, which considered the
difference in pit membrane thickness between fresh and fully dehydrated pit membranes (Zhang
etal. 2017, 2019). These values are much smaller than the >100 nm sizes that have been
observed via scanning electron microscopy (Shane et al. 2000; Sano 2005; Jansen et al. 2008,
2009; Hillabrand et al. 2016) and older estimations based on air-seeding pressures (Jansen et al.
2009). The main explanation for this discrepancy is that dehydration and/or chemical treatment
during sample preparation appear to cause artificial enlargement of pore constrictions, especially
in species with thin pit membranes. According to a frequently cited hypothesis, a rare wide pore

may exist in one of the hundreds to thousands of pit membranes that interconnect neighbouring
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vessels, and this rare pore may cause air-seeding and hydraulic failure (Wheeler et al. 2005;
Plavcova et al. 2013). This “rare pit hypothesis” (or pit area hypothesis, because a larger pit area
would have a higher probability of containing a large pore) cannot be tested in any direct
approach, because it is extremely difficult to locate the largest pore in all pit membranes of an
entire vessel. The hypothesis is also based on problematic assumptions, because both the
scanning electron microscope used to detect such large pores and hydraulic methods to test the
hypothesis are affected by experimental artefacts (Jansen et al. 2015). Moreover, the rare pit
hypothesis is based on a rather simplistic, two dimensional view of a pit membrane. As
mentioned above, a single pore contains 4 to more than 20 pore constrictions, and the likelihood
that all pore constrictions are extremely large becomes very low with increasing pit membrane
thickness. Since thick pit membranes encompass a higher amount of pore constrictions, chances
that the narrowest pore constriction within a long pore is wider than 50 nm are strongly reduced.
Increased embolism resistance could also be expected for torus-bearing angiosperm species,

although this has not been systematically tested.

Direct imaging of pit membrane pore spaces in fully hydrated pit membranes would be ideal to
reveal the true 3D structure of pore spaces, but imaging of hydrated cellulose is technically
highly challenging (Xu et al. 2006; Reza et al. 2015; Kaushik et al. 2015; Rongpipi et al. 2018).
Moreover, the penetration capacity of colloidal gold particles into pit membranes does not
provide a pore constriction distribution. Penetration of gold particles could be affected by their
hydrophobic nature, which may also become coated by amphiphilic lipids in xylem sap (Schenk
etal. 2017, 2018; Zhang et al. 2019). Additional factors that may affect the permeability of pit
membranes to gold particles or other substances include electroviscosity and boundary layers

around the hydrophilic cellulose microfibrils (Santiago et al. 2013; Sulbaran et al. 2014).



10

11

12

13

14

15

16

17

18

19

20

21

22

17

Nevertheless, these limitations would lead to measuring errors within a nm range only. If these
effects cause a slight underestimation of pore constrictions, they are still unlikely to
underestimate sizes by a factor of 5 to 10 times, which would be required to result in pore sizes
seen under scanning electron microscopy. Nanoscale adsorption-induced deformation of pit
membranes could be discussed in the manner of keeping cellulose fibrils in place to maintain the
pore constrictions. Adsorption-induced deformation is a well-known process in nanoporous
media and describes swelling (expansion) and shrinkage (contraction) of the media, due to
interaction of the high surface area of the solid component (adsorbent) with molecules of the
fluid (adsorbate) whereas the molecules of the fluid can dynamically attract or repel each other

(Gor et al. 2017).

Hydraulic resistance of pit membranes

The mesoporous (5-50 nm) mesh of pit membranes appears to be essential for preventing the
spread of embolism and maintaining the integrity of the xylem sap transport system. However,
the small pore constrictions of pit membranes also add hydraulic resistance to the xylem
pathway. For many years, it has been well known that the measured hydraulic resistance of the
xylem is higher than that based on calculations from the Hagen-Poiseuille equation using the
conduit diameters measured in cross sections of wood (Ewart 1906; Zimmermann & Brown
1971). The additional resistance was thought to come from the transfer resistance of water across
pit membranes of vessels and tracheids. Indeed, water moving through xylem conduits
encounters three principal resistances: (1) the resistance due to friction along conduit walls, (2)
the resistance due to pit membranes as water crosses from one conduit into the next, and (3) the

resistance caused by perforation plates between vessel elements.
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In modelling approaches, the resistance of pit membranes has been calculated as a thin porous
plate, where resistance scales with the 3™ power of the average membrane pore diameter (Sperry
& Hacke 2004). Not surprisingly, however, mathematical modelling has generally proven
unsatisfactory and underestimated resistance of pit membranes because of a two dimensional

approach that considers pores to be cylindrical (Sperry & Hacke 2004; Wheeler et al. 2005).

Empirical estimates of pit resistance have mainly been acquired by a subtraction method,
whereby the theoretical resistance calculated from the conduit diameters is subtracted from the
total measured resistance of a stem or root, with the remaining amount of resistance considered
to be pit membrane resistance (Sperry et al. 2005; Hacke et al. 2006). These measurements
indicated that pit membrane resistance, which is normalised to the pit membrane surface area for
comparison between species, varied widely across species ranging from 0.14 to around 2.00 x
10° MPa s m’!. Schulte & Gibson (1988) used a different approach and estimated pit membrane
resistance by measurements before and after pit membranes were dissolved using cellulase.
These measurements, carried out on stems and petioles of three angiosperm species, gave
relatively low values of pit membrane resistivity between 1.04 and 2.86 MPa s m™!. Direct
measurement of pit resistance across a single connection between two vessels resulted in higher
values of the area specific resistance of pit membranes (2.56 10° to 5.32 x 10° MPa s m™!) for two
ring-porous tree species (Choat et al. 2006). Averaged across 60 species, the contribution of pit
membrane resistance to total xylem hydraulic resistance is estimated to be 58% (Choat et al.
2008), with values ranging from 14 to 89% of the total xylem hydraulic resistance (Schulte &
Gibson 1988; Sperry et al. 2005; Pittermann et al. 2005; Choat et al. 2006; Hacke et al. 2006).
Interestingly, there is a trend of increasing pit membrane resistance with increasing conduit wall

resistance (Sperry et al. 2005). It is unclear to what extent the estimated pit membrane resistance
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values represent differences in pit membrane thickness or sizes of pore constrictions. Besides pit
membrane resistance, hydraulic resistance at the bordered pit level may be affected by the pit
aperture fraction (pit aperture area per pit membrane area), and the pit-field fraction (fraction of
intervessel wall surface occupied by intervessel pits). All studies mentioned above do not
account for the resistance provided by different types of perforation plates. Christman & Sperry

(2010), for instance, showed that scalariform perforations can double lumen flow resistance.

Pit membranes and air-seeding

There is some disagreement about how embolisms form de novo in fully functional xylem (Choat
et al. 2016), but there is strong and convincing evidence that once a drought-induced embolism
has formed, it spreads through pit membranes into adjacent conduits via a process known as air-
seeding (Zimmermann 1983; Sperry & Tyree 1988). For this reason, embolism spreading during
drought typically follows patterns of vessel connectivity (Brodersen et al. 2013; Choat et al.
2016; Brodribb et al. 2016, Roth-Nebelsick 2019). The air-seeding process is strongly affected
by the pore geometry in pit membranes (Schenk et al. 2015), and, as discussed above, the
pathway for xylem sap transport and spreading of gas from one vessel to another is a relatively

straight path consisting of a series of variable pore spaces with multiple pore constrictions.

Air-seeding, as described in many papers and textbooks, is generally said to be determined by
the “largest pore” in a pit membrane. This reasoning, however, is incorrect and based on a two
dimensional view of pit membranes, with an unrealistic concept of what pit membrane pores are
like (Jansen et al. 2018; Zhang et al. 2019). Air-seeding through a pore constriction of any shape

can be quantified based on a modified Young-Laplace equation (Fig. 5) by,

AP=x2vycos(a)/R,
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where AP is the pressure required to induce air-seeding (the pressure difference between the gas,
including water vapour, and the xylem sap pressure), k is a dimensionless shape correction factor
between 0 and 1 (Schenk et al. 2015), y is the surface tension of xylem sap, a is the contact angle
of the gas-xylem sap interface with the solid cellulose microfibril, and R is the smallest pore
constriction radius. While a is typically assumed to be zero because the meniscus is in contact
with water absorbed onto cellulose of microfibril aggregates (Schenk et al. 2015), it is incorrect
to assume that y represents the relatively high surface tension of pure water of 72 mN / m
(Christensen-Dalsgaard et al. 2011; Schenk et al. 2015, 2017, 2018). The presence of films of
insoluble, amphiphilic lipids at air-water interfaces in pit membranes depends on the local lipid
concentration per film surface area, which is known as the concept of dynamic surface tension
and is very different from the under saturated surface tension of bulk xylem sap with very low
concentrations of lipids (Schenk et al. 2017). The equilibrium surface tension of lipids extracted
from xylem sap would be around 25 mN / m (Schenk et al. 2018). R represents the diameter of
the smallest pore constriction within the shortest and widest pore pathway though a pit
membrane, because that constriction will determine how much pressure difference it takes to

force a gas bubble into the sap.

In Fig. 5, the pore constriction diameter is plotted as a function of air-seeding pressure, assuming
a contact angle a of zero, a shape correction factor k of 0.5 (Meyra et al. 2007; Schenk et al.
2015, 2017), and two different values for the surface tension y (25 mN / m for the dynamic,
equilibrium surface tension of xylem sap lipids, and 72 mN / m for pure water). For a surface
tension of 25 mN / m, air-seeding at 1 and 2 MPa pressure difference is calculated to occur at a
pore constriction diameter of 50 and 25 nm, respectively, which is realistic with observed pore

constrictions in pit membranes and measurements of embolism in xylem vulnerability curves
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(Choat et al. 2012). A median W12 value, which represents the xylem water potential ¥
corresponding to 12% loss of maximum hydraulic conductivity, was found to be -1 MPa
(interquartile range: 1.6, xr: -2 MPa, xu: -0.4 MPa, n = 143) based on 143 angiosperm species
(Bartlett et al. 2016). A surface tension of 72 mN /m, however, would require pore constriction
diameters of 144 nm and 72 nm for air-seeding at 1 and 2 MPa, respectively, much larger than
the pore constrictions of 20 nm actually observed in fully hydrated pit membranes. Without a
pore shape correction factor (k = 1), pore constrictions required for air-seeding would even
double in diameter. Therefore, the presence of amphiphilic lipids associated with pit membranes
will have strong effects on the surface tension at the site of air-seeding, and low surface tension
is actually required to explain the spread of embolism through the tiny membrane pores. Thus,
lipid layers on pit membranes do not provide a major challenge to the cohesion-tension theory,
which is based on the high surface tension of water not in xylem, but in leaf cell walls, where
water evaporates into air spaces inside the leaf (Askenasy 1895; Dixon & Joly 1895; Dixon

1914).

In addition to the sizes of pore constrictions, changes in pore space volumes play an additional
role in air-seeding because bubble snap-off events and Haines Jumps of gas-water interfaces will
occur if the radius of the constriction is less than half the radii of the pore volumes on either side
of the constriction (Schenk et al. 2015; Park et al. 2019). Clearly, thick pit membranes have more
pore constrictions than thin pit membranes, due to a higher number of cellulose layers (Fig. 4).
Assuming a Poisson distribution, the smallest constriction size of each effective pore decreases
with pit membrane thickness, which would explain the increased hydraulic safety of thicker pit
membranes (Li et al. 2016). The exact mechanism of nanobubble formation by snap-off events,

however, remains unclear, and it is also unknown to what extent pore volumes may change under
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local pressure differences, to what extent microfibril aggregates could bend or re-arrange during
this process, and what role lipids play in the process. Expansion of lipid coated nanobubbles
under negative pressure conditions is theoretically inhibited by dynamic changes in the surface
tension, which are caused by stretching the limited amount of lipid molecules of the coat.
Moreover, coated nanobubbles are stable below a critical size threshold as long as expansion
pressure is in equilibrium with the Laplace pressure. A sudden increase in surface tension due to
fracture of the lipid coat causes an increase in Laplace pressure, which would compress and
dissolve the nanobubble (Schenk et al. 2015, 2017). Therefore, air-seeding can create stable,
coated nanobubbles, and bubble formation under negative pressure does not automatically result
in embolism, which is supported by the observation of surfactant coated nanobubbles in xylem
sap based on freeze-fracture TEM (Schenk et al. 2017). Further work is needed to investigate
how exactly pit membranes may function as foam-producing structures, generating surfactant

coated bubbles (Jansen et al. 2018).
Mechanical properties and aspiration of pit membranes

There are only a few studies on the mechanical properties and aspiration of angiosperm pit
membranes. Based on nanoindentation measurements using atomic force microscopy to study the
stiffness of the intervessel pit membrane, a Young’s modulus of 0.4 GPa was found for

Populus deltoides x P. nigra (Salicaceae) (Capron et al. 2014). Similar Young’s moduli were
found for both a dried and a rewetted pit membrane. However, irreversible shrinkage of
dehydrated pit membranes (Hillabrand et al. 2016; Li et al. 2016; Zhang et al. 2017, 2019;
Kotowska et al. 2019) due to the formation of hydrogen bonds between the hydroxyl groups of
cellulose fibrils (Kroon-Batenburg et al. 1986; Hillabrand et al. 2016; Martinez-Sanz et al. 2017)

does not allow us to make final statements about potential differences between the Young’s
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moduli of wet, fully hydrated pit membranes in their native state and in dry state. The cellulosic
nature of pit membranes also results in a relatively low electric potential, with cellulose
microfibrils and larger aggregates being slightly negatively charged, causing swelling by
electrostatic repulsion and the hydrophilic nature of the fibres (Lindstrom et al. 2005; Fardim et
al. 2005; Weber et al. 2013; Zhang et al. 2016). Moreover, charged structures would generate an
electro-viscous effect that would increase hydraulic resistance of the pit membrane pore
constrictions (van Doorn et al. 2011; Santiago et al. 2013). During dehydration, however, when
water is removed from the pit membrane, these electrostatic forces are overcome by strong
hydrogen bonds, which may also explain the irreversible nature of pit membrane shrinkage. It is
therefore likely that the mechanical properties differ between fresh and rewetted pit membranes.
The irreversibility of pit membrane shrinkage could explain air-seeding fatigue in species with
very thin pit membranes due to irreversible formation of large pores (Hacke et al. 2001; Jansen et

al. 2018, Zhang et al. 2017).

Whether air-seeding happens before or after aspiration remains unclear and requires
experimental verification. Conceptually, however, air-seeding requires gas on one side of the
membrane and sap under negative pressure on the other, so it is difficult to conceive of a
scenario where air-seeding would occur through a non-aspirated membrane (Petty & Preston
1972; Sperry & Hacke 2004; Tixier et al. 2014). Additionally, morphological parameters such as
shallower pit chambers, smaller apertures together with thicker pit membranes seem to increase
hydraulic safety (Lens et al. 2011), indirectly supporting the assumption of air-seeding occurring
after pit membrane aspiration. Once the pressure difference is overcoming the critical air-seeding
pressure, the air-water meniscus travels through the pit membrane pore spaces and either

produces a series of snap-off nanobubbles (Schenk et al. 2015; Park et al. 2019), or results in
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continuous gas flow until the neighbouring vessel embolises (Zimmermann 1983; Sperry &

Tyree 1988; Sperry & Hacke 2004; Choat et al. 2004; Lens et al. 2011).

Questions for future research

Several important questions about pit membranes and their functional implications for xylem sap
in plants remain unresolved. Here, we identify three future research areas of relevance. Firstly,
from a structural point of view, more detailed ultrastructural observations of pit membranes and
3D imaging will be needed to develop a realistic, 3D model. Such a model could then be
implemented in two-phase and multi-phase 3D flow simulations, and could even be combined
with 3D reconstructions of bordered pits (Fig. 1) and entire vessel networks. Major challenges
for developing such models include observations of fully hydrated pit membranes in their native
state without preparation artefacts and differentiation of the pore spaces vs. cellulose fibrillar
aggregates (Xu et al. 2006; Reza et al. 2015; Kaushik et al. 2015; Buesch et al. 2016; Rongpipi et
al. 2018; Osorio et al. 2018). A combination of electron microscopy, X-ray nano-imaging, and
other approaches, such as atomic force microscopy and super-resolution confocal microscopy,
might be useful. Ptychographic x-ray scattering computed tomography at cryogenic conditions
(cryo-PXCT) (Fig. 1), for instance, provides a fast way to obtain 3D reconstructions with a
potential resolution below 30 nm of relatively large samples (ca. 50 pm?®) compared to the
sample sizes for (S)TEM tomography (scanning transmission electron microscopy tomography)
and destructive FIB-SEM tomography (focused ion beam - scanning electron microscopy)
(Shahmoradian et al. 2017, Holler et al. 2018). By using cryogenic conditions, high resolution
3D reconstructions of bordered pits and pit membranes in a nearly natural and hydrated state

with reduced radiation damage are feasible. Micro CT, an x-ray approach often used on plant
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material to track embolism in xylem shows resolutions in the range of 2-6 pm (Choat et al. 2016;

Skelton et al. 2017).

A second major challenge is determining the mechanisms of air-seeding including lipid coated
nanobubble formation behaviour, which may well represent one of the most important
shortcomings in our understanding of xylem sap transport under negative pressure. Engineered
devices that possess nanocapillaries from which water evaporates, referred to as “synthetic
trees”, have not been able yet to mimic long-distance water transport under negative pressure,
except on a very small scale and under very controlled and unrealistic conditions (Wheeler &
Stroock 2008; Boatwright et al. 2015; Shi et al. 2019). Because we do not fully understand why
xylem sap does not embolise continuously under negative pressure, sap flow in plants represents
one of the longest standing questions in plant biology. The three-dimensional structure of pit
membranes, combined with the dynamic surface tension of amphiphilic lipids associated with pit
membranes, provide a promising new approache to investigate mechanisms of air-seeding and
could contribute to the development of man-made evaporation driven transport devices. It is very
clear that pit membranes are required for water transport under negative pressure, because such
transport was found to be almost impossible in stem segments of Fagus sylvatica (Fagaceae) and
Populus tremula (Salicaceae) after artificial removal of pit membranes by cellulase treatment
(Dusotoit-Coucaud et al. 2014). Similar observations of completely open vessels that very easily
embolise under negative pressure when constructing centrifuge-based vulnerability curves
(Torres-Ruiz et al. 2017; Du et al. 2019) also suggest that nanoporous media are crucial
components of systems designed for efficient and reliable water transport under negative

pressure.
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Finally, mechanical properties of pit membranes deserve more attention, especially with respect
to fresh, fully hydrated pit membranes that have never experienced any shrinkage due to
aspiration or dehydration. Atomic force microscopy and nano-indentation represent important
approaches and should be complemented with modelling. We also require a better understanding
of potential deformation processes of pit membranes at the nanoscale, when pit membrane
shrinkage happens in plants, and whether this process is associated with a loss of their hydraulic
function. The molecular strain in pit membranes could also be quantified by studying band shifts
based on near infrared spectroscopy. From the various forms of spectroscopy that have been
successfully applied to monitor molecular strain in cellulose under load (Hinterstoisser et al.
2003; Sturcova et al. 2006; Altaner et al. 2014; Guo & Altaner 2018), Raman microscopy

(Gierlinger et al. 2006) could provide a high resolution to study pit membranes.
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Tablel: Literature overview on the chemical compounds in immature and mature intervessel pit
membranes, excluding the annulus ring. Signals for hemicellulose and pectins are first grouped
together and then listed separately for chemical subclasses. The numbers refer to the references
below. An additional character to a numbered reference indicates that different methods or
antibodies were used in the same study. CLSM = confocal laser scanning microscopy; FLM =
fluorescence light microscopy; TEM = transmission electron microscopy; SEM = scanning
electron microscopy; SINS = Scattering scanning near-field optical microscopy combined with
ultra-broadband synchrotron infrared radiation and atomic force microscopy infrared
nanospectroscopy; PM = pit membrane; ‘+’ = positive signal; ‘++’ strongly positive signal; -* =
negative signal; signals between brackets represent mixed results for the species tested; n.d. = no
data. ! (Pereira et al. 2018) Populus nigra; '*' (Klepsch et al. 2016) Acer campestre, A.
monspessulanum, A. palmatum, A. sataricum, A. sieboldianum; B! (Herbette et al. 2015) P.
tremula x P. alba; ¥ (Plavcova & Hacke 2011) Betula papyrifera, P. balsamifera, Prunus
virginiana, Amelanchier alnifolia; ) (Kim et al. 2012) P. tremula % P. tremuloides;'® (Kim &
Daniel 2013) P. tremula, P. tremula x P. tremuloides;) (Schmid & Machado 1968) Amburana
acreana, Bauhinia forficate, Goniorhachis marginata, Plathymenia foliolosa, P. reticulata; ')
(Sun et al. 2017) Vitis vinifera, V. arizonica, 12 week old samples considered as immature pit
membranes; °! (Bamber 1961) Cryptocarya glaucescens, Elaeocarpus grandis, Eucalyptus
viminalis, E. pilularis, E. microcorys, Flindersia schottiana, Sloanea woollsii, Sterculia

acerijolia, Toona australis; (Schenk et al. 201711, 2018y Amphilophium buccinatorium,



1

2

Encelia farinosa, Geijera parviflora, Liriodendron tulipifera, Triadica sebifera; '* (Ruel et al.

2012) Arabidopsis thaliana (WS-0).

Signal
Chemical substance immature mature PM Analytical technique
PM
Cellulose [3a:30] FERRETNIRED) SINSTT; CBM3al* 1241,
+135.120] CBM28[3%12%] antibody
TEM!!2l, Direct Red 23
CLSM!!
Hemicellulose e N S immunohistochemistry
TEMB436 SEM®1 FLMI?!
Xyloglucan -0l (H)H, -] LMI15 antibody TEMP49]
Fucosylated ++8] n.d. CCRC-M1 antibody SEM!!
xyloglucan
Xylan ++01_[3.8] 2310 Bl LM111231 AX1B] antibody
TEM and FLM; CCRC-
M140® antibody SEM
Mannans -0 -3 LM21 antibody TEM®!
Pectic 13,68 +T 23467 SINSI;
polysaccharides (HH immunohistochemistry

50



TEMI?348l: FeCls treatment

TEML]

Homogalacturonan

1 [32.35,6a,6b.8]

“[2.3a,3b,4,6a,6b]

LM 18Pl 2F4B3al |
LM2003-% JiM 5481,
JIM7M LM 19?1 antibody
TEM and FLM; JIMS5!®]

antibody SEM

Rhamnogalacturonan

++031

(+)[4], 31

RU1BI LM6* antibody

TEM

Phenolic

compounds

n.d.

++1

SINS!!

Lignin

[3a, 3b, 3¢]

11T, - 130.3¢]

_[3a,7.9]

SINS!M; Anti-GB#l =
condensed lignin, Anti-
GSP* and Anti-SP¢! = non-
condensed lignin antibody
TEM, safranin and fast

green staining LM7"]

Proteins

n.d.

FTal_ITe].

(++11

Amide II signal!'® Amide
M%) SINS; NanoOrange
CLSM unclear whether

inside pit membrane [l

Lipids

n.d.

110,11

0Os0s4 contrast TEM, FM1-

43 CLSM
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Figures

Fig. 1. Ptychograpic X-ray computed tomography (PXCT) measured at the cSAXS beamline
(Swiss Light Source, PSI, Switzerland) of an air-dried intervessel wall of Cinnamomum
camphora at cryogenic conditions in the OMNY instrument (Holler et al. 2018). -- A, B) Single
slice through the tomographic reconstructions. The maximum gray values on the sample edges
are likely caused by gallium contamination of the FIB sample preparation. A slice through a non-
rigid tomographic reconstruction using an iterative approach with more details in contrast and
reduced radiation damage is shown in B (Odstrcil et al. 2019). -- C) 3D rendered intervessel
wall, showing bordered pits, pit membranes (left) and an uneven inner conduit wall (right),
dimensions: x =5.35 um, y = 15.39 um, z=17.72 um. -- D) 3D rendered negative of the central
bordered pit pair shown in C, dimensions: x = 6.04 pm, y = 6.53 um, z = 8.41 uym. -- A =
aperture; -- PB = pit border; -- PC = pit chamber; -- VL = vessel lumen; -- arrow = aspirated and
shrunken pit membrane. -- Measurement settings: sample to detector distance 5.212 m,
projections 600 in 2 sub-tomograms, using equally spaced angular intervals of 0.6° between 0° to
180° with a 30 um * 16 um (x * y) field of view. The scan positions in a projection followed a
Fermat spiral trajectory with a stepsize of 0.9 micrometers and an exposure time of 25 ms point.
The X-ray energy was defined by a Si double crystal monochromator to 6.2 keV. The
ptychography and tomography reconstruction followed the recipe akin to Odstrcil et al. (2019).
FIB-SEM preparation of the sample was performed at the FIB Centre of Ulm University,

Germany.

Fig. 2. Transverse sections of intervessel pit membranes (A-D, F) and a developing perforation
plate (E) in Laurus nobilis. A-C) TEM images of developing pit membranes (PM) in root xylem;

-- A) before hydrolysis, with cytoplasm (CP) inside the pit chambers (PC); -- B) hydrolysed on
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the right side; -- C) fully hydrolysed. Note the change in density and thickness of the pit
membrane (two-headed arrow) as well as the dark lining on the pit chamber walls (arrows). -- E)
Immature perforation plate (black arrowheads), with a bright appearance, except for the middle
lamella. -- D) Light microscopy image of a fresh, untreated 3 pm thick section showing thick pit
membranes (white arrowheads). -- F) Confocal laser scanning microscopy, blue indicates
autofluorescence of lignin, yellow shows signal for the FM1-43 dye, demonstrating amphiphilic
lipids on inner vessel walls and in bordered pits. The central black structures represent pit
membranes (white arrowheads), outlined by amphiphilic lipids. -- CP = cytoplasm; -- CW = cell
wall; -- PB = pit border; -- PC = pit chamber; -- PM = pit membrane; -- VC = vacuole. -- Scale

bars in A-C = 0.5 um; scale bars in D and F = 5 pm; scale bar in E =4 pum.

Fig. 3. TEM images of transverse sections of mature intervessel pit membranes of Amphilophium
buccinatorium, all fixated with glutaraldehyde. -- A) No post-fixation with OsO4, no contrast
enhancement. -- B) Without OsO4 post-fixation, but contrast enhancement with uranyl acetate
and lead citrate. -- C) Post fixation with OsOs4, no contrast enhancement. -- D) OsO4 post-fixation
combined with uranyl acetate treatment. Note the highly invisible pit membrane in A and B, but
substantial black lining (arrows) of the pit chamber walls and grainy appearance of the pit
membranes in C and D. -- A = aperture; -- PB = pit border; -- PC = pit chamber; -- PM = pit

membrane (two-headed arrow); -- scale bars = 500 nm.

Fig. 4. Drawing of three hydraulically effective pore paths (light grey) through an intervessel pit
membrane (black colour): -- a) Traditional view of a perfectly straight pore with no pore
constrictions and equal diameter across the entire pit membrane; -- b) A realistic pore with seven
pore constrictions (red areas) in a relatively thick pit membrane; -- ¢) Similar as in b, but with

four pore constrictions in a pit membrane that is half as thick as in b.
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Fig. 5. Pore constriction size plotted as a function of air-seeding pressure based on the Young-
Laplace equation (AP =« 2 vy cos (o) / R). Xylem pressures corresponding to initiation of air-
seeding are in the range of -0.4 to -2 MPa (Bartlett et al. 2016), and indicated in blue. Based on
modelling and experiments, pore constrictions are found to be about 20 nm (arrow and dashed,
vertical line), which are in agreement with air-seeding pressures indicated in blue for the blue
line, i.e. k=0.5 and y =25 mN/m. An increase in k and/or y, shown by the red and black lines,
would imply unrealistic, very large pore constrictions to obtain air-seeding pressures within the
blue range. -- contact angle o = 0; -- pore shape correction factor k = 0.5 (Schenk et al. 2015) or
1, -- y =25 mN/m (the equilibrium surface tension of xylem sap lipids) or 72 mN/m (the surface

tension of pure water).
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