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Summary

Although transpiration-driven transport of xylem sap is well known to operate under absolute
negative pressure, many terrestrial, vascular plants show positive xylem pressure above atmospheric
pressure on a seasonal or daily basis, or during early developmental stages. The actual location and
mechanisms behind positive xylem pressure remain largely unknown, both in plants that show
seasonal xylem pressure before leaf flushing, and those that show a diurnal periodicity of bleeding
and guttation. Available evidence shows that positive xylem pressure can be driven based on purely
physical forces, osmotic exudation into xylem conduits, or hydraulic pressure in parenchyma cells
associated with conduits. The latter two mechanisms may not be mutually exclusive and can be
understood based on a similar modelling scenario. Given the renewed interest in positive xylem
pressure, this review aims to provide a constructive way forward by discussing similarities and
differences of mechanistic models, evaluating available evidence for hydraulic functions, such as
rehydration of tissues, refilling of water stores, and embolism repair under positive pressure, and
providing recommendations for future research, including methods that avoid or minimize cutting

artifacts.

Keywords: bleeding, guttation, diurnal pressure, embolism refilling, root pressure, rehydration,

seasonal pressure, stem pressure

l. Introduction

Positive pressure in plant xylem is a very common phenomenon. Theophrastus (300 B.C.) first
described bleeding from cuts in tree stems, as did Willughby and Ray (1669), followed by Munting’s
(1672) description of guttation from leaves, and the first direct measurements of xylem pressure by
Hales (1727). Despite this long history, and rather incredibly, the mechanisms that cause the

pressure still remain largely unknown (Singh, 2016b). Positive pressure in xylem, which we define as
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above atmospheric pressure, can potentially occur in roots, stems, rhizomes, and even in leaves, but
in the literature, it is generally referred to as “root pressure” even if the source of the pressure is
undetermined. For a long time, positive pressure in xylem has been viewed as relative unimportant
compared to transpiration-driven water transport under negative pressure via the cohesion-tension
mechanism (Askenasy, 1895; Dixon & Joly, 1895), but there is a resurgence of interest in the topic
(Knipfer et al., 2015; Yang et al., 2015; Gleason et al., 2017; Holtta et al., 2018). While general
reviews of the subject are available (Kramer & Boyer, 1995; Singh, 2016b), the purpose of this
review is to discuss positive xylem pressure with a critical assessment of what is known about
underlying mechanisms and explore by model calculations what conditions are required for root
pressure to occur. Other goals include assessing the role of positive pressure in hydraulic function,
including rehydration of tissues, refilling of water stores in living cells and the apoplast, embolism

repair, and the different methods used for studying positive xylem pressure.

Functionally there is a clear difference between root pressure, which moves soil water from roots
into plant stems and leaves, and stem pressure, which moves water out of stem and bark storage
into xylem conduits (Fig. 1). Unfortunately, few studies have been designed to distinguish between
root and stem pressure, or between pressure in fine roots at the source of water uptake and woody
roots, where water could also come out of storage. Methods used for studying positive pressure
include measurements of “bleeding”, which is exudation from wounded tissues (Fig. 1), or guttation,
which is exudation from intact leaves (Fig. 1), normally through specialized openings in the leaf
epidermis called hydathodes. Research on positive xylem pressure has often been based on
measuring exudation rates, rather than pressure, from cut-off stems or roots, i.e., bleeding (Fig.
2a,b), or, more rarely, on exudation from guttation. Cut and bleeding stems or roots have also been
most commonly used for pressure measurements. Less destructive and continuous methods
included pressure probes designed for short-term measurements of individual cells or vessels
(Steudle & Jeschke, 1983; Balling & Zimmermann, 1990; Tomos & Leigh, 1999) or probes inserted
into xylem of intact plants (Cochard et al., 1994; Saha et al., 2009; Holtta et al., 2018), including very

small probes that minimally disturb the system (Clearwater et al., 2007; Charrier et al., 2017) (Fig.
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2c¢). An indirect non-destructive method involves combined dendrometer and sap flow
measurements combined with modelling (De Swaef et al., 2013). These methods and their pros and

cons are summarized in Table 1, which provides examples for the different approaches.

Positive xylem pressure occurs in five different scenarios that may — or may not — involve different
mechanisms, and three of these scenarios are addressed in this review. (1) Seasonal pressure before
leaf-out in the spring for winter-deciduous perennial plants or after rainfall for drought-deciduous
plants (Fig. 1; Table 2) is discussed in section Il. (2) Diurnal pressure fluctuations that can go from
positive to negative pressure almost every day are found in many plants, especially herbs (Table 2),
often associated with guttation from leaves overnight and during early mornings. This is discussed in
section lll. (3) Positive xylem pressure in response to a water supply after drought stress is discussed
in section IV. (4) Developmental positive pressure is used in some seedlings to stretch newly
developing cells and tissues. This subject is outside the scope of this review and has been reviewed
elsewhere (Cosgrove, 1986; Mcintyre, 1987). (5) Aquatic vascular plants cannot move sap and
nutrients via transpiration and therefore require positive pressure for any sap movement (Pedersen,

1993; Pedersen et al., 1997). This last scenario is also outside the scope of this review.

The generation of positive xylem pressure must be related to the underlying anatomy (Figs. 3 and 4).
Pressure involving the gas phase, such as in sugar maple (Sauter, 1974; O'Malley & Milburn, 1983;
Milburn & O'Malley, 1984), requires presence of fiber lumina and intercellular spaces, and pressure
created by active solute transport in living xylem cells requires these cells to be located next to
conduits and hydraulically connected to a water source. In either case, there must be anatomical
features to contain the pressure. Unfortunately, there currently is no unequivocal evidence that
points to any particular anatomical traits as being associated with positive xylem pressure. Most
commonly, xylem pressure is assumed to be generated in fine roots with an intact cortex and
endodermis, (Priestley, 1920; Steudle et al., 1993; Knipfer & Fricke, 2010), but such assumptions are
often based on a simplistic view of root anatomy and fail to account for traits, such as the
endodermis containing plasmodesmata, leaks, and passage cells (Fig. 3), all of which allow for

uncontrolled fluxes of solutes and water, even more so in roots with secondary growth (Fig. 4).
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To cut through the complexity of functions, timing, mechanisms, and structure-function
relationships, this review focusses on two phenomena: Seasonal root and stem pressure before leaf-
out in deciduous woody plants (part Il), and diurnal xylem pressure cycles that include positive
pressure (part Ill). Part IV of this review addresses what is known about the role of positive xylem
pressure in rehydration and refilling of embolized xylem. The review concludes with
recommendations for future research on the mechanisms and functions of positive pressure

generation in xylem.

Il. Seasonal root and stem pressure before leaf-out in deciduous woody plants

1. Occurrence in trees and vines

Seasonal root and stem pressure before leaf-out has been reported for many winter-deciduous
genera of woody plants in temperate and boreal environments (Table 2) and before leaf-out in
drought-deciduous plants after rainfall (Borchert, 1994; Kolb & Davis, 1994; Scholz et al., 2016; Van
Camp et al., 2017). Seasonal pressure usually disappears with leafing out and is sometimes observed
again after leaves are dropped. In leafless plants, there is minimal movement of sap during the
pressure development, except when stems or roots are cut for sap collection or pressure
measurements. Xylem pressure before leaf-out has a strong diurnal component, most likely in
response to temperature (Kramer, 1940; Holttd et al., 2018). Xylem sap before leaf-out tends to be
high in solutes, including sugars (Larochelle et al., 1998; Jeong et al., 2012; Ozolincius et al., 2016).
Hartig (1858) provided a list of tree species that bleed in the spring, including most of the genera for
which positive xylem pressure has been documented (Table 2). There is no evidence for positive
pressure in mature conifer trees, but root pressure has been observed in conifer seedlings and

excised roots (O'Leary & Kramer, 1964; O'Leary, 1966; Lopushinsky, 1980).
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2. Mechanisms causing positive xylem pressure before leaf-out

Mechanisms causing positive pressure before leaf-out may differ between species and organs, and
even between different developmental stages. For sugar maple, Acer saccharum, there is strong
support for the hypothesis that its positive sap pressure originates in stems rather than roots
(Kozlowski & Pallardy, 1996) and is explained in large part by purely physical factors, including a
combination of thermal and freezing/thawing effects (Sauter, 1974; O'Malley & Milburn, 1983;
Milburn & O'Malley, 1984). According to the Milburn-O’Malley model (see Fig. 3.16 in Tyree &
Zimmermann, 2002), warming temperatures cause both melting of frozen sap and thermal gas
expansion in fibers, forcing sap into vessels and creating positive pressure. Tyree and coworkers
argued that this model was incomplete and that sap sugar content and osmotic forces must be
considered to explain sap pressure in maple (Tyree, 1983; Johnson & Tyree, 1992; Cirelli et al.,
2008). The Milburn-O’Malley hypothesis was later turned into a mathematical model (Graf et al.,
2015) that identified root water uptake from thawing soils or from unfrozen soil under snow cover
as a key-factor for stem pressure in maple and also showed that freezing point depression due to
sugar content in the sap allows ice to exist in fibers while sap in adjacent vessels remains liquid.
Therefore, it seems that positive xylem pressure in sugar maple can be successfully reproduced in a
model based purely on physical factors, which is not to say that metabolic processes are not

involved in the living trees.

A similar physical explanation may be valid for birch. The pressures in roots and stems of birch occur
at the same time, with root pressure exceeding stem pressure (Kozlowski & Pallardy, 1996),
suggesting that the pressure may originate in roots or perhaps in both organs. Springtime stem
pressure in Betula pendula is most strongly correlated with temperature, peaking at mid-day. Xylem
sap osmotic pressure in one study was small in comparison to total xylem pressure and showed little
diurnal variation (Holtta et al., 2018), but vertical gradients of sugar concentrations were found in
birch sap during leaf emergence (Westhoff et al., 2008), leaving it open whether osmotic forces play
a role for positive pressure in birch. In walnut, xylem pressure was closely correlated with soil

temperature and xylem sap osmolarity, and the pressure appeared to originate mainly in roots
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(Améglio et al., 2001). Springtime xylem pressure in walnut appeared to be related to starch-sugar
conversion and active transport of sugar into vessels (Améglio et al., 2004). However, the purely
physical model based on freeze-thaw cycles developed for maple was also capable of explaining sap
pressure in walnut without references to osmotic forces (Graf et al., 2015). Loading of sugar into sap
clearly provides carbon for leaf-out but may not be primarily responsible for creating positive

pressure.

Positive xylem pressure in spring is also observed in some woody vines. Hales (1727) measured 93
kPa of stem pressure in a grapevine at 13.5 m away from the base of the plant and argued that “this
force is not from the root only, but must also proceed from some power, in the stem and branches
(p. 110).” Direct measurements of grapevine rootstocks during the growing season clearly show
pressure originating from roots (Barrios-Masias et al., 2015), but that observation did not pinpoint
an origin in fine or woody roots and did not exclude the possibility of concurrent stem pressure.
Measurements of xylem sap osmotic potentials could account generally for the observed xylem
pressure in the monocot vine Smilax rotundifolia (Cobb et al., 2007) and in Actinidia rootstocks
(Clearwater et al., 2007), but in Actinidia there was no correlation between drought-induced
changes in root pressure and xylem sap osmolality. Xylem sap osmolality was very low in bleeding

Vitis rotundifolia (Andersen & Brodbeck, 1989).

None of the research summarized above, except for maple, pinpoints the mechanism or actual
location where positive xylem pressure is generated before leaf-out. Moreover, on balance, the
literature cited above does not support a strictly osmotic origin of positive xylem pressure before
leaf-out. On the other hand, because sap pressure in spring is temporary, an osmotic mechanism

could work well for providing an initial supply of nutrients to emerging leaves and new stems.

lll. Diurnal positive pressure in xylem

1. Occurrence in plants
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While seasonal xylem pressure before leaf out typically shows a strong diurnal response to
temperature, diurnal fluctuations in pressure from positive to negative in leafy (as opposed to
leafless) plants during the active growing season are a different phenomenon and almost certainly
not caused by purely physical forces. The positive pressure spike at night does not appear to be a
constitutive phenomenon that becomes apparent only when transpiration ceases, because
measurements and models show its disappearance during the day (De Swaef et al., 2013). Diurnal
positive xylem pressure has been observed in many, if not most, herbaceous species (Singh, 2016b)
and in pseudo-woody monocots, such as bamboo (Wang et al., 2011) and palms (Davis, 1961) (Table
2), but not for tall trees with true secondary growth, most likely because it takes more than 10 kPa
per meter of height to push up water to the top of a tall tree. Diurnal leaf guttation has been found
in a few small trees (up to 6 m tall), including several tropical (Molisch, 1902; Fisher et al., 1997), and
temperate, such as Hammamelis virginiana (Spanjer, 1898). There are also anecdotal reports of
guttation from leaves of taller temperate trees in the genera Ulmus, Fraxinus, and Salix (Patch, 2004)
and Pterocarya (Spanjer, 1898), but guttation in these cases may have been restricted to lower

branches.

Direct, non-destructive measurements of xylem pressure in intact herbs are rare, because it is much
easier to measure pressure in wood than in herbaceous tissue, as manometers and pressure gauges
can be connected to small holes drilled into wood, while herbaceous stems and roots usually must
be cut for pressure measurements. Maximum xylem pressures in 22 herbaceous plant species cut
just above the ground ranged from 54—163 kPa (Eckerson, 1908), but is unknown if these pressures
are representative for intact herbs. Diurnal root pressure of up to 155 kPa in tomato plants was
estimated via modeling parameterized with sap flow and dendrometer data, with generally good
agreement between estimates and destructive measurements with a manometer on de-topped
plants (De Swaef et al., 2013). Diurnal pressure fluctuations with positive pressure at night and in
early mornings have also been measured directly in cut stems of woody and pseudo-woody species

(Table 2).
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2. Guttation

Guttation was first described by Munting (1672) for taro plants (Colocasia esculenta), and studied
systematically by Hartig (1855; 1862) and Unger (1858), who both confirmed that guttation was
favored by high humidity and darkness. Guttation implies the existence of at least some nocturnal
sap flow (van der Velde et al., 2009). Guttation from leaves occurs naturally through hydathodes,
openings on leaf margins. Strong metabolic activity was found in the epithem (a thin-walled
parenchymatous tissue with numerous intercellular spaces) under all hydathode pores studied
(Hausermann & Frey-Wyssling, 1963), possibly involving reabsorption of some nutrients before
exudation of water (Nagai et al., 2013). In the presence of positive xylem pressure, guttation from
hydathodes was found to prevent flooding of the mesophyll (Feild et al., 2005), so guttation appears
to be a necessary process in species that create positive xylem pressure diurnally. Guttation may be
limited to young, developing leaves, as hydathodes can get plugged over time (Takeda et al., 1991).
Because positive pressure knows no direction, it is not surprising that droplets have also been
observed on young root surfaces and within interstices of the rhizosheaths of guttating maize, oats,
barley and crabgrass plants, particularly in the early morning (McCully, 1995). Guttation has also

been observed in some tropical trees and bamboos (Molisch, 1902).

Guttation has been documented for a very large number of herbaceous species during early
mornings, especially after cool nights (Volkens, 1883; Frey-Wyssling, 1941; Singh, 2016a). This is
almost exactly the opposite of the exudation patterns observed for bleeding from cut plants (see
below), suggesting that guttation provides a better way to determine diurnal patterns of hydraulic
pressure periodicity in plants (Speidel, 1939). The periodicity of guttation and water uptake in grass
seedlings appears to be driven by the periodicity of seedling growth, with growth and water uptake
positively correlated with each other and guttation occurring when the other two processes cease
(Engel & Heimann, 1949). Guttation in Kalanchoé has a normal maximum at night, but diurnal
patterns could be shifted by changing light- and dark-periods and ceased after 2-3 days of placing

the plant in CO,-free air (Heimann, 1950).
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3. Methodological artifacts in measurements of bleeding

Guttation and bleeding are related but different processes, as many species show both phenomena,
but some species show one but not the other (Hartig, 1862). Guttation and bleeding in Zea mays and
other cereals do not always occur in the same plants, and are not strongly correlated with each
other when they do occur in the same plants (Heimann, 1950; Hohn, 1951). Research on the
periodicity of bleeding from decapitated root systems has consistently confirmed findings first
reported by Hofmeister (1862) that exudation rates show diurnal cycles that peak at mid-day and
tend to be lowest during the night, even at constant temperature (Baranetzky, 1877; Wieler, 1893;
Grossenbacher, 1938; White, 1938). These cycles were correlated with aquaporin expressions in
roots (Henzler et al., 1999). Most importantly, decapitation of the entire aboveground plant was
found to cause a rapid decrease in root aquaporin expression and a concurrent decline in root
hydraulic conductivity by about 50% over an hour (Meng et al., 2016). Cutting directly affects turgor
pressure in cells near the cut surface, permeability of plasmodesmata (Herndndez-Hernandez et al.,
2020), rapid expression of apoplastic peroxidases, and a burst of reactive oxygen species (ROS)
(Minibayeva et al., 2015). Decapitation therefore obviously creates major artifacts. Importantly, the
timing of diurnal patterns in exudation from cut plants was related to the timing of decapitation,
with predictable maxima in exudation occurring about 12 and 36 hours after cutting (Speidel, 1939).
Clearly, decapitation is a highly problematic experimental approach (Meng et al., 2016), although

artifacts could potentially be reduced by removing only a small part of the shoot.

Bleeding exudate may include not only sap from xylem conduits, but also liquid from living
parenchyma cells (Rowan et al., 2000) and phloem (Zhang et al., 2012), however, P-proteins and
callose quickly terminate phloem transport after wounding. Bleeding also serves a natural function
in response to wounding by herbivores or wind damage, delivering defense compounds to wounded
tissues and even providing sugar in some cases that attracts ants, other predators, and parasitoids,
which can defend the plant against herbivores (Heil, 2016). For all these reasons, it is clearly
problematic to use bleeding plant parts for collecting either xylem or phloem sap (Schurr, 1998;

Zhang et al., 2012) or to assume that rates of bleeding are indicative of xylem pressure conditions in
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intact plants. That said, differences in bleeding rates between plants may be useful indicators of
functional traits, such as the ability to recover from drought stress after watering (Gleason et al.,

2017).
4. Possible mechanisms that create positive xylem pressures diurnally

Paul Kramer (1932; 1945) reviewed many early theories to explain positive xylem pressure. All
explanations proposed since that time followed Kramer in assuming that diurnal pressure is
generated in roots and invoked some combination of osmotic and turgor pressure components to
explain active transport of water into vessels. Textbooks published within the last few decades
mostly state it as fact that positive xylem pressure is caused by an osmotic process following active
movement of solutes into vessels (e.g., Evert & Eichhorn, 2013; Taiz et al., 2014; Nobel, 2020) and do

not distinguish between seasonal and diurnal pressure fluctuations.

There is abundant evidence for a role of metabolic energy in diurnal xylem pressure generation,
which excludes a purely physical explanation. Deprivation of oxygen caused a reduction in positive
xylem pressure in several studies (Wieler, 1893; Grossenbacher, 1938; Speidel, 1939; Gessner, 1941;
Gibbs et al., 1998), although the effect was mostly not immediate and sometimes did not reduce the
pressure to atmospheric (Grossenbacher, 1938; Gessner, 1941). Use of oxygen microelectrodes to
determine oxygen concentrations within and outside the root stele of maize roots resulted in
findings that decreasing the external O, concentration by about 80% decreased root pressure by
about 45% to a new steady state over a period of 4-6 hours (Gibbs et al., 1998). Moreover, sap
exudation correlated strongly with reduction of reserve carbohydrates, such as starch in roots
(Speidel, 1939), and a role of chemical energy in the form of GTP was found for exudation from

maize root xylem (Zholkevich et al., 2007).
i Mechanisms of active transport

Active water transport between cells requires active transport of solutes across a plasma membrane,
almost certainly involving H*-ATPases (proton pumps), which generally facilitate active plant

membrane transport (Palmgren, 2001). Plasma membrane H*-ATPases transport protons exclusively
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from the cytoplasm into extracellular space and are abundantly expressed in vessel-associated cells
(VACs) (Fink, 1982; Fromard et al., 1995; Alves et al., 2001; Decourteix et al., 2006; Alves et al.,
2007), in xylem parenchyma cells and the pericycle between the endodermis and metaxylem, and
especially in the root epidermis and in root hairs (Samuels et al., 1992; Jahn et al., 1998). H*-ATPase
activity at the boundary between VACs and vessels would be accompanied by xylem sap acidification
(Box Fig. 1b). Active transport requires a membrane, so ultimately the active transport step in any
positive pressure generation is from the apoplast into the symplast (Box Fig. 1a), most likely at an
endodermis, exodermis (Lehmann et al., 2000), or periderm (O'Leary, 1965), at the epidermis and/or

in root hairs.
ii. Two model scenarios for pressure generation in roots

Proposed mechanisms for pressure generation in roots can be broadly grouped into osmotic
exudation and hydraulic pressure scenarios. Box 1 presents a comparison of two models that
represent these two scenarios. As with textbook authors, most authors of recent papers assume that
positive pressure is generated in fine roots via an osmotic exudation scenario, where osmotic
agents — either inorganic ions, sugars, or larger organic molecules — are actively transported from
the root cortex through the endodermis into the stele and then through VACs into vessels (Figs. 3
and 4, Box Fig. 1a). There are two problems associated with this scenario: (1) Why do solutes not
move upwards toward the leaves once they enter the vessels (Overton, 1921)? (2) Solutes exuded
through the plasmalemma of VACs would not move directly into vessel sap, but accumulate in the
thick (200 nm to > 1 um) apoplastic layer of the pit membrane (Figs. 3d,e and 4c-e) and in secondary
xylem also an amorphous layer between plasmalemma and pit membrane (Fig. 4c, d), which consists
of polysaccharides and arabinogalactan-proteins (Czaninski, 1977; van Bel & van der Schoot, 1988;

Morris et al., 2018; Schenk et al., 2018).

Hydraulic pressure scenarios explain pressurized water flow into vessels by osmotic pressure and
increased turgor pressure in VACs (Box Fig. 1b, Box Table 2) (Sachs, 1865; Priestley, 1920; Blackman,
1921; Canny, 1995; Canny, 1998; Enns et al., 2000; Pickard, 2003a). These scenarios also include

osmotic water flow, but strictly into living cells, not away from them. The different hydraulic

This article is protected by copyright. All rights reserved



pressure scenarios all share the idea that water moves into vessels mainly due to hydraulic pressure,
and that solute movement into vessels is incidental and not the main driving force for water flow, an
idea first proposed by Sachs (1865) (Fig. 5). The most detailed hydraulic pressure model (Pickard,
2003a), consisting of three-compartments and two membranes, has been referred to as the
“membrane asymmetry” scenario (Clearwater & Goldstein, 2005). The model proposed passive co-
transport of solutes and water from VACs into the apoplast surrounding the cells, followed by
immediate active transport of solutes back into VACs (Box Fig. 1b). Later publications proposed this
same idea without acknowledging that it was the same as Pickard’s earlier model (Wegner, 2014;
Fricke, 2015; Wegner, 2015). In addition to aquaporins, this scenario also requires larger channels of
>2 nm diameter for pressure-driven water flow, most likely consisting of the pit membrane pores

between vessels and VACs (Figs. 3d,e and 4c-e).

The main challenge for hydraulic pressure scenarios is to explain why water would move from VACs
into vessels rather than indiscriminately into the surrounding tissue. Hofmeister (1862) and Sachs
(1865) first proposed a path-of-least-resistance theory, suggesting that living cells may have plasma
membranes with increasing permeability to water, the closer they are to vessels, thereby favoring
water flow towards vessels (Fig. 5). At the cellular level, VACs may show differential aquaporin
expressions in plasma membranes that face the half-bordered vessel-VAC pits (Figs. 3e and 4c-e, Box
Fig. 1), and possible gating of aquaporins on other sides of the cells. Moreover, in secondary xylem
the cell walls and pits between neighboring VACs are typically lignified (Czaninski, 1977), allowing
water flow only through plasmodesmata, which can be closed in response to high pressure

differences between cells (Oparka & Prior, 1992).
iii. The problem of leaks in the pressurized system

Kramer and Boyer (1995) questioned the assumption that root pressure required an intact
endodermis to contain the pressure in the stele, as experimental damage to an endodermis does not
completely inhibit root pressure (Steudle et al., 1993). Moreover, there are many natural leaks in the
endodermis, such as plasmodesmata connecting the endodermis cells to the pericycle (Fig. 3a), the

leaks where branch roots break through (Fig. 3a), or passage cells without suberized cell walls

This article is protected by copyright. All rights reserved



(Peterson & Enstone, 1996; Waduwara et al., 2008) (Fig. 3f). Most likely, the function of an
endodermis in root pressure generation is not containing the pressure but to function as a main site

for active solute transport.

Plasmodesmata connect all roots cells, except for vessels and tracheids (Figs. 3c,d and 4e), and even
connect endodermis cells both to cortex and pericycle cells (Fig. 3c). Plasmodesmata are especially
abundant in passage cells located in the endodermis (Fig. 3f), which lack cell wall suberization and
are typically located just opposite the xylem poles (Fig. 3f). If active transport from the apoplast into
the symplast occurred at the endodermis or anywhere else in roots, then plasmodesmata would
have to be closed to prevent backflow of solutes and water (Box Fig. 1a, Box Table 1), either in direct
response to hydraulic pressure differences between cells (Oparka & Prior, 1992) or possibly due to

callose deposition (Rinne et al., 2001).

Aguaporins are required by all positive pressure scenarios, especially in plasma membranes of VACs
to move water at a high-enough rate into vessels (Henzler et al., 1999; Sakr et al., 2003;
Dustmamatov & Zholkevich, 2008). Aquaporins are abundantly expressed in xylem parenchyma,
both in plasma membranes (Hachez et al., 2006) and tonoplasts (Barrieu et al., 1998). Aquaporin
expression has been found to respond to hydraulic pressure changes (Meng et al., 2016), and some
aquaporins have been found to be gated by hydraulic pressure stimuli (Wan et al., 2004; Chaumont
& Tyerman, 2014). Aquaporin expression and/or gating in response to pressure differences could

play a role in controlling water release from VACs in any positive pressure scenario.
iv. A possible role of phloem

Of the proposed positive pressure scenarios, the “tissue pressure” model of Canny (1995; 1998) was
the only one to directly invoke a role of water flow from phloem, which is typically pressurized in the
order of 1 MPa. Canny attempted to explain all plant water transport with this model and was
proven wrong in doing so (Comstock, 1999; Stiller & Sperry, 1999; Tyree, 1999), but the fact remains
that phloem in roots and vascular bundles borders directly on xylem, and would be the most

immediate source of water for xylem at sites of phloem unloading, such as sugar sinks in roots or
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storage tissues (Miinch, 1930; Woodhouse, 1933; Holtta et al., 2006; Nardini et al., 2011; Sevanto et
al., 2011; Wegner, 2014). Water from phloem therefore could contribute to positive xylem pressure,

including in stems and rhizomes.
V. Empirical evidence

Only few studies have reported solute concentrations in xylem sap high enough to support an
osmotic exudation scenario (Lundegardh, 1940; Miller, 1985; Meinzer et al., 1991), with one study
even showing osmotic pressure values that exceeded the measured xylem pressures by a factor of
20-30 (Wang et al., 2011). Lacking controls for contamination of xylem exudate with living cell

content and phloem sap, these data must be interpreted with caution.

In contrast, Hofmeister (1862) found that solute concentrations in bleeding xylem sap were too low
to explain sap pressure, and this has been confirmed in numerous studies since then (Heyl, 1933;
Grossenbacher, 1938; Gessner, 1941; Van Overbeck, 1942; Arisz et al., 1951; Zholkevich, 1981; Enns
et al., 1998; Enns et al., 2000; Pickard, 2003b). It has been proposed that solutes might be retrieved
somehow from sap just above the exudation point (Klepper, 1967), but there is no direct evidence to
support this and some that directly contradicts it (Enns et al., 1998). Moreover, it would be almost
impossible for living cells to retrieve solutes from moving sap in vessels through pit membranes and
amorphous layers, except in leaves and their hydathodes, far above where the pressure is

generated.

The observation of extremely high concentrations of solutes in maize root exudate by Miller (1985)
was effectively contradicted by cryo-scanning energy dispersive X-ray microanalysis (McCully et al.,
2010), showing that solute concentrations (mostly K and Ca) in maize root vessels were very low and
that there was no vertical gradient in vessels that would have indicated local exudation (Enns et al.,
1998; Enns et al., 2000) or retrieval of solutes from sap. Cation concentrations in vacuoles of vessel-
associated xylem parenchyma exceeded the concentrations in metaxylem vessels by a factor of
about 8x, and calculations of turgor pressure in xylem parenchyma suggested values of 200-300 kPa

or higher, providing strong support for a hydraulic pressure scenario. McCully et al. (2010) also
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argued that Miller (1985) had used immature maize roots without late metaxylem, causing
contamination from living cells (Enns et al., 2000). Whatever the active mechanism that pressurizes
xylem conduits, it is clearly sensitive to osmotic potential outside the system, because changing the
nature and concentration of solutes in the solution outside roots often has temporary effects on
water movement into root vessels, with different solutes causing different responses (Pickard,

2003b).

In summary, abundant evidence from 150 years of research on diurnal cycles that create positive
xylem pressure does not support a straight osmotic exudation scenario, but does support a hydraulic
pressure or combined osmotic exudation/hydraulic pressure model (see Box 1). More research is
needed on the expression of membrane transporters during positive pressure creation in xylem,
including aquaporins, H*-ATPase, and various symports and antiports for cations, sugars, and organic
acids, together with detailed anatomical studies and molecular techniques to visualize the locations

of these proteins.
vi. Non-osmotic models

A proposed, non-osmotic model was based on intriguing observations of rhythmic oscillations of
exudation and water uptake by sunflower roots with a periodicity of 1 to 3 minutes (Zholkevich et
al., 2005), causing the authors to hypothesize the existence of active cell contractions, possibly
involving the cytoskeleton. However, there is no direct evidence for such cellular pumps anywhere in
plants. Rhythmic patterns are common in fluid systems under pressure and by themselves are not

evidence for biological actions.

Alternatively, a role of CO, pressure in stems could be explored, as CO, concentrations in xylem can
exceed 20% (Teskey et al., 2008) and show large diurnal fluctuations, typically rising at night (Saveyn
et al., 2008). Hales (1727), Rominger (1843), and Knipfer et al. (2015) reported small gas bubbles
emerging from grapevine vessels during exudation, and Coulomb (1799) even reported pressurized
gas audibly escaping from deep cuts or holes drilled into poplar tree stems, especially on warm,

sunny days but not during the night or on cold, wet days. Sauter (1974) suggested that gas (CO,)
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expansion, contraction, and solubility in response to temperature could partly explain springtime
sap pressure in maple. CO, could potentially pressurize gas-filled fibers and intercellular spaces in
xylem and thereby pressurize living cells to move water from storage compartments into vessels,

with pits in fibers and tracheids enabling gas diffusion.

These ideas are wildly speculative, but it is important to keep in mind that the evidence after 300
years of research on positive xylem pressure still has not produced a convincing explanation for
xylem pressure fluctuations that vary from negative to positive diurnally. This suggests that some

crucial factors have been overlooked.

IV. Role of positive xylem pressure in recovery from drought and embolism

Obvious functions for positive xylem pressure include the rehydration of tissues and refilling of
water stores in living cells and the apoplast, either after a long dormant season, in response to rain
or watering, or diurnally. Positive pressure can also move nutrients and sugars towards the leaves.
While seasonal, diurnal, or watering-induced rehydration of stem and leaf tissues is well
documented, there are not many measurements that show the involvement of positive pressure in
this process (e.g., Yang et al., 2012). The role of positive xylem pressure in embolism repair is of
particular interest, because it has become clear in recent years that absolute positive pressure
(atmospheric or above) is required to refill embolized (gas-filled) xylem conduits, except for very
narrow conduits where capillary forces are sufficient (Rolland et al., 2015). Earlier reports of
embolism repair under tension (reviewed by Clearwater & Goldstein, 2005; Brodersen & McElrone,
2013) are likely to have been due to methodological artifacts caused by cutting stems (Wheeler et
al., 2013). Therefore, here we treat observations of xylem embolism repair as indirect evidence for
positive xylem pressure, with the caveat that very few studies have actually documented a direct link
between embolism repair and positive xylem pressure (e.g., Fig. 6). That said, it is clear that many
species do not use positive pressure to refill their hydraulic systems and instead either grow new

xylem, prevent embolism in the first place, or use another mechanism, such as water uptake via
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leaves or bark tissue (Berry et al., 2019; Mayr et al., 2020). Here we focus on the evidence for
rehydration and embolism repair under positive pressure in spring, in response to watering or rain,

or diurnally.
1. Functions of positive pressure before and during leaf-out in spring

Increasing water content in wood and bark in spring is well documented for winter-deciduous
angiosperm trees (Gibbs, 1935; Hinckley et al., 1978), but, due to a shortage of continuous xylem
pressure measurements in deciduous trees (except for Hao et al., 2013; Holtta et al., 2018), there is
limited evidence for a function of positive pressure in seasonal rehydration and refilling of water

stores.

There is abundant evidence for the development of winter embolism in many deciduous angiosperm
trees and conifers of the temperate and boreal zones, most likely due to freeze-thaw dynamics in
xylem (Sperry & Sullivan, 1992; Sperry et al., 1994). In some diffuse-porous trees, winter embolism
can encompass 80-100% of the xylem followed by almost complete refilling before leaf-out (Utsumi
et al., 1998; Améglio et al., 2002). Embolism reversal due to positive xylem pressure before leaf-out
has been suggested for the diffuse-porous tree genera Fagus, Acer, Betula, Salix, Alnus, Juglans
(semi-ring-porous), and some species of Populus (Sperry et al., 1994; Hacke & Sauter, 1996; Cochard
et al., 2001; Améglio et al., 2002; Strati et al., 2003; Hao et al., 2013), but not for ring-porous trees in
the genera Fraxinus and Quercus (Sperry et al., 1994; Hacke & Sauter, 1996). These reports were
based on destructive hydraulic conductance measurements, which are prone to artifacts (Wheeler et
al., 2013; De Baerdemaeker et al., 2019), but both the magnitude of frost-induced loss of
conductivity over the winter and the recovery during spring was so strong in most of these studies
that it seems likely that hydraulic recovery included vessel refilling associated with positive xylem
pressure. That conclusion is supported by cryo-SEM observations of winter embolism and springtime
refilling before leaf-out in a Salix and Betula species (Utsumi et al., 1998). The capability for
developing positive xylem pressure has been found to correlate with other hydraulic traits. Trees
that generate both root and stem pressure were found to have lower specific hydraulic conductivity

than trees that generate only root pressure or no positive pressure at all, and trees that generate
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only root pressure had higher vulnerability to embolism than trees with no positive pressure or both

root and stem pressure (Yin et al., 2018).

Embolism reversal before leaf-out due to positive xylem pressure has also been reported for vines in
the genera Smilax (Cobb et al., 2007) and Vitis (Sperry et al., 1987; Tibbetts & Ewers, 2000). Both
have very large vessels, showing that vessel diameter is not an impediment to pressure generation,
and suggesting that the inability of ring-porous trees to generate positive pressure may be due to

the very large combined vessel volume that must be filled.
2. Functions of positive pressure in response to rain or watering

Rehydration of plant tissues in response to rain or watering is familiar to almost everyone, but the
role of positive xylem pressure in this process is poorly documented. Positive pressure often spikes
in response to irrigation after a drought treatment (Barrios-Masias et al., 2015; Knipfer et al., 2015;
Gleason et al., 2017), and it is reasonable to infer that the pressure aids in rehydrating tissues, but

direct evidence for this is very limited.

Could positive xylem pressure after rewatering repair embolism that has formed during a drought
period? According to modeling studies, if an embolus is compressed to slightly above atmospheric
pressure, it should be resorbed in seconds to minutes (Pickard, 1989; Yang & Tyree, 1992), and even
atmospheric pressure can be sufficient for embolism repair, including via capillary forces (Rolland et
al., 2015; Knipfer et al., 2016; Cuneo et al., 2018). In contrast, stems with many emboli require many
hours to refill (Tyree & Yang, 1992), and refilling may not be possible after severe drought stress that
causes embolism in leaf veins as well as damage to the photosynthetic machinery, as observed in

wheat (Johnson et al., 2018).

The evidence for embolism repair after drought is very limited, and research that failed to find
embolism repair (including our unpublished data) is often not published because it is difficult to
publish negative results. That said, root pressure-induced refilling of vessels and recovery of
hydraulic stem conductivity has been found for a few species, including maize (Gleason et al., 2017).

MicroCT imaging revealed that maize plants developed xylem embolism after drought treatment,
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but then experienced refilling and increasing hydraulic conductance facilitated by the generation of
root pressure and low rates of nighttime transpiration (Gleason et al., 2017) (Fig. 6c,d). In rice,
positive xylem pressure after a six-day drought was stimulated seven-fold compared with well-
watered plants (Stiller et al., 2003), and other research has also confirmed such effects in rice (Singh
et al., 2009b). Positive xylem pressure measured in Vitis species after rewatering was positively
correlated with drought stress severity for V. riparia and V. arizonica, both of which showed
embolism repair (Knipfer et al., 2015) (Fig. 6a,b). Drought stress increased xylem pressure after
rewatering in hybrid rootstocks of Vitis compared to well-watered treatments (Barrios-Masias et al.,
2015), and xylem sap osmolality was too low in these experiments to explain the measured
pressures. Imaging via microCT showed that rehydration of excised grapevine stems was enough to
refill vessels in the absence of root pressure, with vessels being too wide and long to explain refilling
by capillary forces (Knipfer et al., 2016), suggesting the pressure was generated in the stem. The
development of some positive xylem pressure near the base of Vitis plants after watering was
associated with concurrent refilling of embolism in that same location (Charrier et al., 2016). Positive
xylem pressure in hybrid poplar seedlings and differential expression of aquaporins along the stem

also coincided with a recovery of hydraulic conductance after re-watering (Leng et al., 2013).

Because of methodological difficulties there is hardly any research on xylem refilling in roots, which
in some species appear to be more vulnerable to embolism than stems (Sperry & Saliendra, 1994;
McElrone et al., 2004; Bucci et al., 2013; Losso et al., 2019), but can be equally or even more
resistant to embolism in others species (McElrone et al., 2004; Rodriguez-Dominguez et al., 2018;
Wu et al., 2020). It is unknown if species that are prone to root embolism are more likely to exhibit

root pressure than less vulnerable species.
3. Functions of nocturnal positive xylem pressure

Nocturnal rehydration of tissues and refilling of water stores in living cells and the apoplast is well
documented (De Schepper et al., 2012; Zhou et al., 2015), but due to a shortage of continuous
pressure measurements, direct evidence for links between positive nocturnal pressure and

rehydration is limited. The strongest evidence for this comes from measurements of stem-diameter

This article is protected by copyright. All rights reserved



variations and sap flow combined with modeling of water storage and pressure (De Swaef et al.,

2013).

Evidence is mixed for diurnal cycles of embolism formation during the day followed by refilling under
positive xylem pressure at night. This is unlikely to occur on top of tall trees, because of the very high
pressure required to push sap there. Diurnal xylem refilling has been reported for several
herbaceous species (1883; Milburn & McLaughlin, 1974; Tyree et al., 1986), but observations are
mostly indirect and implied from pressure measurements or from acoustic emissions thought to be
associated with embolism formation. Diurnal cycles of severe embolism —i.e., severe daytime
drought — followed by refilling, requiring a nocturnal water source, are unlikely, because such
conditions are not common in nature (Lens et al., 2016). Most herbs are resistant to embolism under
normal growing conditions, and it does not appear to be a common hydraulic strategy for herbs to
develop embolisms during the day and refill at night (Lens et al., 2016; Ahmad et al., 2018; Volaire et
al., 2018).

Bamboos provide the most convincing evidence for diurnal cycles of xylem pressure and nocturnal
refilling of xylem. In general, embolism repair under positive pressure might be more common in
monocots than dicots, because monocots have no secondary growth to replace embolized vessels
and hence may need mechanisms for refilling. All >60 bamboo species investigated show at least
some positive xylem pressure during the night and early morning (Cochard et al., 1994; Ewers et al.,
1997; Saha et al., 2009; Wang et al., 2011; Cao et al., 2012; Yang et al., 2012; Yang et al., 2015; Mei
et al., 2016). In some species, nocturnal xylem pressure is high enough to cause guttation from
leaves at predawn, a phenomenon referred to as bamboo rain (Molisch, 1902; Wang et al., 2011),
and there is clear evidence for a strong correlation between xylem pressure and height of bamboos,
sufficient to push sap all the way to leaves (Ewers et al., 1997; Cao et al., 2012). That said, only one
study actually documented bamboo leaves recovering hydraulic conductance after experiencing

positive xylem pressure overnight (Yang et al., 2012).

The consistent findings of diurnal cycles in xylem pressure, with positive pressures during the night

and negative ones during the day, could be unique to the subfamily Bambusoideae of the grass
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family, which is characterized by a rather unique pseudo-woody anatomy (André, 1998; Liese, 1998).
It may well be that similar hydraulic strategies will be found in other monocots, such as perhaps in
palm trees, but so far bamboos stand out as the only group of plants that appear to share a

hydraulic strategy of such diurnal pressure cycles.

V. Conclusions and research outlook

After a long history of being underappreciated, positive xylem pressure is experiencing new interest
as a potentially important process for rehydrating tissues, keeping plant hydraulic systems functional
and interconnected, and aiding in cell and tissue growth. While positive xylem pressure is clearly
restricted to certain groups of plants, it appears to be a common hydraulic strategy for rehydrating
tissues and filling water stores in living cells and the apoplast. More continuous measurements of
xylem pressure and water content using minimally invasive probes are required to determine the
importance of positive pressure for plant water status. Positive pressure is important for seasonal
embolism repair in some trees and vines, also in some plants, such as maize and grapevine, for
refilling xylem after mild drought stress, and for diurnal xylem rehydration of tissues, especially in
bamboos and some herbs. Many more plant species need to be surveyed for positive xylem

pressure, including where in roots and/or stems the pressure is generated.

Positive xylem pressure has often been mischaracterized as being driven by a purely osmotic
mechanism, and this is clearly contradicted by the evidence. On the other hand, apparent
contradictions between osmotic exudation and hydraulic pressure scenarios to explain positive
xylem pressure turn out to be minor, making it possible that the actual mechanisms involve a
combination of — or switching between — the two mechanisms. There is an urgent need for research
into the metabolic processes and membrane transporters involved in pressure generation, especially
in vessel-associated cells. Possible roles of water flow from phloem, and potentially a role for CO, for

non-osmotic pressure generation should be investigated.
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Research on decapitated and bleeding plants should be avoided due to the serious artifacts involved,
but more research on the magnitude of such artifacts and the strange discrepancies between diurnal

patterns of guttation and bleeding could be instructive.

Because of their reliable patterns of positive xylem pressures, preferred study systems for exploring
underlying physiological and physical mechanisms include bamboos for diurnal patterns and
grapevines for seasonal patterns and for their responses to watering after drought. Maize is a
promising model system for studies of gene expression associated with positive pressure generation.
Among trees, mechanisms for seasonal positive xylem pressure in walnut and birch require more
research. Lastly, positive xylem pressure in tropical plants other than bamboos requires more

attention, especially in understory plants and cloud forests.
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Table 1 Techniques to measure positive xylem pressure and their pros and cons.

What is Measurement Pros and Cons Sources
observed?
Guttation Exudation rate Pros: (Goatley & Lewis, 1966)
Chemical - Non-destructive (Singh et al., 2009a)
composition - Uncontaminated composition (Shapira et al., 2013)
- Natural temporal patterns (Nagai et al., 2013)
Cons:
- Pressure measurement impossible
- Composition may be affected by
active reabsorption in hydathodes
Bleeding Exudation rate Pros: (Van Overbeck, 1942)
Chemical Easiest method (Arisz et al., 1951)
composition Measurements of both rate and (O'Leary, 1965)
pressure possible (Pickard, 2003b)
Cons: (Zholkevich et al., 2005)
-Temporal patterns and rates (Gleason et al., 2017)
affected by conditions and time of
cutting
- Composition affected by cut, living
cells and wounding responses
Pressure; Pros: (Hales, 1727)
manometer or - Can measure pressure in entire root | (Sachs, 1865)
pressure sensor systems (Fisher et al., 1997)
mounted on Cons: (Saha et al., 2009)
decapitated - Destructive: Cutting can affect the (Wang et al., 2011)
stems or roots magnitude and timing of pressure (Yang et al., 2015)
- Pressure declines over time after (Knipfer et al., 2015)
cutting (Gleason et al., 2017)
Xylem Pressure; Pros: (Scholander et al., 1955)
pressure pressure sensor - Minimally destructive (Tyree, 1983)
(

inserted into

- Continuous measurements possible

Cochard et al., 2001)
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intact xylem in the field (Clearwater et al., 2007)
- Natural temporal patterns (Charrier et al., 2017)
Cons: (Holtta et al., 2018)
- Unable to measure sap composition
Vessel Pressure; Pros: (Steudle & Jeschke, 1983)
pressure pressure probe - Same as for xylem pressure (Steudle et al., 1993)

inserted into

individual vessel

Cons:
- Technically challenging, high failure
rate

- Not for use in the field

(Knipfer & Fricke, 2010)

The sources listed are examples for studies that have used the different approaches.
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Table 2 Maximum positive xylem pressures recorded in a variety of studies.

Type of Species Maximum Location of Source
pressure pressure measurement
(kPa)

Seasonal Acer saccharum 200 trunk* (Tyree, 1983)
Acer pseudoplatanus 60 trunk* (O'Malley & Milburn, 1983)
Actinidia macrosperma 150 rootstock* (Clearwater et al., 2007)
Alnus crispa 22 basal branch (Sperry et al., 1994)
Betula papyrifera 55 basal branch (Sperry et al., 1994)
Betula pendula 250 trunk* (Holtts et al., 2018)
Fagus sylvatica 45 trunk* (Cochard et al., 2001)
Juglans regia 160 lateral branch | (Ewers et al., 2001)
Smilax rotundifolia 100 branch (Cobb et al., 2007)
Vitis labrusca 391 basal stem* (Scholander et al., 1955)
Vitis vinifera 129 root stump (Hales, 1727)
Vitis vinifera 93 upper branch | (Hales, 1727)
Vitis vinifera 107 root stump (Hofmeister, 1862)

Diurnal
Bambusa multiplex 67.5 basal stem (Wang et al., 2011)
Cissus gossypiifolia 89 basal stem (Fisher et al., 1997
Cissus sicyoides 148 basal stem (Fisher et al., 1997
Cocos nucifera 125 advent. root (Davis, 1961)
Dendrocalamus latiflorus 195 basal stem (Caoetal., 2012)
Digitalis media 61 root stump (Hofmeister, 1862)
Doliocarpus major 64 basal branch (Ewers et al., 1997)
Fuchsia speciosa 163 root stump (Eckerson, 1908)
Helianthus annuus 136 root stump (Eckerson, 1908)
Lycopsersicum esculentum 137 root stump (Eckerson, 1908)
Lycopsersicum esculentum 155 stem (De Swaef et al., 2013)
Lygodium venustrum 66 lateral branch | (Ewers et al., 1997)
Monstera acuminata 137 aerial root (Fisher et al., 1997
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Myriocarpa longipes 121 basal stem (Fisher et al., 1997
Rhipidocladum basal stem (Cochard et al., 1994; Ewers
racemiflorum 120 etal., 1997)
Salvia involucrata 159 root stump (Eckerson, 1908)
Vitis labrusca 38 basal stem* (Scholander et al., 1955)
Zea mays 420 root stump (Miller, 1985)

Response to

rewatering

after

drought Oryza sativa 62 root stump (Stiller et al., 2003)
Vitis arizonica 230 root stump (Knipfer et al., 2015)
Vitis champinii 190 root stump (Knipfer et al., 2015)
Vitis riparia 180 root stump (Knipfer et al., 2015)
Zea mays 140 root stump (Gleason et al., 2017)

All measurements were done on cut and bleeding stems or roots, except where noted.

* Pressure sensor inserted into xylem
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Figure captions

Fig. 1 Locations and timing of positive xylem pressure in plants. It may occur before leaf-out in
deciduous species or in leaf-bearing plants. Positive pressure is most commonly observed as
guttation from leaves or bleeding from cut stems. Root pressure may occur in fine roots, using soil
water as the source, or in woody roots and stems, using water stored in living cells, fibers, cell walls,

and intercellular spaces as the source.

Fig. 2 Methods used to measure positive xylem pressure, showing remarkably similar techniques
between the earliest measurements (a) by Hales (1727) with manometers mounted on grapevine
branches, (b) Sachs (1865), with a manometer mounted on a root stump, and recent measurements
with small pressure probes inserted into bamboo stems (c) for continuous logging with minimal
disturbance of the system. Both techniques measure relative pressure, which avoids having to

account for atmospheric pressure effects. Photograph (c) taken by Joseph Michaud.

Fig. 3 Anatomical images of root cross-sections of monocots that exhibit root pressure: Ruscus
bamboo (Shibataea kumasaca, a, ¢, d) and perennial teosinte (Zea diploperennis, b, e, f).The light
microscopy images (a and b) show the overall anatomy from the rhizodermis (R) to the vascular
tissues in the center (Ex = exodermis, C = cortex, En = endodermis, X = xylem, LC = lysigenous cavity),
with a side root on the right in a. The stele in a and b is recognizable as being surrounded by the
endodermis. Transmission electron microscopy images show details of a thick endodermis (En)
traversed by two long pit canals with plasmodesmata (Pd) in ¢, and plasmodesmata between a
vessel-associated parenchyma cell (VAC) and neighboring parenchyma cell in d. Figure e includes a
VAC with cell membrane (arrow), pit membrane (PM), pit border (PB), and a primary and secondary
wall (PW and SW). Folded endodermal cells (En) and passage cell (PC) opposite three tracheary

xylem elements (X) are shown in f.
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Fig. 4 Anatomical images of roots of woody dicots that exhibit root pressure: Silver birch (Betula
pendula; a, c, d) and grapevine (Vitis vinifera, b, e), including root cross-sections imaged using light
microscopy (LM, a, b), and transmission electron microscopy (c —e). The LM images show a root with
secondary growth (a), with xylem tissue (X), vessels (V), and phloem tissue (P), and early
developmental stages of secondary growth (b), before the endodermis (En) and cortex (C) disappear.
Details of vessel-associated parenchyma cells (VAC) show an amorphous layer (AL) between cell wall
and plasma membrane, pit membrane (PM), pit border (PB), secondary and primary cell wall (SW
and PW), starch (S), lipids (L), and plasmodesmata (arrows) for symplastic connectivity between

VACs and other parenchyma cells.

Fig. 5 Image illustrating the first explicit hydraulic pressure model taken from Sachs (1865). The
diagram shows a vessel B surrounded by three layers of solute-containing living cells A”, A’, and A,
separated from each other with plasma membranes a”, a’, and a, with cell layer A”” separated from
the vessel by plasma membrane b. The membranes’ permeability to water, but not to solutes, is
assumed to be b >a” > a’ > a, causing water to flow from A to vessel B without moving solutes into

B.

Fig. 6 Examples for refilling of vessels in response to positive xylem pressure. (a) MicroCT images of
cross-sections through grapevine stems (Vitis riparia and V. arizonica) showing embolism in drought-
stressed (Wgem < —1.5 MPa) and re-watered plants (Ws.em > —0.5 MPa). Embolized vessels appear dark
gray and water-filled vessels as light gray. The variably hydrated pith is visible in the center of each
cross-section. (b) Relationship of stem water potential before re-watering and steady-state root
pressure after re-watering for Vitis riparia and V. arizonica. Each symbol represents an individual
plant. (c) Vessel refilling in Zea mays in response to re-watering after drought treatment. Graph

shows percent water-filled (functioning) vessels measured via microCT in three watering treatments
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after an overnight recovery period (10 h). Purple and orange bars represent two inbred lines, B73
and CML103. Error bars represent 1 SD. (d) Relationship between root pressure and the recovery of
stem-specific conductivity measured in internodes of Zea mays B73. Data points represent individual
plants and were fit with logistic models. Graphs reproduced with permission and slightly modified

from Knipfer et al. (2015) (a and b) and Gleason et al. (2017) (c and d).
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Box 1. Mechanistic root pressure scenarios

Box Fig. 1 Xylem pressure generation via an (a) osmotic exudation and (b) hydraulic pressure scenario
Pickard (2003). The structure shown here is for secondary xylem in a root with an amorphous layer
between the pit membrane and the plasma membrane of the vessel-associated cell (VAC). Exudation from
the VAC moves solutes into this layer and from there via diffusion into the vessel. A primary cell wall and
pit membrane in primary xylem could play the same functional role as the amorphous layer. Note that
increased expression of aquaporins (dark blue arrows) in membranes facing vessels would decrease
hydraulic membrane resistance on that side of the cell and flow towards the vessel side would then be at

a higher rate.

Model scenarios to explain root pressure fall into two broad categories, here referred to as
osmotic exudation (A) and hydraulic pressure (B) scenarios. Both could be applicable to stems
after some modification, but here we focus on models that have been proposed for fine roots.
To illustrate the differences and commonalities between the two approaches, we parameterized
the widely accepted osmotic exudation scenario and a hydraulic pressure scenario proposed by
Pickard (2003a) for a model with five compartments: Soil (assumed to be in equilibrium with the
root cortex apoplast), root symplast, vessel-associated cell (VAC), amorphous layer (or primary
cell wall) around VAC, and vessel (Box Fig. 1). The exact location where water moves from
apoplast into symplast is not defined and could be at an endodermis, exodermis, or anywhere

within the cortex.

The driving force (F, as force per area, MPa) for water transport across boundaries, such as cell

membranes or a pit membrane, is calculated according to the following equation (Nobel, 2020):
Fip = (P + My) — (P, + My) + o(my — 1) Eqn. (1)

where P is pressure potential, M is matric potential, it is osmotic potential (all in MPa), o is the
dimensionless reflection coefficient, and the subscripts 1 and 2 refer to the compartments
separated by a boundary. The reflection coefficient o obtains a value between zero and one,
where o = 0 means that the boundary/membrane between the two compartments is equally

permeable to water and the solute in question, and o = 1 refers to perfect semipermeability, i.e.,



water can cross the boundary/membrane, but the solute in question cannot. For biological
membranes, reflection coefficients lower than one are caused largely by expression of solute
channels. Osmotic potential differences contribute to the driving force for water flow to the same

extent as pressure differences only if o = 1.
(a) Osmotic exudation scenario

In this scenario, osmotic substances are actively transported from the soil and cortex apoplast
into the symplast, causing water to follow via osmosis. The substances are then passively
secreted into the amorphous layer from VACs by solute channels. This would draw water into
the vessel apoplast osmotically from the VACs and other parts of the symplast, in turn drawing
more water in from the soil according to the water potential difference. Box Table 1 shows an
example of osmotically generated root pressure with a driving force difference (F) of 0.1 MPa
between adjacent compartments. The positive root pressure generated corresponds to 0.1

MPa, sufficient for pushing water up to a height of 10 m.



Box Table 1. Model scenario used as an example to show water potentials and driving forces across
cell layers in a root for the osmotic exudation model shown in Box Fig. 1a. All data are in MPa.

w Vessel PM AL/CW MB VAC MB Sym MB  Apo/Soil
p 0.10 | 0.30 | 0.30 | 0.30 | 0

[¥p)
M 0 < 010 o 0 o 0 o -0.20
n 075 © 075 & 075 © 065 ° 005
Weotal -0.65 -0.55 : -0.45 -0.35 -0.25

: G (oo <o (ol

Abbreviations: PM = pit membrane, MB = plasma membrane, AL/CW = amorphous layer or
primary cell wall, MB = plasma membrane, VAC = vessel-associated cell, Sym = symplast,
Apo/Soil = apoplast or soil, P = pressure potential, M = matric potential, T = osmotic potential,

Wiotal = total water potential, F = driving force for water flow, 0= reflection coefficient.

(b) Hydraulic pressure scenario

In this scenario (Pickard, 2003a), solutes moving from the symplast to the apoplast — including
the amorphous layer or primary cell wall, pit membrane, and the vessel sap — are actively
“retrieved” back into the cytoplasm of VACs, most likely driven by H*-ATPases. This would cause
acidification of the xylem sap by proton fluxes (Box Fig. 1 b). Box Table 2 demonstrates an
example where root pressure would be generated with a driving force difference (F) of 0.1 MPa
between the adjacent compartments. Note that the driving force F moves water against an
apparent water potential gradient Wotal (Pickard, 2003a).

Box Table 2. Model scenario used as an example to show water potentials and driving forces across
cell layers in a root for the hydraulic pressure model shown in Box Fig. 1b. All data are in MPa.

Y Vessel PM AL/CW MB VAC MB  Sym MB  Apo/Soil
p 0.10 | 0.95 | 0.95 | 0.95 | 0

wn
M 0 < 075 o 0 o 0 o -0.20
n -0.10 ? -0.10 &  -1.40 ? -1.30 ? -0.05

|

0 ) 0.10 -0.45 -0.35 -0.25
£ {01 ] o1 | o1 |
Abbreviations: PM = pit membrane, MB = plasma membrane, AL/CW = amorphous layer or

primary cell wall, VAC = vessel-associated cell, Sym = symplast, Apo/Soil = apoplast or soil, P =
pressure potential, M = matric potential, 7 = osmotic potential, Wit = total water potential, F

= driving force for water flow, 0= reflection coefficient.
Root pressure in this modeling framework can be accomplished with a wide variety of different

parameterizations. Using eqgn. (1), and simplifying the structural scenario in Box Fig. 1 further to



include just three compartments (soil, symplast, including VACs, and vessel apoplast), the value
of pressure in the vessel apoplast can be predicted to be (see Notes S1 for the derivation of the

equation and example calculations conducted with the equation):

Papo = Wsor, — Tsymp — 2F + 0(Tgymp — Tapo) Eqn. (2)

Where mym and mapo are the osmotic potentials of the symplast and vessel apoplast,
respectively, i is soil water potential, and Papo is pressure in the vessel apoplast (all in MPa).
The equation gives the pressure in the vessel apoplast to be either positive, signifying root
pressure, or negative (no root pressure). According to the equation, the predicted pressure is
higher when (1) Wsoil is higher, (2) the driving force F for water movement is lower, (3) Ttapo is

lower, (4) Tsymp is lower, and/or (5) the reflection coefficient o is lower.

Note that the same model framework (and the same Eqgn. 2) describe both the osmotic
exudation and hydraulic pressure scenarios. Within the framework, the difference between the
two scenarios simply lies in the active transport of solutes back into VACs (Pickard, 2003a;
Wegner, 2014) and the resulting difference in xylem apoplast osmotic potential, requiring

expenditure of more metabolic energy than for the osmotic exudation scenario.
Rate of water movement

The rate of water movement from soil to symplast and from symplast to vessel apoplast is the
driving force F multiplied by the hydraulic conductance from soil to vessels. The flux from soil to
symplast, and from symplast to vessel apoplast must be the same. If flux from soil to symplast is
larger than flux from symplast to vessel apoplast, then the water amount and the turgor
pressure in the symplast both increase. This will decrease the flow rate from soil to symplast

and accelerate the flow rate from symplast to vessel apoplast until these fluxes will be equal.
Are the two root pressure scenarios exclusive and can they work for stems?

As shown above, osmotic exudation and hydraulic pressure scenarios are not mutually
exclusive. By expressing or removing solute channels and active transporters (H*-ATPase) in the
plasma membrane between symplast/VAC and the vessel apoplast, a root could switch

between the two scenarios or run a combined mode of both, depending on the availability of

4



solutes in the soil medium. Both scenarios can potentially work in stems in a modified form,
where the water source could be phloem and storage compartments in bark, xylem, or pith,

and solutes could come out of cell storage as well.





