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Introduction

Introduction
Xylem anatomy of angiosperms in relation to water transport
Composition of the secondary xylem
The xylem is the main pathway for water transport in most plants. A highly efficient
transport system of the xylem has been proposed to contribute to the dominance of
angiosperms (Hudson et al. 2010; Feild & Wilson 2012). A typical secondary xylem
in angiosperms consists of four types of cells: vessel elements, tracheids, fibres and
parenchyma cells (Jane 1956; Esau 1977).
Vessel elements are specialised water conducting cells in most angiosperms. They
become dead cells after maturation when hydrolases dissolve their protoplast and the
primary wall in perforation plates. With a perforation between adjacent cell wall,
various vessel elements form a long hollow multicellular vessel. A vessel can be a few
centimeters to meters long. For example, a long vessel of 7.73 m was reported in a
woody vine of Pithecoctenium crucigerum (Ewers et al. 1990).
Tracheids are unicellular conduits, which dominate the wood of gymnosperms and
also are present in the xylem of angiosperms. Similar to vessel elements, their lateral
secondary cell walls become thick and lignified during development. However, no
perforation is formed between two tracheids. Tracheids are normally shorter and
narrower than vessels, and less than 7 mm in length (Sperry et al. 2006; Klepsch et al.
2016a). Angiosperm tracheids have a lower efficiency of water transport than vessels.
Fibres are elongated, narrow cells with a sharp end. During maturation, the secondary
cell walls of tracheids become thick and lignified, which contributes to their
mechanical support capacity, but reduces their lumina considerably. Therefore, fibres
may contribute to hydraulic capacitance by capillary water (Jupa et al. 2016), but this
cell type typically does not transport water under negative pressure. The lack of intact,
functional pit membranes between fibres may also indicate that their cell do not
contribute to the hydraulic pathway (Sano et al. 2011).
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Parenchyma cells are living cells and divided into two types, i.e., ray parenchyma and
axial parenchyma. Both type of parenchyma form a highly interconnected system
(Zimmermann & Tomlinson 1966). The functions of ray and axial parenchyma
(Morris & Jansen 2016) include storage of water, minerals, and non-structural
carbohydrates (e.g., Holbrook 1995; Trockenbrodt 1995; Plavcová & Jansen 2015),
defence against pathogens (e.g., Shigo 1984), the transition of sapwood into
heartwood (e.g., Pinto et al. 2004), and biomechanical contributions (e.g., Reiterer et
al. 2002).
Interconduit bordered pits
Bordered pits represent openings in the secondary cell walls of tracheids and vessels,
which provide a direct pathway for water transport between neighbouring conduits
(Jane 1956; Sano et al. 2011). In angiosperms, a bordered pit (Fig. 1a) is composed of
an elongated to circular pit border forming a pit cavity and a homogeneous pit
membrane, which is unlike torus-margo pit membranes in conifers (Carlquist 1988).
The pit border is assumed to provide mechanical support to the pit membrane, and the
latter prevents the spreading of air and pathogens between conduits (Zimmermann
1983; Choat et al. 2008; Morris et al. 2016). The pit membrane, with the nanoscale
pores formed by the cellulose fibrils, functions as a safety valve, but at the same time,
accounts for 58 % of the total xylem hydraulic resistivity (Sperry et al. 2006; Choat et
al. 2008).
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Fig. 1 A bordered pit in Drimys winteri based on transmission electron microscopy
(TEM) and air-water menisci at the surface of a pit membrane. (a) The pit borders (PB)
overarching a homogeneous pit membrane (PM) form two pit cavities (PC). (b) The
pressure required to force an air-water meniscus through a pit membrane is related to
the the contact angle (φ), the radius of the pore size (R) between cellulose fibrils (CF),
the pore shape correction factor, and the surface tension.

How is water transported through angiosperm xylem?
The cohesion-tension theory
Water transport in plants is explained by the prevailing “cohesion-tension” theory
(Dixon & Joly 1895; Pickard 1981), which states that water is pulled up from roots to
leaves under a negative hydrostatic pressure generated by transpiration. When water
molecules evaporate at the leaf surface, the capillary force arises at an air-water
meniscus and pulls water upwards to replace the former meniscus. This pressure
gradient is transferred to the bulk liquid and results in a further drop in water pressure,
which drives water up (Sperry 2011).
According to the cohesion-tension theory, a continuous water column is needed to
pull water from roots to the canopy. However, air bubbles dissolved in water could
expand under a highly negative pressure, and when this happen, embolism forms in
3
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conduits, which leads to a rupture of the continuous water column. If such embolism
in xylem affects many conduits, the hydraulic failure of the xylem may eventually
cause desiccation moristermatic tissue and lead to plant die-back (Sperry 2011).
The air-seeding hypothesis
The capillary force of an air-water meniscus (Fig. 1b) in a pit membrane between an
embolised and functional conduit may stop the spreading of air bubbles from the
embolised to the functional conduit. According to the Young-Laplace equation, the
pressure difference (ΔP, MPa) required to force an air bubble through a pit membrane
is a function of the radius of the pore size (R, m) (Schenk et al. 2015):
ΔP = 2κγcosφ/R

(1)

, where κ is the pore shape correction factor, ranging between 0 and 1 (Emory 1989),
γ is the surface tension (mJ m-2), and φ is the contact angle between liquid and the
surface of the capillary. Assuming a pore shape correction factor of 0.5, a contact
angle of zero, and pure water with a surface tension of 72 mJ m-2 (Meyra et al. 2007;
Caupin et al. 2008), a meniscus could spread through a pit membranes with a pore
size of 20 nm at -7.2 MPa. However, the surface tension of xylem sap can be much
lower by the presence of surfactants. Therefore, air-seeding would occur at a lower
pressure, for example at -2.4 MPa in the xylem sap containing amphiphilic lipids with
a surface tension of 24 mJ m-2 (Lee et al. 2001). Once the pressure exceeds the
capillary force of an air-water meniscus, air-seeding would occur, and embolism
would spread through one air-filled conduit to the neighbouring water-filled conduit
(Zimmermann 1983). This air-seeding hypothesis explains embolism formation
caused by drought stress (Sperry et al. 1988; Choat et al. 2008). The optical method
showing the spreading of embolism in the entire leaf network gives the clear evidence
for air-seeding (Brodribb et al. 2016a).
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The ultrastructure of pit membranes in angiosperms
Composition of pit membranes
The ultrastructure of pit membranes in bordered pits is important for embolism
formation since the pore size of pit membranes plays a crucial role in the air-seeding
process (Meyra et al. 2007). In angiosperms, the homogeneous interconduit pit
membrane consists of layers of non-woven cellulose fibrils (Choat et al. 2008; Jansen
et al. 2009). These cellulose fibrils have a diameter of 10-25 nm (Esau 1977; Wang &
Zhang 2012), and remain present after hydrolysis, while non-cellulosic substances
such as hemicellulose and pectins are enzymatically removed (O’ Brien 1970;
Klepsch et al. 2016b). Moreover, some compounds such as amphiphilic lipids are also
found on and/or within interconduit pit membranes (Schenk et al. 2017; 2018), which
would affect the contact angle of the air-water mensicus in pit membranes (McCully
et al. 2014; Jansen et al. 2018). The spatial arrangement of cellulose fibrils in pit
membranes determines the porosity and thickness of pit membranes (Choat et al. 2008;
Jansen et al. 2009).
Porosity of pit membranes
The porosity of pit membranes, which represents the pore volume fraction, has been
investigated in many angiosperm species based on different methods, and shows a
large variation (5-800 nm) in the pore size of pit membranes (Shane et al. 2000).
These methods include scanning electron microscopy (SEM) observation (Sano 2005;
Hacke et al. 2007; Hillabrand et al. 2016), air injection (Crombie et al. 1985), dextran
perfusion (Van Alfen et al. 1983), and colloidal gold perfusion (Choat et al. 2003;
2004). Large pores (up to 700 nm in diameter) in pit membranes, especially shown
under SEM obtained from hydrated samples (Sano 2005; Hacke et al. 2007;
Hillabrand et al. 2016) should be interpreted with care because dehydration during
preparation could cause an irreversible shrinkage of pit membranes (Li et al. 2016). A
pore size of 5-20 nm based on fresh samples may give a more accurate range for the
porosity of pit membranes (Choat et al. 2003; 2004).
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Thickness of pit membranes
The thickness of pit membranes shows a large variation, from 60-1184 nm based on
records of 131 angiosperm species (Li et al. 2016), although some data come from
dehydrated or samples that were frozen for a long time. The highest value was found
in fresh pit membranes of Acacia pataczekii with 1184 nm, and the lowest value came
from dried pit membranes of Tetracentron sinense with 60 nm (Li et al. 2016). Fresh
pit membranes of 67 species showed a mean value of 315 ± 221 nm, while non-fresh
pit membranes of 70 species had a mean value of 227 ± 108 nm (Li et al. 2016).
An interesting correlation between the thickness of pit membranes and embolism
resistance has been found for many species (Jansen et al. 2009; Scholz et al. 2013; Li
et al. 2016), which indicates that a thick pit membrane shows a higher embolism
resistance than a thin pit membrane. The difference in porosity could be an
explanation (Jansen et al. 2009; Li et al. 2016). Moreover, an increase of a porous
medium may show a higher tortuosity, which is the ratio of the actual flow pathway
length to the length of the medium (Vallabh et al. 2011). However, we know little
about the porosity and tortuosity of pit membranes, which represent a porous medium
between conduits.
Pit membranes upon dehydration
Differences in the porosity and thickness of pit membranes between fresh and dried
samples have been reported in some angiosperms (Pesacreta et al. 2005; Jansen et al.
2008; Li et al. 2016). A simple model of pit membranes (Fig. 2) may show these
differences of pit membranes under wet and dried conditions. Assuming a 20 nm
diameter of one cellulose fibril, and a 20 nm distance between cellulose fibrils under a
wet condition, a 700 nm thick fresh pit membrane would consists of 18 layers of
cellulose fibrils. In the simplified model of Fig. 2, it is assumed that cellulose fibrils in
each layer are aligned parallel to each other, and that each cellulose fibril layer has a
45 degree orientation to the next neighbouring layer. The porosity of a fresh pit
membrane can then be calculated and is 73.63 %. When the pit membrane has dried
6
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and shrunken, the distance between the layers of cellulose fibrils is expected to be
zero, and cellulose fibrils within the same layer randomly in pairs of 2 or 3 fibrils.
Under this condition, the thickness of a dried pit membrane in the model of Fig. 2 is
360 nm, which means that the membrane has shrunken by ca. 50 %, and the porosity
has reduced to 47.94 %. However, more studies are needed to understand the spatial
arrangement of cellulose fibrils in pit membranes of angiosperms.

Fig. 2 A simple model of interconduit pit membranes of angiosperms showing how
the cellulose fibril arrangement differs between a fresh and a dried pit membrane

Xylem embolism resistance measurements
The vulnerability curve
Xylem embolism resistance is an important functional trait for woody species to
define their limits of drought tolerance (Choat et al. 2012). Xylem embolism
resistance of angiosperm species has been assessed in many ways (Cochard et al.
2013). All the methods construct a vulnerability curve to evaluate xylem embolism
7
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resistance, although disagreements among the difference methods are common
(Torres-Ruiz et al. 2014; Jansen et al. 2015) because most method are destructive and
invasive and face the artifacts of “open vessel”. The vulnerability curve exhibits the
relationship between the xylem water potential (Ψ, MPa) and embolism (Tyree &
Sperry 1989), from which Ψ50 is calculated to show the embolism resistance when
there is a 50 % loss of xylem hydraulic conductivity.
Techniques for building the vulnerability curve
Methods constructing the vulnerability curve differ in how to induce water stress in
xylem and how to assess embolism (Cochard et al. 2013). The water stress in the
xylem can be induced by natural dehydrating (e.g., Sperry 1986, Sperry et al. 1988),
centrifugal force (e.g., Li et al. 2008; Wang et al. 2014), and air-injection (e.g.,
Cochard et al. 1992; Salleo et al. 1992). Quantifying the degree of embolism is based
on hydraulic measurements (e.g., Tyree & Dixon 1986; Sperry et al. 1988), detection
of acoustic emissions (e.g., Mayr & Rosner 2011; Wolkerstorfer et al. 2012), X-ray
microtomography (e.g., Torres-Ruiz et al. 2015; Choat et al. 2016), optical
visualisation (e.g., Brodribb et al. 2016b; 2017), and the recently proposed pneumatic
method (Pereira et al. 2016). Since each technique has its pros and cons, it is
important and necessary to compare and evaluate different techniques (Jansen et al.
2015) in order to accurately determine xylem embolism resistance.
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Aims of this thesis
The contents of this thesis can be divided into two parts. The first part (chapter 1 and
chapter 2) focuses on the ultrastructure of interconduit pit membranes of angiosperm
species. The second part (chapter 3) pays special attention to measuring xylem
embolism resistance of angiosperms.
Chapter 1 focuses on bordered pits in vesselless angiosperm species. The
ultrastructure of bordered pit membranes in vesselless angiosperms is poorly studied.
Although the occurrence of vessels or cryptic vessels was reported in vesselless
angiosperms before (Hacke et al. 2007; Ren et al. 2007), this chapter aims to test
whether earlier controversial findings of perforation plates in vesselless angiosperms
are affected by preparation artefacts, and how dehydration leads to structural changes
of intertracheid pit membranes. The potential preparation artefacts during dehydration
are hypothesised to account for the misinterpretation of tracheids as vessels or cryptic
vessels.
Chapter 2 focuses on the porosity of intervessel pit membranes in angiosperms that
differ in embolism resistance. Important questions are:
1) What is the pore size of intervessel pit membranes in angiosperm species?
2) Is the porosity of pit membranes different between species that differ in xylem
embolism resistance?
3) How may dehydration change pit membrane porosity?
4) Are effects of dehydration on pit membranes reversible or not?
These are important questions that are highly relevant to understand the hydraulic
resistance affected by pit membranes, the mechanism behind the spreading of air from
an embolised to a water-filled conduit (i.e., air-seeding), and to understand potential
consequences of hydraulic failure for water transport.
Chapter 3 aims to validate the pneumatic method, which estimates xylem embolism
9
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resistance. Since this technique has only been applied to tropical and subtropical
species (Pereira et al. 2016), this chapter aims to test whether the pneumatic method is
suitable to temperate species, including both diffuse-porous and ring-porous species.
The long vessels in earlywood of ring-porous species provide a potential problem for
vulnerability curves based on the centrifuge method due to an open-vessel artefact
(Torres-Ruiz et al. 2014; 2015). The pneumatic method has not not been applied yet to
ring-porous species. An important question is also whether or not this technique can
be applied to conifers, which have a different pit membrane structure than
angiosperms. By applying the pneumatic method to angiosperms and conifers, the
importance of extracting gas from conduits is assumingly related to the pit membrane
structure and its behaviour under dehydration, which links this chapter with the two
first chapters.
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Chapter 1
Vesselless wood represents a rare phenomenon within the angiosperms, characterizing
Amborellaceae, Trochodendraceae and Winteraceae. Anatomical observations of
bordered pits and their pit membranes based on light, scanning and transmission
electron microscopy (SEM and TEM) are required to understand functional questions
surrounding vesselless angiosperms and the potential occurrence of cryptic vessels.
Interconduit pit membranes in 11 vesselless species showed a similar ultrastructure as
mesophytic vessel-bearing angiosperms, with a mean thickness of 245 nm (± 53, SD;
n = six species). Shrunken, damaged and aspirated pit membranes, which were 52 %
thinner than pit membranes in fresh samples (n = four species), occurred in all
dried-and-rehydrated samples, and in fresh latewood of Tetracentron sinense and
Trochodendron aralioides. SEM demonstrated that shrunken pit membranes showed
artificially enlarged, > 100 nm wide pores. Moreover, perfusion experiments with
stem segments of Drimys winteri showed that 20 and 50 nm colloidal gold particles
only passed through 2 cm long dried-and-rehydrated segments, but not through
similar sized fresh ones. These results indicate that pit membrane shrinkage is
irreversible and associated with a considerable increase in pore size. Moreover, our
findings suggest that pit membrane damage, which may occur in planta, could explain
earlier records of vessels in vesselless angiosperms.
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Chapter 2
Intervessel pit membranes represent porous media for water transport between
neighbouring vessels. The cellulose fibrils form a three dimensional network similar
to a fibrillar, non-woven porous media that shrinks by dehydration. The size of pore
spaces is largely unknown because of the difficulty in measuring its dimensions at the
nanoscale

without

preparation

artefact.

The

ultrastructure

of

fresh

and

dried-rehydrated pit membranes in petioles of three angiosperm species was observed
with transmission electron microscopy (TEM). Perfusion with colloidal gold was
performed to compare the relative porosity between fresh and dried-rehydrated
membranes in three angiosperm species. Fresh pit membranes showed a considerable
variation in thickness, with 268 nm in Acer pseudoplatanus, 686 nm in Cinnamomum
camphora, and 504 nm in Persea americana. Dehydration caused a 46-50 %
shrinkage in the three species. While 20 nm gold particles penetrated fresh pit
membranes of A. pseudoplatanus, 5 and 10 nm colloidal gold particles could be seen
within fresh pit membranes of C. camphora and P. americana. However, no gold
particles penetrated the shrunken, dried-rehydrated pit membranes of the three species
tested. Shrinkage of pit membranes after dehydration appears to be irreversible and is
associated with a considerable reduction of the pore spaces in the pit membranes. The
cellulose fibrils are suggested to form a tightly packed structure with a “Velcro effect”,
which might be functionally similar to aspiration of a torus-bearing pit membrane in
gymnosperms.
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Chapter 3
Methods to estimate xylem embolism resistance generally rely on hydraulic
measurements, which can be far from straightforward. Recently, a pneumatic method
based on air flow measurements of terminal branch ends was proposed to construct
vulnerability curves by linking the amount of air extracted from a branch with the
degree of embolism. We applied this novel technique for 10 temperate tree species,
including six diffuse, two ring-porous and two gymnosperm species, and compared
the pneumatic curves with hydraulic ones obtained from either the flow-centrifuge or
the hydraulic-bench dehydration method. We found that the pneumatic method
provides a good estimate of the degree of xylem embolism for all angiosperm species.
The xylem pressure at 50% and 88% loss of hydraulic conductivity (i.e., Ψ50 and Ψ88)
based on the methods applied showed a strongly significant correlation for all eight
angiosperms. However, the pneumatic method showed significantly reduced Ψ50
values for the two conifers. Our findings suggest that the pneumatic method could
provide a fast and accurate approach for angiosperms due to its convenience and
feasibility, at least within the range of embolism resistances covered by our samples.
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Abstract
Intervessel pit membranes represent porous media for water transport between
neighbouring vessels. The cellulose fibrils form a three dimensional network similar
to a fibrillar, non-woven porous media that shrinks by dehydration. The size of pore
spaces is largely unknown because of the difficulty in measuring its dimensions at the
nanoscale

without

preparation

artefact.

The

ultrastructure

of

fresh

and

dried-rehydrated pit membranes in petioles of three angiosperm species was observed
with transmission electron microscopy (TEM). Perfusion with colloidal gold was
performed to compare the relative porosity between fresh and dried-rehydrated
membranes in three angiosperm species. Fresh pit membranes showed a considerable
variation in thickness, with 268 nm in Acer pseudoplatanus, 686 nm in Cinnamomum
camphora, and 504 nm in Persea americana. Dehydration caused a 46-50 %
shrinkage in the three species. While 20 nm gold particles penetrated fresh pit
membranes of A. pseudoplatanus, 5 and 10 nm colloidal gold particles could be seen
within fresh pit membranes of C. camphora and P. americana. However, no gold
particles penetrated the shrunken, dried-rehydrated pit membranes of the three species
tested. Shrinkage of pit membranes after dehydration appears to be irreversible and is
associated with a considerable reduction of the pore spaces in the pit membranes. The
cellulose fibrils are suggested to form a tightly packed structure with a “Velcro effect”,
which might be functionally similar to aspiration of a torus-bearing pit membrane in
gymnosperms.
Key words: angiosperm xylem, bordered pit membranes, cellulose fibrils,
dehydration, porosity

37

Chapter 2
Introduction
Plant water transport through neighbouring conduits occurs via bordered pit pairs in
conduit cell walls (Jane 1956; Sano et al. 2011). In angiosperms, pits represent
openings in the secondary cell wall of vessels and tracheids with an elongated to
circular border overarching the pit membrane (Carlquist 1988). The border is assumed
to provide mechanical support to the pit membrane, while the aperture is a hydraulic
bottle neck (Carlquist 1988; Sperry & Hacke 2004). The pit membrane, which
consists of the primary cell wall and an intervening middle lamella of adjacent vessels,
is found to contribute to 58 % of the total xylem hydraulic resistivity (Sperry et al.
2006; Choat et al. 2008). A crucial role of the porous pit membrane is to serve as a
capillary safety valve (Zimmermann 1983) because the nanoscale pores formed by the
cellulose fibrils in pit membranes prevent the spreading of air and pathogens between
vessels (Zimmermann & Brown 1971; Choat et al. 2008; Morris et al. 2016).
Intervessel pit membranes consist of layers of non-woven cellulose fibrils (Choat et al.
2008; Jansen et al. 2009; Schenk et al. 2015). The diameter of cellulose fibrils in pit
membranes is estimated to be between 20 and 50 nm based on atomic force
microscopy of Sapium sebiferum (Pesacreta et al. 2005). The density and arrangement
of cellulose fibrils, which determine the porosity and thickness of pit membranes,
accounts for the hydraulic resistance of the pit membrane, and also the embolism
resistance (Choat et al. 2008; Jansen et al. 2009; Lens et al. 2011; Scholz et al. 2013).
A positive correlation is found between the intervessel pit membrane thickness and
Ψ50 (the xylem water potential at 50 % loss of hydraulic conductivity), suggesting that
a thick pit membrane typically shows a high embolism resistance (Li et al. 2016).
Under drought stress conditions, embolism could happen in the xylem when
water-filled vessels become air-filled. The air-seeding hypothesis suggests that
embolism is triggered when air bubbles are sucked from an air-filled vessel into an
adjoining water-filled vessel. Air-seeding may happen when the pressure difference
between neighbouring vessels exceeds the capillary force of the air-water meniscus in
the pore pathway of a pit membrane (Zimmermann 1983; Crombie et al. 1985; Sperry
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& Tyree 1988; Choat et al. 2008). The chemical composition and ultrastructure of
intervessel pit membranes plays a major role in the air-seeding process (Meyra et al.
2007; Schenk et al. 2015). While non-cellulosic substances such as hemicellulose and
pectins are enzymatically broken down during the vessel development, intervessel pit
membranes are mainly composed of cellulose fibrils (O’ Brien 1970; Herbette et al.
2015; Klepsch et al. 2016). Amphiphilic lipids are also found on and/or within
intervessel pit membrane (Schenk et al. 2017). These chemicals would affect the
contact angle of the air-water mensicus in pit membranes (McCully et al. 2014;
Jansen et al. 2018).
Dehydration could change the density and arrangement of cellulose fibrils and cause
irreversible shrinkage of pit membranes (Hillabrand et al. 2016; Li et al. 2016; Zhang
et al. 2017). Pit membranes are reported to shrink by 28-52 %, while enlarged pores in
dried-rehydrated samples suggest that dehydration changes the arrangement of
cellulose fibrils (Li et al. 2016; Zhang et al. 2017). The rupture and stretching of
cellulose fibrils during the drying process may explain the weakened xylem showing
an air-seeding fatigue with less embolism resistance and increased air permeability
(Hacke et al. 2001; Stiller & Sperry 2002). Large pores (up to 700 nm) based on SEM
images are likely formed because of the rearrangement of cellulose fibrils during
sample preparation (Shane et al. 2000; Sano 2005). This dehydration artefact may
explain the very large variation in pit membrane pores as observed under SEM
(Harvey & van den Driessche 1997; Sano 2005; Hacke et al. 2007; Hillabrand et al.
2016). A large variation in pore sizes (82-200 nm) based on air injection is also
suggested for Rhododendron ponticum (Crombie et al. 1985).
Pore sizes examined in wet samples of some angiosperms also show a large variation.
Perfusion by polystyrene spheres in hydrated stems indicated a pore size of 20 nm in
Heteromeles arbutifolia and 82 nm in Malosima laurina (Jarbeau et al. 1995). Pore
sizes of Medicago sativa based on reduction of hydraulic conductance by dextran
perfusion was estimated to be 800 nm in stems and 100 nm in petiole junctions (Van
Alfen et al. 1983). Colloidal gold perfusion experiments show that the pores in fresh
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pit membranes are between 5 and 20 nm in Alphitonia excelsa, Austromyrtus bidwillii,
Brachychiton australis, and Cochlospermum gillivraei (Choat et al. 2003), Fraxinus
americana and Sophora japonica (Choat et al. 2004), and around 20 nm in Drimys
winteri (Zhang et al. 2017).
Pit membrane pores should be viewed in a three-dimensional way, with highly
variable and geometrically complex pore volumes, which are connected by a throat
(i.e., a restriction between two adjoining pore spaces). Pore sizes in pit membranes
determine the porosity of pit membranes. Pit membrane porosity, i.e., the pore volume
fraction in a pit membrane, is important to understand hydraulic resistance and
air-seeding. The behaviour of an air-water meniscus is a function of the pore geometry,
wettability and pressure difference according to the Young-Laplace equation (Schenk
et al. 2015). The tortuosity can be used to quantify the geometric complexity of pores
in porous media such as pit membranes (Jansen et al. 2018), and can be defined as the
ratio of the actual flow path length to the thickness of the porous medium (Koponen et
al. 1998; Vallabh et al. 2011). However, we know little about the porosity and
tortuosity of pit membranes under natural conditions within the plant. Besides, it is
unclear whether the porosity of pit membranes differs between fresh and
dried-rehydrated samples and whether porosity is associated with pit membrane
thickness.
This study aims to investigate pit membrane porosity of species that differ in
embolism resistance and pit membrane thickness. Colloidal gold with different sizes
of gold particles was perfused through fresh and dried-rehydrated petioles to test a
potential difference in intervessel pit membrane porosity. We hypothesise that thick
pit membranes indicate high embolism resistance, but show a similar porosity to
species with thin pit membranes. Moreover, gold particles of 5, 10 and 20 nm are
expect to penetrate the fresh pit membrane, while 50 nm gold particles are filtered out.
Based on earlier observations of Drimys winteri (Zhang et al. 2017), we also speculate
that large pores are formed in shrunken and damaged dried-rehydrated pit membranes,
which may show an increased porosity.
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Material and methods
Plant material
Three species with long petioles, i.e., Acer pseudoplatanus L., Cinnamomum
camphora (L.) J.Presl and Persea americana Mill. were selected in this study. Petioles
were chosen for our perfusion experiments to obtain narrow, undamaged xylem
segments, which reduced the amount of colloidal gold that was needed. A.
pseudoplatanus petioles were collected between October 2017 and early December
2017 at the campus of Ulm University. Leaf petioles of C. camphora and P.
americana were collected between October 2017 and March 2018 from plants
growing in the greenhouse of the botanical garden of Ulm University.
Vessel length distribution
To know the mean vessel length in petioles and whether there are open vessels in
petioles chosen for the colloidal gold perfusion, the vessel length distribution in
petioles was determined in the three species according to Sperry et al. (2005) and
Wheeler et al. (2005). Four adult leaves from each species were collected in the
morning, kept under water, and then brought to the laboratory. After cutting the leaf
blade, the intact petiole was put in water under vacuum overnight to remove any
potential embolism. Meanwhile, a freshly made 10:1 mixture of Rhodorsil ESA 7250
A and B (Bodo Müller Chemie GmbH, Offenbach/M, Germany) was prepared, to
which 2-3 drops of 1% UNITEX solution (Ciba Specialty Chemicals Inc., Basel,
Switzerland) was added. The mixed silicone was then put under vacuum to remove all
bubbles, and injected into the petiole under a constant pressure of 200 kPa overnight
with a Scholander pressure chamber (Model 1000 Pressure Chamber Instrument, PMS
Instrument Company, Albany OR, USA). Cross sections at different lengths of the
petiole were made with a microtome (Schenkung Dapples, Zürich, Schweiz) and
observed under a Leica DMRBE fluorescence microscope (Leica Microsystems
GmbH, Wetzlar, Germany). The maximum vessel length was determined at which the
section showed only one silicone-filled vessel. The percentage of silicone-filled
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vessels per xylem area was calculated for each section. Vessel length distributions
were plotted with an exponential decay function and the mean vessel length was
calculated based on Sperry et al. (2005) and Wheeler et al. (2005).
Colloidal gold perfusion
Colloidal gold perfusion experiments were applied to petioles of three species
according to Zhang et al. (2017). Healthy, adult leaves were cut in the morning, kept
in distilled water and brought to the laboratory within 10 min. Then, petioles were
re-cut under distilled water to an arbitrary length of 10 cm for A. pseudoplatanus, 3
cm for C. camphora, and 4 cm for P. americana. For the fresh samples, six petioles
from each species were put into a vacuum pump overnight to remove any potential
xylem embolism. For the dried-rehydrated samples, six petioles from each species
were dried at room temperature until a minimum of 90 % water loss was reached and
then put in water under vacuum for 24 h to rehydrate.
Both fresh and dried-rehydrated samples were connected to a 60 cm column of
distilled water via a three-way stopcock, with an acropetal direction of water flow.
Petioles were flushed with distilled water for 2-3 min, then 1 ml 1:1 mixture of 20 and
50 nm colloidal gold solution (Sigma-Aldrich, St. Louis, USA) was injected to the
system via the three-way stopcock. The perfusion was stopped when the red colour of
the colloidal gold solution was shown at the terminal end of the petiole. Moreover, 1
ml of a 1:1:1:1 mixture of 5, 10, 20 and 50 nm colloidal gold solution was perfused to
samples of C. camphora and P. americana. Gold particles of 5 and 10 nm provided
additional information about the pit membrane porosity, while 50 nm particles were
generally assumed not to pass pit membranes (Choat et al. 2003, 2004; Zhang et al.
2017). Therefore, the combination of smaller colloidal sizes with 50 nm particles was
useful to determine conduits that were cut open at the injection point.
We also perfused 1 ml of a 1:1:1:1 mixture of 5, 10, 20 and 50 nm colloidal gold
solution into the system under 200 kPa pressure with a Scholander pressure chamber
(Model 1000 Pressure Chamber Instrument, PMS Instrument Company, Albany OR,
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USA) in both fresh and dried-rehydrated samples of C. camphora and P. americana.
The 200 kPa pressure was chosen because the flow rate was very slow at 6 kPa, and
200 kPa was unlikely to cause mechanical deformation and compression of pit
membranes (Tixer et al. 2014). For each treatment, five to six petioles were used.
Visualisation of colloidal gold
Gold particles were studied with TEM. Several 1 x 2 x 2 mm xylem cubes close to the
middle of petioles for each treatment were cut under water for TEM observation. The
sample preparation for TEM was performed according to a standard preparation
protocol.

The

cubes

were

first

fixed

in

a

standard

fixative

solution

(2.5 % glutaraldehyde, 0.1 mol phosphate buffer, 1 % saccharose and pH 7.3)
overnight in the fridge, and washed with phosphate buffered saline three to four times.
Samples were then dehydrated in a rising propanol series (30 %, 50 %, 70 % and
90 %) for 3 min each and put in a 20 mg/ml uranyl acetate solution for 25 min at
37 °C to improve contrast. Samples were then embedded in propylene oxide with a
rising amount of Epon resin (2:1, 1:1, 1:2) for 60 min and then with pure Epon resin
overnight at room temperature. Semi-thin transverse sections with a ca. 500 nm
thickness were cut with an ultra-microtome (Leica Ultracut UCT, Leica Microsystems
GmbH, Wetzlar, Germany). Then, sections were dyed with 0.5 % toluidine blue and
mounted for observation under a light microscopy (Zeiss Axio Lab.A1, Carl Zeiss
Microscopy GmbH, Jena, Germany). Ultra-thin sections with a 60-90 nm thickness
were prepared and put on 300 mesh copper grids or slit grids. Intervessel pit
membranes and gold particles in different sizes were observed under a JEOL
JEM-1400 TEM (Jeol Germany GmbH, Freising, Germany). Since no OsO4 was used
as post-fixative, pit membranes were electron transparent (Schenk et al. 2017, 2018),
and individual gold particles of all sizes could easily be observed as circular, electron
dense structures. Pictures were taken with a digital camera (Soft Imaging System,
Münster, Germany).
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Pit membrane thickness measurements
Intervessel pit membrane thickness (TPM, nm) in petioles of three species was
measured based on TEM pictures via ImageJ software (version 1.50i, National
Institutes of Health, Bethesda, MD, USA). Intervessel pit membrane thickness was
calculated as the mean value of three measurements at opposite sides near the pit
membrane annulus and at the centre of the pit membrane. At least 16 different
intervessel pits were measured in both fresh and dried-rehydrated petioles of each
species.
Xylem embolism resistance determination
Xylem embolism resistance of C. camphora and P. americana was determined for
stem xylem based on the pneumatic method (Pereira et al. 2016; Zhang et al. 2018).
While xylem embolism resistance may be different between leaf petioles and stems,
there is considerable evidence that xylem embolism may not be different between
there organs at least in some species (Bouche et al. 2016a, b; Wason et al. 2018;
Klepsch et al. 2018).
Briefly, a fresh branch that was 50-80 cm long and 7-10 mm thick was enclosed in a
black bag and connected to a pneumatic apparatus via a three-way stopcock, which
was linked to a syringe and a vacuum reservoir. By pulling the syringe, a pressure of
ca. 40 kPa was created in the vacuum reservoir and the initial pressure Pi (kPa) was
recorded immediately. Then, the branch-vacuum reservoir pathway was opened and
the final pressure Pf (kPa) in the vacuum reservoir was recorded after 2 min. The
amount of air discharged from the branch was calculated according to the ideal gas
law and transformed to the volume of air discharged at atmospheric pressure. The
branch xylem water potential (Ψx, MPa) was taken as the average of two water
potential measurements on leaves, assuming that a water potential equilibrium was
reached between the branch and leaves. Superglue (Loctite 431) was applied on the
leaf cutting surface to avoid any air infiltration. Then, the branch was taken out of the
bag and dried on the bench at room temperature for 15-30 min for the first two
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measurements and 1 h or long for additional measurements. After drying, the branch
was kept in the black bag for 1 h to obtain a xylem water potential equilibrium.
Pneumatic measurements and water potential measurements were repeated several
times until the branch showed intense dehydration, or the water potential reached
-10 MPa. The percentage of air discharged (PAD), which was assumed to be
equivalent to the percentage loss of conductivity (PLC), was calculated as:
PAD = 100*(ADi - ADmin)/(ADmax - ADmin)

(1)

, where ADi was the volume of air discharged at each measurement, ADmin the
minimum volume of air discharged when the branch was hydrated, and ADmax the
maximum volume of air discharged at the lowest xylem water potential. The
vulnerability curve was plotted by the PAD and Ψx values in the following function:
PAD = 100/(1+exp((S/25)*(Ψx - b)))

(2)

, with S representing the slope of the curve, and b the Ψ50 value, which was the xylem
water potential at 50 % air discharged in the branch. The Ψ50 value was obtained from
the vulnerability curve based on five branches per species.
Statistics
Statistical analyses were conducted in SPSS Statistics (Version 21, IBM Corporation,
Armonk, USA). The Shapiro-Wilk-Test was applied to test the normal distribution of
the data compiled. Independent-samples T-test was applied with normally distributed
data to compare the means of two samples. If data were not normally distributed in
two independent samples, a nonparametric test, i.e., the Mann-Whitney-U-Test, was
used. Figures showing comparison of means were made with SPSS (Version 21, IBM
Corporation, Armonk, USA) and vulnerability curves were made with SigmaPlot 12.5
(Systat Software Inc., Erkrath, Germany).
Results
Pit membrane thickness and embolism resistance
Intervessel pit membrane thickness (TPM) in both fresh and dried-rehydrated petioles
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of the three study species showed considerable variation (Fig. 1). For the fresh
petioles of the three species, the thickness of intervessel pit membranes ranked as C.
camphora > P. americana > A. pseudoplatanus. In A. pseudoplatanus, the mean TPM
was 268 ± 12 nm (mean ± SE, n = 18) in fresh petioles. In dried-rehydrated petioles,
the mean TPM was 143 ± 13 nm (n = 16), showing a 46.5 % shrinkage. A significant
difference (t(32) = 7.022, p < 0.0005) was shown when comparing means of TPM in
fresh and dried-rehydrated petioles of A. pseudoplatanus. In C. camphora, means of
TPM in fresh and dried-rehydrated petioles were 686 ± 18 nm (n = 24), and 369 ± 22
nm (n = 30) respectively, with a significant difference (U = 23, p < 0.0005) being
tested. Intervessel pit membranes in dried-rehydrated petioles of C. camphora showed
a 46.1 % shrinkage compared to fresh petioles. In P. americana, there was a
significant difference (t(44) = 9.733, p < 0.0005) between the average TPM values in
fresh and dried-rehydrated petioles, with 504 ± 19 nm (n = 28) and 247 ± 16 nm (n =
18). Intervessel pit membranes in dried-rehydrated petioles of P. americana shrank by
51.0 % compared to fresh petioles.

Fig 1. Comparison of intervessel pit membrane thickness between fresh and
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dried-rehydrated petioles of three species. Significant difference (p < 0.05) is shown
by different letters. The box plot shows quartiles, top and bottom 25 % of the data.
Circles in Persea americana indicate outliers.

The maximum vessel length of petioles was 8.0 cm in A. pseudoplatanus, 2.6 cm in C.
camphora, and 6.8 cm in P. americana. The mean average vessel length of petioles
was 1.52 ± 0.77 cm (n = 4) in A. pseudoplatanus, 1.04 ± 0.14 cm (n = 4) in C.
camphora, and 3.23 ± 0.35 cm (n = 4) in P. americana. The Ψ50 value of C. camphora
was -2.27 ± 0.11 MPa and -1.62 ± 0.11 MPa for P. americana, indicating that
branches of C. camphora have a higher embolism resistance than P. americana (Fig.
2).

Fig. 2 Vulnerability curves of Cinnamomum camphora and Persea americana based
on the pneumatic method. Data are based on five branches for each species. Solid
circle and solid line represent data for C. camphora, and blank circle and dashed line
show data for P. americana.
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Gold particles under TEM observation
Gold particles could be observed at the surface of pit membranes, on the pit border
walls, or on inner conduit walls. Gold particles that were observed at a minimum
distance of 50 nm from the pit membrane surface were considered to be able to
penetrate the pit membrane. This criteria was easier and more reliable to determine
the penetration capacity of colloidal gold than determining whether or not a particular
conduit had an open end at the injection point. Open conduits could indeed be
observed based on the presence of 50 nm particles, but the lower amount of 50 nm
particles compared to smaller sizes made it difficult to distinguish non-open conduits
from open conduits in a single cross section. Since the presence of 50 nm gold
particles could be overlooked, the absence of 50 nm gold particles did not provide
strong evidence that a particular conduit represented an open conduit.
A detailed summary of the occurrence of gold particles in different sizes under each
treatment was given in Table 1. In A. pseudoplatanus, 20 nm gold particles could
penetrate the fresh intervessel pit membrane under 6 kPa pressure (Fig. 3a, b), but
could not cross membranes in dried-rehydrated petioles (Fig. 3c, d).
In C. camphora, no gold particles could penetrate intervessel pit membranes under 6
kPa pressure, irrespective of their fresh or dried-rehydrated condition (Fig. 4a, b, c
and d). When 200 kPa pressure was applied, 5 and 10 nm gold particles were found
within fresh intervessel pit membranes (Fig. 4e, f), but not in dried-rehydrated
membranes (Fig. 4g, h). In Fig 3h, some 10 and 20 nm gold particles showing in the
pit membrane were considered not penetrating the pit membrane because the distance
between these gold particles and the pit membrane border was less than 50 nm.
In P. americana petioles perfused under 6 kPa pressure, 5 and 10 nm gold particles
were shown within fresh intervessel pit membranes (Fig. 5a, b), but not in
dried-rehydrated membranes (Fig. 5c, d). Gold particles of 5 and 10 nm could be seen
inside fresh intervessel pit membranes under 200 kPa pressure (Fig. 5e, f), but not in
dried-rehydrated membranes (Fig. 5g, h).
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Table 1. Summary of the distribution of gold particles under TEM in fresh and
dried-hydrated petioles of three species injected at 6 and 200 kPa. + = gold particles
were found within intervessel pit membranes, indicating they could penetrate at least
partly pit membranes. - = gold particles were not seen within intervessel pit
membranes, suggesting they could not penetrate pit membranes. NA indicated data
were not available. The 200 kPa pressure was not applied to petioles of Acer
pseudoplatanus.
Species

Condition

Pressure

Acer pseudoplatanus

Fresh

6 kPa

Dried-rehydrated
Fresh

Cinnamomum camphora

Dried-rehydrated

Persea americana

Fresh

Dried-rehydrated

5 nm

10 nm

20 nm

50 nm

NA

NA

+

-

6 kPa

NA

NA

-

-

6 kPa

-

-

-

-

200 kPa

+

+

-

-

6 kPa

-

-

-

-

200 kPa

-

-

-

-

6 kPa

+

+

-

-

200 kPa

+

+

-

-

6 kPa

-

-

-

-

200 kPa

-

-

-

-

Some grouping of colloidal gold particles could be found and showed an electron
dense under TEM (Fig. 3a, b; Fig. 4d; Fig. 5d) because these hydrophobic gold
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particles were trapped by some surfactants such as phospholipids. Besides, porosity
may not be homogeneous and constant across pit membranes. Because a different
electron density within one pit membrane could be distinguished (Fig. 3b, d; Fig. 4a, b;
Fig. 5b), and gold particles penetrating the pit membrane could be seen at different
part of the pit membrane and showed different depths (Fig. 3a; Fig. 4e, f; Fig. 5b).

Fig 3. The distribution of gold particles in TEM images of intervessel pits in xylem
tissue of fresh (a, b) and dried-rehydrated (c, d) petioles of Acer pseudoplatanus
injected with 20 and 50 nm gold particles under 6 kPa. Gold particles of 20 nm occur
within the fresh pit membrane (b), and at the surface of the dried-rehydrated
membrane (d). PM = intervessel pit membrane; PB = pit border. Black lines represent
the pit membrane borders.

50

Chapter 2

Fig 4. The distribution of gold particles in TEM images of intervessel pits of fresh (a,
b, e and f) and dried-rehydrated (c, d, g and h) petioles of Cinnamomum camphora
injected with 5, 10, 20 and 50 nm gold particles at 6 and 200 kPa. No gold particles
are found within pit membranes under 6 kPa pressure (b and d). Gold particles of 5
and 10 nm penetrate fresh pit membranes at 200 kPa (e and f), but do not penetrate
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dried-rehydrated pit membranes (g and h). PM = intervessel pit membrane; PB = pit
border. Black lines represent the pit membrane borders.

Fig 5. The distribution of gold particles in TEM images of intervessel pits of fresh (a,
b, e and f) and dried-rehydrated (c, d, g and h) petioles of Persea americana injected
with 5, 10, 20 and 50 nm gold particles at 6 and 200 kPa. Gold particles of 5 and 10
52

Chapter 2
nm occur within fresh pit membranes under 6 and 200 kPa (b and f), but not within
dried-rehydrated membranes (d and h). PM = intervessel pit membrane; PB = pit
border. Black lines show the pit membrane borders.
Discussion
Do pit membranes that differ in thickness show a different porosity?
Species with thick pit membranes are expected to show high embolism resistance
(Jansen et al. 2009; Lens et al. 2011; Scholz et al. 2013; Li et al. 2016). Our results
based on two species are in line with this hypothesis because the thickest pit
membranes and the most negative P50 value was found in C. camphora. Although
sufficient care is need based on the two species studied here, a strong correlation
between the thickness of pit membranes and P50 values was based on 37 species (Li et
al. 2016).
A functional explanation behind the relationship between pit membrane thickness and
embolism resistance could be a difference in porosity (Jansen et al. 2009; Li et al.
2016). The intervessel pit membranes show a different porosity in the three species
studied (Table 1; Fig. 3, 4 and 5). Gold particles of 5 and 10 nm could pass through
fresh pit membranes in P. americana (Fig. 5a, b), but not in C. camphora at 6 kPa (Fig.
4a, b). This may indicate that the lowest porosity occurs in C. camphora. Alternatively,
the flow at 6 kPa pressure was simply too low in C. camphora because 5 and 10 nm
gold particles penetrated at 200 kPa (Fig. 4e, f). However, pit membranes of A.
pseudoplatanus showed the highest porosity with a pore size around 20 nm. Colloidal
gold particles of 20 nm were also found to penetrate pit membranes of Alnus glutinosa
(TPM = 174 ± 7 nm) and Carpinus betulus (TPM = 188 ± 5 nm), while few 10 nm
particles could be seen in pit membranes of Hibiscus schizopetalus (TPM = 353 ± 7 nm)
but not in Nerium oleander (TPM = 469 ± 14 nm) (unpublished data). Therefore, thin
pit membranes appear to show slightly larger pores than thick pit membranes.
However, gold particle size may not equal pore size, but is likely to be a relative
indication of the pore throat, while electroviscosity (Santiago et al. 2013), a boundary
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layer, and/or hydrophobic nature of the colloidal gold may effect its penetration
capacity through nano-sized pores.
The 5-20 nm pore size in fresh pit membranes shown in the three species studied is in
line with earlier reports based on colloidal gold experiments in Alphitonia excelsa,
Austromyrtus bidwillii, Brachychiton australis, and Cochlospermum gillivraei (Choat
et al. 2003), Fraxinus americana and Sophora japonica (Choat et al. 2004), and
Drimys winteri (Zhang et al. 2017). However, this size range strongly disagrees with
records of larger pore sizes based on other methods. Pores in pit membranes were
estimated to be smaller than 64 nm in Eucalyptus regnans when suspensions of
colloidal carbon or colloidal gold were perfused under a vacuum (Cronshaw 1960).
Dextran perfusion indicated a pore size of 800 nm in stems and 100 nm in petiole
junctions of Medicago sativa (Van Alfen et al. 1983). A pore size of 82-200 nm was
shown in Rhododendron ponticum based on air-injection (Crombie et al. 1985).
Perfusion of polystyrene spheres indicated a pore size of 82 nm in Malosima laurina,
and 30 nm for Heteromeles arbutifolia (Jarbeau et al. 1995).
The pore size in pit membranes plays a crucial role in embolism formation via
air-seeding. According to the Young-Laplace equation, the pressure difference forcing
a bubble through a pit membrane is a function of the radius of the pore size (Schenk et
al. 2015). Assuming a contact angle of zero, and a pore shape correction factor of 0.5
(Meyra et al. 2007; Caupin et al. 2008; Schenk et al. 2015), a meniscus could cross
through pit membranes with a pore of 20 nm diameter at -7.2 MPa in pure water, and
at -2.4 MPa in the xylem sap containing amphiphilic lipids with a surface tension of
24 mJ m-2 (Lee et al. 2001). Flow through pit membranes with 20 nm pores would be
75-625 times more efficient than non-pitted conduit cell walls, which are suggest to
have 4-6.8 nm pores (Carpita et al. 1979; Carpita 1982; Baron-Epel et al. 1988)
according to the Hagen-Poiseuille equation. Pit membranes with 20 nm pores could
provide an efficient and also safe pathway for water transport.
An alternative explanation for the TPM-Ψ50 relationship is the pathway length in pit
membranes. Assuming that pit membranes possess cellulose fibrils with a similar
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diameter and a similar porosity, thick pit membranes provide a longer pathway than
thin pit membranes. It was also suggested that an increase of the porous medium may
result in a higher tortuosity and a higher flow resistance for a given porosity and fibril
diameter. However, this needs to be tested for pit membranes (Vallabh et al. 2010,
2011). Based on atomic force microscopy of Sapium sebiferum, a cellulose fibril is
expected to be 20-50 nm thick, and the distance between cellulose fibrils in fresh pit
membranes ranges from 100 to 300 nm (Pesacreta et al. 2005). Assuming a similar
cellulose fibril diameter and distance between cellulose fibrils across species, a low
porosity pit membrane would have a high number of cellulose fibril layers, which
indicates a thick pit membrane. Considering that the thickest pit membranes and the
lowest porosity occur in C. camphora, we could expect that there are more layers of
cellulose fibrils in C. camphora than in P. americana and A. pseudoplatanus.
Dehydration leads to decreased porosity of intervessel pit membranes
Shrunken intervessel pit membranes were observed in dried-rehydrated petioles of
three species, which were 46-50 % thinner than fresh pit membranes (Fig. 1, 3, 4 and
5). This shrinking effect caused by dehydration is similar to previous studies
(Pesacreta et al. 2005; Scholz et al. 2013; Li et al. 2016; Zhang et al. 2017) and
mostly likely irreversible because rehydration did not seem to restore the pit
membrane in its original thickness. This irreversible nature of pit membrane shrinkage
calls embolism refilling into question. Refilling would make no sense if pit
membranes would become highly shrunken and provide a hydraulic resistance that is
similar to the tiny pores in non-pitted cell wall area. While embolism refilling remains
controversial (Brodersen & McElrone 2013; Cochard & Delzon 2013), an unresolved
question remains the speed of conduit dehydration after embolism and the time
required for pit membrane shrinkage to occur in planta.
Although SEM images cannot be used to determine the exact pore sizes of pit
membranes, many SEM images show large pores in the center of pit membranes and
also near the pit membrane annulus (Sano 2005; Hacke et al. 2007; Hillabrand et al.
2016). Colloidal gold perfusion of Drimys winteri also suggests enlarged pores (> 50
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nm) in dried-rehydrated pit membranes (Zhang et al. 2017). Contrary to this finding,
dried-rehydrated pit membranes in the three species studied showed no enlarged pores.
Pore sizes of A. pseudoplatanus in dried-rehydrated pit membranes were smaller than
20 nm whereas 20 nm gold particles could penetrate fresh pit membranes (Fig. 3). In
C. camphora and P. americana, pore sizes in dried-rehydrated pit membranes were
below 5 nm and no gold particles could cross pit membranes even under 200 kPa (Fig.
4, 5). These results do not support the air-seeding fatigue hypothesis, which suggests
an increased porosity in dried samples as reported in Aesculus hippocastanum,
Helianthus annuus, Populus angustifolia, and P. tremuloides (Hacke et al. 2001;
Stiller & Sperry 2002). However, no air-seeding fatigue was found in xylem of Acer
negundo, Alnus incana and Betula occidentalis after a drying-refilling cycle (Alder et
al. 1997; Hacke et al. 2001). The very thin and flimsy pit membranes of Aesculus
hippocastanum (93 nm) and Populus (Jansen et al. 2009) may account for air-seeding
fatigue. An alternative explanation could be the formation of large pores in dried pit
membranes by pathogens using cellulose. In all cases, however, air-seeding fatigue
may not occur in nature without embolism refilling. Moreover, air-seeding fatigue
should be tested on a wider range of species to validate the hypothesis that this
phenomenon is limited to species with thin and fragile pit membranes.
Damaged pit membranes were observed in dried samples of Populus tremuloides and
P. balsamifera (Sperry et al. 1991; Hillabrand et al. 2016), and some vesselless
angiosperms such as Amborella trichopoda, Drimys brasiliensis, D. winteri,
Tasmannia lanceolata, and within a plant in latewood of Tetracentron sinense and
Trochodendron aralioides (Zhang et al. 2017). Since the mean thickness of fresh pit
membranes for these vesselless angiosperms is 245 nm (Zhang et al. 2017), thin pit
membranes may be prone to damage during dehydration. No damaged pit membranes
were shown in the three species studied, and no aspirated pit membranes occurred in
dried petioles of C. camphora and P. americana. Although A. pseudoplatanus showed
a similar pit membrane thickness to the vesselless angiosperms, dried pit membranes
of A. pseudoplatanus were straight and intact under TEM (Fig. 3), except for some
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aspirated ones. It is unclear whether cellulose chemistry differs in species.
Cellulose fibrils in the dried pit membrane in the three species studied group tightly
together and show a “Velcro effect” with decreased porosity, which might be
functionally similar to aspiration of a torus in bordered pits of gymnosperms. More
compact cellulose fibrils in dried samples (Pesacreta et al. 2005) suggest that
dehydration causes rearrangement of cellulose fibrils and strongly affects the porosity
and thickness of pit membranes. Assuming that dehydration only causes a decreased
distance between layers of cellulose fibrils, the dried and shrunken pit membrane
would show an decreased porosity since the pore volume in pit membranes is
decreased. Besides, a difference in diameter of cellulose fibrils between wet and dried
samples was found in cotton (Pesacreta et al. 1997) and celery (Thimm et al. 2000).
The cellulose fibrils may aggregate together during dehydration and form a less
uniform and more enmeshed network (Jansen et al. 2018). However, it is unclear how
the arrangement of cellulose fibrils changes and alters the porosity of pit membranes
during dehydration.
In summary, colloidal gold perfusion applied in petioles of three angiosperm species
showed a pore size of 5-20 nm in fresh pit membranes. Dried-rehydrated pit
membranes, with an irreversible shrinkage of 46-50 %, showed a decreased porosity
in the three species.
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