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Summary

e Lycophytes are the earliest diverging extant lineage of vascular plants, sister to all other vas-
cular plants. Given that most species are adapted to ever-wet environments, it has been
hypothesized that lycophytes, and by extension the common ancestor of all vascular plants,
have few adaptations to drought.

e We investigated the responses to drought of key fitness-related traits such as stomatal reg-
ulation, shoot hydraulic conductance (Ksoot) and stem xylem embolism resistance in
Selaginella haematodes and S. pulcherrima, both native to tropical understory.

¢ During drought stomata in both species were found to close before declines in Ksyoot, With a
50% loss of Ksnoot OCcurring at —1.7 and —2.5 MPa in S. haematodes and S. pulcherrima,
respectively. Direct observational methods revealed that the xylem of both species was resis-
tant to embolism formation, with 50% of embolized xylem area occurring at —3.0 and
—4.6 MPa in S. haematodes and S. pulcherrima, respectively. X-ray microcomputed tomogra-
phy images of stems revealed that the decline in Kgo0t Occurred with the formation of an air-
filled lacuna, disconnecting the central vascular cylinder from the cortex.

e We propose that embolism-resistant xylem and large capacitance, provided by collapsing

inner cortical cells, is essential for Selaginella survival during water deficit.

Introduction

Lycophytes, the earliest diverging, extant lineage of land plants
to possess a vascular system, occupy a key phylogenetic posi-
tion as sister to all other vascular plants (Ambrose, 2013).
Lycophyte ancestors, or lycophyte-like plants, are found in the
oldest fossil assemblages of land plants, and had probably
diverged by the Late Silurian (Rowe, 1988; Klaus e 4/, 2017).
During the Carboniferous, lycophytes were the first group of
land plants to evolve secondary growth and form the first trees
that dominated equatorial swamp forests, comprising approxi-
mately half of floristic diversity at that time (Stewart & Roth-
well, 2010). Lycophyte forests declined during a period of
global aridification in the early Permian, with extant lycophytes
represented by just three families: Lycopodiaceae (c. 390 spp.),
the aquatic to semi-aquatic Isoeteaceae (c. 250 spp.), and the
most abundant and specious family, Selaginellaceae (c. 700
spp.). Selaginella, the sole genus in Selaginellaceae, is the most
ecologically diverse genus of lycophyte. While most species
grow terrestrially in ever-wet temperate and tropical rainforest
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understories, others grow as epiphytes, in alpine environments
and deserts, where species are frequently desiccation-tolerant
(Schneider et al., 2004; Soni et al., 2012; Pampurova & Van
Dijck, 2014; Vanburen e al., 2018).

Species of Selaginella, like all non-Isoetalean lycophytes, lack
secondary growth. Their mature stems are usually flattened dor-
siventrally, consisting of a cutinized epidermis, suberized hypo-
dermis, cortex and a central vascular cylinder. The vascular
cylinder or stele has centrally positioned xylem, surrounded by
phloem, which is ultimately enclosed in a pericycle, generally
composed of one layer of cells (Barclay, 1931; McLean &
Juniper, 1979; Schulz et al., 2010) (see Supporting Information
Fig. S1). The inner cortex is often described as being separated
from the vascular cylinder by an air-filled lacuna (Mickel & Hell-
wig, 1969; Buck & Lucansky, 1976). The cortex and pericycle
are connected by trabeculae, highly modified, thin-walled endo-
dermal cells which provide a symplastic connection through
abundant plasmodesmata (McLean & Juniper, 1979; Schulz
et al., 2010). Trabeculae cells have a well-developed Casparian
strip at the anticlinal cell walls, which may be additionally
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covered with a thin layer of cutin forming the trabecular ring
(McLean & Juniper, 1979). The presence of a Casparian strip
has been demonstrated to efficiently restrict the transport of
water-soluble compounds from the vascular dssue into the
apoplast of cortical cells (Gola & Jernstedt, 2016). Water in
the xylem must traverse the trabeculae to irrigate photosynthetic
tissue.

The vascular system of Selaginella consists primarily of trachei-
ds, while in some species vessels have been reported (Duerden,
1934; Schneider & Carlquist, 2000a,b). However, treatment
with alcohol and various acids during sample preparation raises
questions of whether shrunken and damaged pit membranes in
the bordered pits of tracheids were misinterpreted as the perfora-
tion plates of vessels (Zhang ez al, 2017). Pit membranes are
described as thin in tracheids and highly porous in the supposed
vessels of Selaginella species (Schneider & Carlquist, 2000b),
which given the importance of these structures for hydraulic effi-
ciency and protection against embolism in angiosperms (Li ez al.,
2016), could result in an efficient yet highly vulnerable water
transport system (Brodersen ez al, 2014; Kaack et al, 2019).
Blockage to water flow in xylem cells by embolism at negative
water potentials () progressively reduces hydraulic conductance,
limiting the transport of water within plants (Tyree & Sperry,
1989). Single air-seeding pressure measurements of xylem con-
duits of the desiccation-tolerant species S. pallescens suggest highly
vulnerable xylem, with embolism first forming at —1.5 MPa
(Brodersen ez al., 2014); this value matches the mean ¥ resulting
in a 50% decline in shoot hydraulic conductance (K000 in this
species (Brodribb & Holbrook, 2004).

Given that extensive embolism is a primary cause of plant
mortality during drought (Brodribb & Cochard, 2009; Utli
et al., 2013; Cardoso er al, 2020), protecting the xylem from
tensions that would induce embolism is of utmost importance
for plant survival during prolonged drought. In seed plants,
highly efficient stomatal closure is the primary means by
which plants prevent declines in water status during soil
water-limitation (Martin-StPaul ez al, 2017; Creek et al,
2019). Species adapted to the most seasonally dry environ-
with
—3MPa, rely on stomatal closure driven by the hormone
ABA to halt water loss during prolonged drought (Brodribb
et al., 2014). While stomatal closure is critical for reducing
more than 95% of plant water loss during long-term drought
(Franks & Farquhar, 2007), evaporation through the cuticle,

ments xylem that embolizes before declining to

and incompletely closed stomata, continues and ultimately
drives declines in ¥ (Duursma ez al, 2018). In early diverg-
ing lineages of vascular land plants, including lycophytes and
ferns, stomatal closure during changes in leaf water status,
including periods of prolonged drought, is driven by passive
reductions in guard cell turgor, and not metabolic mecha-
nisms (Brodribb & McAdam, 2011; Deans et al, 2017; Car-
doso & McAdam, 2019; Cardoso et al, 2019). Stomatal
closure during drought in S. pallescens (Brodribb & Holbrook,
2004) and S. kraussiana (McAdam & Brodribb, 2013) occurs
at the moderate ¥ of —1.2 MPa. This ¥ at complete stomatal
closure slightly precedes the W at which declines in Kj,o0c are
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observed or when photosynthesis is irreparably damaged in
both species (Brodribb & Holbrook, 2004; McAdam & Bro-
dribb, 2013).

Other than the evolution of desiccation tolerance in Selaginella
(Oliver et al., 2000; Zhou et al., 2016), results from the limited
number of physiological studies, and constrained ecological pref-
erences of this genus (Campany er al, 2019), suggest that
Selaginella species from wet environmental conditions do not
possess adaptations to survive long periods of water deficit. We
hypothesize that the xylem of tropical Selaginella species is highly
vulnerable to embolism formation during drought. Furthermore,
we expect that species from this genus have very few adaptations
to tolerate water limitation, including a limited capacity to close
stomata during drought. To address this, we examined the
hydraulic vulnerability of shoots of two tropical Selaginella
species, S. haematodes (Kunze) Spring and S. pulcherrima Liebm.
using three independent methods: measurement of Koo by
rehydration kinetics, and embolism resistance by X-ray computed
tomography (micro-CT) and optical vulnerability (OV). These
two species are native to rainforest understory and are morpho-
logically representative of the majority of species in this genus, as
well as most extinct species assigned to this genus over the past
400 million years (Rowe, 1988; Zhou et al., 2016; Klaus ez al.,
2017; Schmidt ez al., 2020). In addition to the hydraulic proper-
ties of the xylem, we also investigated stem anatomy and the effi-
ciency and control of stomatal closure during drought.
Furthermore, we compared measured xylem anatomical and
hydraulic traits between these two species as a preliminary assess-
ment of the variability in these key functional traits across closely
related species in this genus.

Materials and Methods

Plant material

Potted individuals of S. haematodes and S. pulcherrima were
grown in the glasshouse of the Botanical Garden of Ulm Univer-
sity. The conditions in the glasshouse were maintained at day/
night temperatures above 18°C and under a natural, unsupple-
mented photoperiod. Plants received daily watering and a weekly
application of liquid fertilizer. All experiments were conducted
on the newest flush of fully expanded shoots during the summers
0f 2018 and 2019.

Stomatal responses to changes in water status

The relationship between stomatal conductance (g;) and ¥ for
each species was obtained from 30 branches harvested from three
individuals per species that were excised and exposed to slow
bench dehydration, under natural diffuse light, to ensure a con-
trolled collection of data across the range of relevant ¥. In addi-
tion, this relationship was supplemented from data collected
from three intact potted plants in which water was withheld, to
confirm that these relationships were similar in plants during nat-
ural drought (no significant difference in the relationships was
observed). Measurements of W and instantaneous g were
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simultaneously carried out periodically by using a Scholander
pressure chamber and infrared gas analyzer (LI-6400; Li-Cor,
Lincoln, NE, USA). For g measurements, conditions in
the leaf cuvette were controlled at a light intensity of
1000 pmol m ™25, 25°C, 400 pmol mol ™' CO, concentration
and a leaf-to-air vapor pressure difference (VPD) of 1 kPa. Gas
exchange measurements were normalized by surface area of leaves
in the chamber, which were scanned after measurement.

Stomatal sensitivity to endogenous ABA during drought was
also examined. Leaf gas exchange was measured in shoots from
three unstressed plants during the morning (09:00-10:00 h)
using the LI-6400 with the cuvette conditions set as previously
described. After measuring leaf gas exchange, side shoots were
sampled for ¥ and ABA quantification. Plants were then
exposed to natural drought by withholding water for 18 d, dur-
ing which time leaf gas exchange was measured periodically.
After 18 d of withholding water, steady-state g had reached a
minimum. In three shoots per species from three plants, leaf gas
exchange was measured continuously and a side shoot was taken
for the measurement of initial ¥ and ABA levels, the stem of
the shoot was then excised under water and allowed to rehy-
drate. After ¢. 10 min the shoot had fully rehydrated and ¥ and
ABA levels were again measured on a small side shoot. This
experiment was designed to test whether stomatal closure during
drought was driven by endogenous foliar ABA levels or leaf
water status (McAdam & Brodribb, 2012; Cardoso & McA-
dam, 2019).

For ABA quantification, the excised side shoots were weighed
(£0.0001 g) and covered in cold (—20°C) 80% (v/v) methanol
in water and stored immediately at —20°C. Samples were
freighted to Purdue University in the dark at room temperature,
and ABA was extracted, purified and quantified by physicochemi-
cal methods using an added internal standard with an Agilent
6400 Series Triple Quadrupole liquid chromatograph associated
with a tandem mass spectrometer according to the methods of
McAdam (2015). ABA levels were expressed in terms of dry
weight, which was quantified after ABA determination by
weighing the dry mass of the sample harvested and extracted for
analysis.

Whole shoot hydraulic vulnerability curves

Hydraulic vulnerability curves for each species were constructed
by dehydrating plants on a bench and assessing K0 by the two-
point rehydration method (Brodribb & Holbrook, 2003).
Briefly, three well-watered potted plants from each species were
taken into the laboratory early in the morning, and shoots with
attached rhizome were removed from soil and desiccated slowly.
The shoots were next bagged and placed in the dark for at least
15 min to reduce transpiration and promote equilibration in ¥
across the plant. Initial W was assessed in a side branch using a
Scholander pressure chamber (PMS Instrument Co., Albany,
OR, USA), after which the shoot was excised under water and
rehydrated for a period of time (10-240s) enough to result in a
final ¥ that was approximately half the initial value. For each
sample, Koo was calculated from the following equation:
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[Qhoot = C;hoot ln[‘{linital/\Pﬁnal]/t

Mean shoot capacitance (Cy,o0.) used for this calculation was
determined both before and after turgor loss point for each
species by pressure—volume curves, which were performed as
described by Tyree & Hammel (1972). Briefly, six fully hydrated
shoots, two taken from each of three individuals, were allowed to
dehydrate as mass and W were periodically measured. We calcu-
lated G0, from the linear slope of the relationship between rela-
tive water content and ¥~ ! before and following turgor loss
point, and normalized by leaf area. Kjj,,o; was determined using
the Cipooc value calculated either before or following turgor loss
point depending on the initial ‘P.

Optical vulnerability to embolism

Vulnerability curves for each species were assessed by the optical
method (Brodribb ez 2/, 2016a). Three shoots, each taken from a
separate individual, were excised from well-watered potted plants,
and a paradermal section was made of the stem, with care taken
to avoid all contact with the central vascular trace. Shoot excision
did not induce embolism as both species had xylem consisting of
short tracheids, and paradermal sections were made at least 15 cm
from the cut end, to avoid artifacts. Once the paradermal section
had exposed the central vascular trace the shoot was taped firmly
to a glass slide and the exposed xylem was covered in jelly (Ten-
sive conductive adhesive gel) on which a cover slip was placed.
The area of exposed xylem was imaged under a stereomicroscope
or compound microscope, with images taken every 180 s as the
shoot dehydrated. ¥ was measured from excised small side
branches (at least six per shoot) periodically during dehydration
in a Scholander chamber until complete stem xylem embolism
was obtained, ¥ was plotted against time and a linear regression
was fitted to build a relationship that could be used to extrapolate
Y for each embolism event, similar to Brodribb ez 2/ (2016).
Embolism was determined by a visible change in color in xylem
conduits. The area of embolism was quantified by image subtrac-
tion of stacks of images using IMAGE], movements of stems and
bubbles in the jelly were removed from the analysis. Complete
descriptive details of this method are available on the open source
website http://www.opensourceov.org. We plotted cumulative
embolism area (as a percentage of total embolized area) against
Y, with no curve fitting. Embolism was quantified as a percent-
age of the total embolized pixel area at the end of the dry-down
period, and Psg_opiical (‘P at which 50% embolized xylem area
occurred using the optical method) was calculated as the statisti-
cal mean from the three curves.

Micro-CT vulnerability and imaging of internal stem
anatomy during dehydration

Direct visualization of xylem embolism in intact plants over the
course of dehydration was performed at the PSICHE beamline of
the SOLEIL synchrotron (King ez a/., 2016). Dehydration was
induced by submitting potted plants to water withholding for .
1-2 d. Shoots of each plant (2= 20 taken from across three plants
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per species) were scanned more than 10 cm above emergence
from the soil, using a high-flux (3.1011 photons mm ) 25-keV
monochromatic X-ray beam, while being rotated from 0° to 180°
using a continuous rotation mode. The X-ray projections were
collected with a 50-ms exposure time during rotation and
recorded with an Orca-flash sCMOS camera (Hamamatsu Pho-
tonics KK, Shizuoka, Japan) equipped with a 250-pm-thick
LuAG scintillator. Scan time was 75s for each sample and
yielded a stack of 1500 TIFF image slices. Fields of view were
3.13 mm? at a resolution of 2048 x 2048 pixels per slice. Vulner-
ability curves were constructed from shoots scanned only once.
Tomographic reconstructions were conducted using the Paganin
method (Paganin ez al, 2002) in PYHST2 software (Mirone
et al., 2014) and resulted in 2-bit volumic images with a 3.02-
pm? voxel resolution.

Before each scan, ¥ was measured with a Scholander pressure
chamber (Model 1000, PMS Instrument Co.; DGMeca, Gradig-
nan, France) from a small side branch. Quantification of
embolized xylem area was conducted for each scan from a trans-
verse cross-section taken from the center of the scan volume, and
the percentage of embolized xylem area was quantified from the
total tracheid area of the scan.

To test for the capacity of the cortex to rehydrate, a shoot sam-
ple with a small percentage of embolized tracheids was bagged
and the cut end was excised under water following scanning. The
shoot was rehydrated through the stem overnight. The following
morning, ¥ was measured on a small side branch and the shoot
was rescanned 10 mm below the point of the initial scan to avoid
any areas of damage caused by the earlier scan (Petruzzellis ez al.,
2018).

Micro-CT images were used to calculate the mean cortical vol-
ume lost in dehydrated stems before the mean onset of embolism,
which was determined from optical vulnerability curves. This
volume was calculated from the cross-sectional shoot area that
was shrunken multiplied by the length of each shoot. This
volume was expressed in terms of volume per unit area of shoot,
and shoot area was measured by scanning shoots. The effect of
VPD on the time taken until first embolism formation in the
xylem was calculated using mean cortical area and the following
equation:

Time to first embolism

Cortical volume lost

(V},’—D X minimum stomatal conductance)
2

where P, is atmospheric pressure and minimum stomatal conduc-
tance was taken from measurements of drought-stressed and

bench-dried branches.

Shoot anatomy

The thickness of pit membranes between adjacent tracheids in
the xylem of S. haematodes and S. pulcherrima was measured
based on transmission electron microscopy (TEM) following a
standard protocol (Zhang ez al., 2020). Samples from a single
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plant per species were prepared. Briefly, small xylem blocks
(1 x 2 x 2 mm) were cut in water, fixed in 2.5% glutaraldehyde-
buffered solution, post-fixed in 2% aqueous osmium tetroxide
solution, stained ez bloc in uranyl acetate, dehydrated in an
ethanol series and embedded in Epon resin (Sigma Aldrich).
Transverse semithin (500 nm) and wultrathin sections (60—
100 nm) were cut using an ultramicrotome (Leica Ultracut UCT,
Leica Microsystems) and placed on copper grids (Athena; Plano
GmbH, Wetzlar, Germany). TEM images were taken with a
JEM-1210 microscope at 120 kV (Jeol, Tokyo, Japan). Pit mem-
brane thickness represented the mean of 50 individual pit mem-
branes measured. The mean of three thickness measurements
from the center to the annulus was taken for each individual pit
membrane.

The tangential diameter of tracheids were measured as in
Scholz et al. (2013) based on transverse sections of three individ-
uals per species. Sections were prepared with a microtome
(G.S.L.1 microtome; Schenkung Dapples, Ziirich, Switzerland),
or sectioned by hand with a razor blade, stained with safranin
and astra blue, and observed with a light microscope (Zeiss AXIO
Scope.Al, Zeiss). Images were taken with an Axiocam 305 color
camera (Zeiss).

Light and fluorescence microscopy were used to examine the
cell wall composition of the various tissues and cell types in the
shoot of both species. Transverse sections of 30 Lm were cut from
the center of the shoot using the same microtome as mentioned
above for three individual plants per species. Sections from the
three individuals per species were randomly mixed in Petri dishes
until further staining and observation was applied. At least five
randomly selected sections per species were analysed to validate
the staining patterns. Sections were stained for 15 min in 0.01%
(w/v) aqueous Ruthenium Red (Merck KGaA, Billerica, MA,
USA) solution to stain unesterified pectins (Sterling, 1970) and
imaged with a light microscope (Axio Lab.A1, Axiocam ERc 5s;
Zeiss) in bright field mode. Subsequently, the same sections were
transferred for 5min to an aqueous 0.5% (w/v) Astra Blue
(Sigma-Aldrich, Munich, Germany) in 2% (w/v) aqueous tartaric
acid (Merck Schuchardt OHG, Hohenbrunn, Germany) solution
to stain hemicelluloses, except for mannans. Other sections were
either stained for 15 min with a 0.03% (w/v) aqueous Coriphos-
phine O (Sigma Aldrich) solution to stain esterified pectins (de
Oliviera et al., 2014; Weis et al., 1988), or for 5 min with satu-
rated Auramine O (Schmid GmbH & Co, Freudenstadt, Ger-
many) solution to stain lignified cell walls, cutin and suberin
(Considine & Knox, 1979; Biggs & Miles, 1984, 1988; Ursache
et al., 2018). False color images of the Auramine O-stained sec-
tions were taken at 460-500 nm excitation and 512-542 nm
emission (dichromatic mirror DC 505 nm) using a fluorescence
microscope (CTR600, DMC 2900, DFC 3000 G; Leica, Wet-
zlar, Germany). To be able to discriminate the different wave-
length bands emitted from Coriphosphine O sections, true color
images were taken at an excitation of 390—410 nm and 487-
503 nm, and an emission of 455475, 515-545 and 620—
660 nm (DC 415, 510, 590 nm). Unstained sections of both
species were used as background to adjust exposure and to ensure
that no signal was due to autofluorescence. The signals from weak

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust



New
Phytologist

0.20

Stomatal conductance (mol m2s™)

0.00 r . ;
0.0 -05 -1.0 -15 -20
Leaf water potential (MPa)
Selaginella pulcherrima
0.16

N b |
N AT N

1S

5 0124+———————-

E

§ 0-10 1 203 +71ngg”"

S 0.08 -

[S]

>

2 006 -

Q

[&]

T 004

3]

E 0021 |

) |

0.00 | : . .
0 100 200 300 400 500
Time (s)

Selaginella haematodes

Stomatal conductance (mol m= s’1)

0 100 200 300 400 500

Time (s)

lignin and cellulose autofluorescence were captured by long expo-
sure times at an excitation of 340-380 nm and an emission of
450-490 nm (DC 400 nm). All images were taken on the day
that the staining was performed. Dyes were washed off the sec-
tions with water at least three times for about 1 min, or until no
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Fig.1 (a) The relationship between stomatal conductance and shoot water
potential for Selaginella haematodes (closed circles) and S. pulcherrima
(open circles). Lines depict respective linear or sigmoidal regressions. The
response of mean stomatal conductance (n=3, + SE) to instantaneous
rehydration (marked by the vertical dashed lines) in drought-stressed
individuals of S. pulcherrima (b) and S. haematodes (c) (mean water
potential before rehydration was —2.05 and —1.27 MPa for S. pulcherrima
and S. haematodes, respectively). Mean stomatal conductance before
drought in the same branches (solid horizontal gray line) + SE (dotted gray
lines) are depicted. Mean endogenous foliar ABA levels (expressed in
terms of DW) measured after gas exchange stability are shown. Equations
for regressions are given in Supporting Information Table S1.

dye residues were visible in the washing solution. The stained sec-
tions were mounted in water on microscope slides, and coverslips
were sealed with transparent nail polish (except for staining with
Ruthenium Red). Images were analysed and edited with IMAGE].

Data analysis

P50_opcicat Was taken directly from each of the optical vulnerability
curves, as the ¥ at which 50% of the xylem area was embolized,
and the mean for each species was then calculated from the values
from the three shoots measured. The W at which 50% of the
xylem was embolized observed using micro-CT (Pso_cr) and
standard errors were determined using a sigmoidal function fitted
using SIGMAPLOT software v.10 (Systat Software, Chicago, IL,
USA). Generalized additive models and 95% confidence intervals
were fitted to cortical separation data using the GaM function in
the MGcV package of R software (R Core Team, 2019). Student’s
t-tests were used to test for differences in xylem anatomical and
hydraulic traits between species.

Results

Despite differences in both the maximum rates of leaf gas
exchange between the two Selaginella species and the sensitivity
of stomata to ¥, minimum measured g occurred in both species
once ¥ had declined to —1.5MPa in drought-stressed intact
plants and bench-dried branches (Fig. 1a). Minimum g in both
intact plants and bench-dried branches was 0.033 molm %s !
in S. haematodes and 0.035 mol m ™ ?s ' in . pulcherrima. These
were ¢. 28% of maximum rates of gas exchange in S. haematodes
and 21% in S. pulcherrima. In both species, endogenous ABA
synthesized during drought stress played no role in closing stom-
ata during drought, as we found that stomata reopened to maxi-
mum measured apertures rapidly after instantaneous rehydration,
despite high endogenous ABA levels in the leaf. Mean foliar ABA
levels during drought were 155 and 293 ng g71 DW in
S. haematodes and S. pulcherrima, respectively (compared to
means of 130 and 119 ng g_1 DW, respectively in unstressed
leaves) (Fig. 1b,c).

The shoot hydraulic properties of the two species of Selaginella
differed considerably. A three-fold difference in maximum Kjq0.
was observed between the two species, with a maximum Ko, of
13.06 mmol m %s ! MPa ™' in S. haematodes and
2893 mmolm 2s !MPa~! in & pulcherrima  (Fig. 2a,¢
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Table 1). In both species, there was a range of ¥ over which
Kihoor did not decline, but in both species increasingly negative ¥
led to a sigmoidal decline in Kj,o0r. Variation in hydraulic vulner-
ability, or the sensitivity of Ko to ¥, was observed between the
two species, with a 50% decline in Kjooc (Psg-hydraulic) OCcurring
at —1.43MPa for S haematodes and —2.23 MPa for
S. pulcherrima (Fig. 2a,c; Table 1).

The W at which embolism formed in the xylem was consider-
ably more negative than Pso_pydrautic- The first embolism events
were only observed, both optically and by micro-CT, once ¥ had
declined to a point at which K00 had decreased by more than
80% of maximum (Fig.2a,c; Table1). In S. haematodes, the
mean ¥ at which the first embolism was optically observed was
—2.48MPa and in S. pulcherrima at —2.87 MPa (Fig. 2a,¢;
Table 1). As ¥ declined, more xylem area became embolized,
with  Psgopiical  being  —2.98 MPa in  S. haematodes and
—4.57 MPa in S. pulcherrima (Fig. 2a,c; Table 1), while Pso_cr
was —3.57 and —4.69 MPa, respectively. A broadly similar area
of embolized xylem, as ¥ declined, was observed using the optical
method and micro-CT scans (Fig. 2a,c).

Micro-CT imaging of intact stems revealed that decreasing ¥
caused a separation of the cortex from both the vascular cylinder
and the leaf traces, and major shrinking of inner cortical cells in
both species (Figs 2, 3). The resulting air-filled lacuna in both
species was observed at reasonably high ¥ (—1.55MPa for
S. haematodes and —2 MPa for S. pulcherrima), and did not corre-
spond to the ¥ at which embolism was first observed in the xylem
optically or by micro-CT (Fig. 2b,d). By contrast, the ¥ at which
the separation of the cortex from the vascular cylinder occurred
corresponded to the V¥ that marked the onset of a decline in
Koot (Fig. 4). As ¥ and K, declined, the air-filled lacuna
expanded to more than 20% of the cross-sectional area of the
stem before the formation of embolism in the xylem (Fig. 4).
Despite the large size of the air-filled lacuna isolating the cortex
from the xylem, cellular connections between these two tissues
were maintained by dispersed trabeculae (Fig. 3b). Once ¥ had
declined sufficiently to trigger the formation of embolism in the
xylem, more than 20% of the cross-sectional area of the stem was
air-filled lacuna (Fig. 3a,b). Using the micro-CT images, we fur-
ther calculated for both species the volume of water per unit leaf
area that was expected to be available from cortex shrinkage, espe-
cially given that we saw no change in the outer diameter of stems.
This was calculated from the area shrunken and the average
length of the shoot, from the initiation of drought to the onset of
embolism. This cortical shrinkage in S. haematodes stems was
found to be sufficient to supply 8.825 mol of water per m™> of
leaf area, while in S. pulcherrima it would supply 16.586 mol of
water per m ~ of leaf area before the formation of embolism.
Over the same period relative water content in shoots declined to
less than 50% before the onset of leaf embolism (Fig. 3¢,d).
Rehydration overnight was able to reverse the formation of the
air-filled lacuna before the formation of embolism in the xylem
(Fig. $2).

Xylem anatomy varied little between the two Selaginella
species, with only tracheid diameter being significantly narrower
in 8. pulcherrima S. haematodes (Table 1).

compared  to
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Microscopy revealed differences in cell wall thickness and chemi-
cal composition between the epidermis, outer and inner cortex,
pericycle, phloem and xylem tissues (Fig. 5). In both species, the
lignin signals were largely similar based on Auramine O and aut-
ofluorescence at 340-380 nm excitation (Fig. 5a), but different
intensities were visualized across tissues. Both species showed
strongest lignin signals in xylem, and strong Auramine O signals
were also found in the cortex, especially in the thick-walled outer
cortex and hypodermis. In addition, the cuticular and/or outer
epidermis, and the pericycle exhibited strong autofluorescence
signals at 340-380 nm excitation (Fig. 5a), which was most pro-
nounced in S. pulcherrima, and also visible at leaf traces (arrows
in Fig. 5a). The differences between the two lignin visualization
techniques suggest that the xylem and nonxylem tissue have dif-
ferent lignin compositions, which is in line with Weng ez al,
(2008), who reported p-hydroxyphenyl (H), guaiacyl (G) lignin
and syringyl (S) lignin in the cortex, but mainly G lignin with
traces of S lignin for the xylem of Selaginella moellendorffii. The
green emitted light after Coriphosphine O treatment was largely
found at the same locations (i.e. xylem and outer cortex) and
with comparable relative intensities as the Auramin O signals
(Fig. 5a,b).

Astra Blue, which is characteristic for hemicellulose except for
mannans, stained all tissues but not the xylem (Fig. Sc—e). The
strongest hemicellulose signals were found in the phloem and
pericycle of both Selaginella species (Fig. 5d), but S. pulcherrima
also displayed Astra Blue signals in the inner cortex close to the
stele (Fig. 5e). Red Coriphosphine O signals and Ruthenium Red
signals, which stain esterified and unesterified pectins, respec-
tively, were present in the inner cortex (Fig. 5b) and endodermis
(Fig. 5f). Ruthenim Red stained the phloem, pericycle, endoder-
mal trabeculae (Fig. 5f), inner and outer cortex, and the epider-
mis. Only a weak Coriphosphine O pectin signal was visible in
the xylem as well as in the outer cortex and epidermis (yellow,
mixed colours in Fig. 5b), suggesting different distribution of the
two pectin types. The trabeculae were the only structures not hav-
ing any lignin signals in contrast to the xylem tracheids, which
showed no hemicellulose (Fig. 5c—¢), the lowest pectin signals
(Fig. 5¢,f) and the strongest lignin signals (Fig. 5a,b).

Discussion

The risk of hydraulic failure during acute water stress is known
to place limits on the geographic distribution of species (Choat
et al., 2012), such that in seed plants embolism resistance can
be linked to water availability and life history strategy. The
native habitat of the majority of terrestrial Selaginella species,
and previously described xylem anatomical and functional
traits in these species, suggest that Selaginella species are not
highly resistant to embolism formation. Here, we demonstrate
that the xylem conduits in two terrestrial Selaginella species,
native to tropical rainforest, are more resistant than expected
based on plant habitat or hydraulic vulnerability curves (Bro-
dribb & Holbrook, 2004). We encountered a sequence of
events occurring in Selaginella as drought progressed: stomatal
closure, separation of the cortex from the vascular cylinder

© 2020 The Authors
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Fig. 2 The response of mean shoot hydraulic conductance (closed circles, £SE, regressions in fine black lines), accumulated percentage of embolized xylem
area observed in three stems based on the optical method (gray lines) and embolized cross-sectional xylem area observed by micro-CT (open circles,
regressions in heavy black) to a decline in leaf water potential in Selaginella haematodes (a) and S. pulcherrima (c). Representative transverse images of
shoots during desiccation are depicted for S. haematodes (b) and S. pulcherrima (d); labels below correspond to the water potential at which the shoot was
scanned, white arrows indicate the air-filled lacuna and black arrows indicate embolized tracheids (bar, 500 um). Equations for regressions are given in
Supporting Information Table S1.
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Table 1 Mean (n =50, =+ SE) xylem anatomical and hydraulic traits mea-
sured in the shoots of Selaginella haematodes and S. pulcherrima; P-val-
ues for Student's t-tests are also shown.

S. S.
haematodes  pulcherrima
Trait Mean SE Mean SE P-value
Pit membrane thickness (nm) 262 75 310 60 0.61
Tracheid diameter (um) 20.61 2.05 17.44 0.99 0.17
Hydraulic tracheid diameter 11.97 078 9.7 0.79 0.04
(um)
Maximum Kshoot 13.06 1.85 2893 3.54 <0.0001
(mmolm=2s~"MPa™")
W of first optical embolism —-2.48 0.16 -2.87 032 033
Pso.hydrautic (MPa) —1.43 027 -223 034 <0.01
Pso-optical (MPa) -298 004 -457 029 0.006
Pso.uct (MPa) —-3.57 0.12 —-4.69 0.25 <0.001

concomitant with declines in whole K}, a reduction in cor-

tical cell volume, and finally the formation of embolism in the

stem xylem.
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Declines in hydraulic conductance and embolism formation

Maximum rates of K, and g in the two Selaginella species
measured here are similar to those reported in some angiosperms
(Brodribb & Holbrook, 2004; Sack & Holbrook, 2006). The
difference in K0 between both species corresponded to species
differences in maximum rates of leaf gas exchange, with
S. pulcherrima having the highest Koo and g. In most seed plant
species, declines in Koo, are associated with the formation of
embolism in the xylem (Brodribb et @/, 2016b), but declines in
hydraulic conductance driven by changes to the pathways of
water outside the xylem have also been reported to occur at high
Y in angiosperm leaves (Scoffoni ¢t al, 2017) and roots (Cuneo
et al., 2016, 2020). Here we demonstrate that considerable (up
to 80%) reductions in Koo in two Selaginella species precede
embolism formation. Visualization of the internal anatomy of
the stem by micro-CT revealed that, similar to desiccation-toler-
ant ferns (Holmlund ez 4/, 2019), a physical separation between
the cortex and the vascular cylinder occurred when ¥ declines in
Selaginella. Unlike in desiccation-tolerant ferns, the large, air-
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(d) Selaginella haematodes
Fig. 3 Transverse slices from micro-CT scans
Q 100 of a stem of Selaginella pulcherrima at a
< [ I moderate water potential (—0.8 MPa) (a)
E 90 %S e and the same stem dehydrated to —4.1 MPa
€ ‘ (b) scanned 10 mm below the original
g & ... scanned area. Considerable shrinkage of
§ 0 P cortical cells and separation of the cortex
g from the central vascular cylinder can be seen
C ) in the dehydrated stem as well as embolized
2 60 ) :
2 xylem elements and trabeculae traversing the
% 50 ' [ ] lacuna (scale bar=200 um). OC, outer
14 o cortex; IC, inner cortex; L, lacuna; T,
40 . . . trabeculae; Ph, phloem; X, xylem. Pressure—
0 -1 -2 -3 -4 -5 g volume curves for S. pulcherrima (c) apd
S. haematodes (d) (data pooled from five
Leaf water potential (MPa) shoots).
© 2020 The Authors
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Fig. 4 The degree of endodermal separation or lacuna cross-sectional area, as a percentage of stem cross-sectional area (open circles), and the response of
mean shoot hydraulic conductance (closed circles, + SE) to declines in leaf water potential for Selaginella haematodes (a) and S. pulcherrima (b). Black
lines depict generalized additive models with gray lines depicting the bands of the 95% confidence interval. The vertical red line represents the mean water

potential of incipient embolism in the xylem observed by the optical method.

filled lacuna in Selaginellaforms at high ¥ before embolism
formation and is the result of water loss and cell collapse in
the cortex, not from the vascular tissue collapsing within the
vascular cylinder. We suggest that the formation of this air-
filled lacuna during dehydration is the primary cause for the
80% reduction in Koo before the onset of embolism in
these two species of Selaginella. This is similar to the separa-
tion and collapse of the cortex in Vitis roots leading to sub-
stantial declines in root hydraulic conductance in the early
stages of drought (Cuneo er al, 2016, 2020). We also suggest
that the limited connection through trabeculae between the
vasculature and the cortical tissues probably accounts for the
observed lack of complete decline in Ko until embolism
formation. In Selaginella, for xylem water to irrigate photo-
synthetic tissue it must traverse the endodermis via these tra-
beculae. Declines in outside-xylem hydraulic conductance due
to reduced membrane permeability, which was not assessed in
this study, cannot be ruled out as an additive explanation for
declines in Koo, (Scoffoni et al, 2017). These events have
only been observed in angiosperms at high ¥, and in both

© 2020 The Authors
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Selaginella species measured here we report a period of declin-
ing ¥ to — 2 MPa where we observed no decline in Koo
Given that both species in our study are native to tropical rain-
forest understory environments, where periods of soil water
deficit are exceptionally rare, we hypothesize that the large vol-
ume of water lost from cortical collapse plays a critical role in
extending the period of time these plants can survive excursions
in VPD. We calculated the time taken for stems to lose this corti-
cal water, and therefore reach a ¥ sufficient to induce embolism,
in the absence of recharge from soil water. We found that
S. pulcherrima is likely to survive a VPD of 3 kPa for 4.3 h, solely
on the supply of water from the cortex, while S. haematodes could
survive for 2.3 h (Fig. 6). These temporal ranges may seem lim-
ited, but are based on the unlikely assumptions that soil water
potential was low, and the cortex of the extensive, underground
rhizome did not contribute any water, and therefore they repre-
sent considerable underestimates of this time period. In addition
to the unlikely event that these Selaginella species ever rely solely
on cortical water for survival, excursions in VPD to this extreme,
at ground level in the tropical understory are exceptionally rare,
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or nonexistent, with the highest VPD in such environments
rarely exceeding 1.5 kPa (Motzer et al., 2005; Bujan ez al., 2016).
Ata VPD of 1.5 kPa, these species could survive on cortical water
alone for 10 and 5h, respectively (Fig. 6). Consequently, we
would argue that cortical collapse and resistant xylem together
provides the ideal mechanism for Selaginella plants to survive
diurnal excursions in VPD, or even short periods of soil water
deficit, with stomata that cannot close sufficiently. It is also
tempting to speculate that the highly resistant xylem of
Selaginella may have also evolved to protect species from rare
episodes of drought, which can also occur in tropical forests
(Powers et al., 2020).
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Fig.5 Light and fluorescence images of stem
cross-sections of Selaginella haematodes (a—
d) and S. pulcherrima (e, f) after staining
with Auramine O (lignin; a), Coriphosphine
O (esterified pectins; b), Ruthenium Red
(unesterified pectins; c—f), Astra blue
(hemicellulose; c-e), lignin autofluorescence
was captured at 450-490 nm under UV
excitation (a). A false color image is shown in
(a) (yellow = auramine;

blue = autofluorescence; bright

white = merged strong signals), while (b)
represents a true color image (orange and
red = pectin, bright green =lignified cell walls
of xylem). Arrows in (a) and (e) point to leaf
traces. Chloroplasts are visible as green,
granular structures in (f). OC, outer cortex;
IC, inner cortex; Pe, pericycle; Ph, phloem; X,
xylem; En, endodermis; T, trabeculae; L,
lacunar cavity; PX, protoxylem.

The presence of pectins and hemicellulose in cortical cell walls
may explain why the inner cortical cells of Selaginella are capable
of losing a vast volume of water, and recovering on rehydration,
as hemicellulose and pectins are known as cell wall compounds
strongly responding to (de)hydration (Caffall & Mohnen, 2009;
Voragen ez al., 2009; van Doorn ez al., 2011; Brulé ez al., 2019).
Leroux et al. (2015) found hemicelluloses such as galactan and
xyloglucan in the phloem, and xyloglucan as well as galactan in
the cortex of Selaginella grandis based on immunohistochemistry,
confirming our findings based on less specific stains. The stem
xylem of the two Selaginella species was found to be surprisingly
resistant to embolism formation, contrary to our initial

© 2020 The Authors
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Fig. 6 The relationship between the time (h) taken for a stem to reach the
water potential of incipient embolism and vapor pressure difference (kPa)
in Selaginella haematodes (closed circles) and S. pulcherrima (open
circles). The calculation of time assumes shoots rely solely on cortical water
and not a supply from the soil, and that stomata were closed.

hypothesis based on published xylem traits, hydraulic function
and habitat preferences of these two Selaginella species. Highly
resistant xylem (xylem in which embolism does not form until at
least — 5 MPa) has been described for the stipes of several fern
species (Pittermann e al., 2011; Brodersen et al., 2014, 2016),
and here we further indicate two Selaginella species with xylem
that does not embolize until — 3.0 MPa. Such high xylem resis-
tance to embolism formation in both Selaginella species may be
due to relatively thick interconduit pit membranes. Both species
fell on the relationship between embolism resistance and pit
membrane thickness reported in angiosperms (Li ez al, 2016).
Furthermore, syringyl (S) lignin is synthesized in species of
Selaginella, following a different pathway from the biosynthetic
pathway of seed plants (Weng ez al, 2008, 2010, 2011). The
ratio of S:guaiacyl (G) monomers composing lignin has recently
been related to embolism resistance and leaf lifespan in species
native to seasonally dry rainforests, with species with high rates of
S monomers forming lignin with high xylem resistance to
embolism (Lima et al, 2018). The differences we observed
between the two lignin visualization techniques suggest that the
xylem and nonxylem tissue in Selaginella have different lignin
compositions, which is in line with Weng ez al, (2008), who
reported p-hydroxyphenyl, G lignin and S lignin in the cortex,
but mainly G lignin with traces of S lignin for the xylem of
Selaginella moellendorffi.

A major question is why would species adapted to ever-wet
tropical forests evolve xylem that is quite resistant to embolism
(McElwain, 2011)? In angiosperms there can be a substantial
variation in embolism resistance across species native to tropical
rainforests (Trueba ez al, 2017; Zeiger et al., 2019). In some
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instances, this is because tropical rainforest species have distribu-
tions that extend into seasonally dry habitats (Trueba et al,
2017). In Selaginella species it is likely that resistant xylem
evolved because of inefficient stomatal closure, as a means of pro-
longing the period of time plants can draw upon cortical water
after the imposition of high VPD and before the formation of
lethal embolism. Given that resistant xylem has been observed in
mesic species from the two earliest diverging extant vascular land
plant clades (Pittermann et al, 2011; Brodersen et al., 2014,
2016), it is tempting to speculate that the earliest xylem in the
common ancestor of vascular plants, and possibly the earliest
plants on land, was equally resistant to embolism formation. We
do not yet know what precise features of the xylem of Selaginella
allow it to be so resistant to embolism formation. However, the
lack of pre-existing air-filled tracheids in the xylem, from which
embolism could spread during drought, might contribute to the
high embolism resistance. In seed plants, the first embolism
events are often observed near more vulnerable primary xylem

(Choat et al., 2016).

Early stomatal closure during leaf dehydration precedes
declines in hydraulic conductance and xylem dysfunction

In both Selaginella species stomatal closure occurred before decli-
nes in both Ky, and the formation of embolism. This mirrors
observations across vascular land plants (Brodribb & Holbrook,
2004; Martin-StPaul et al, 2017; Creek et al, 2020), and
emphasizes the strong selective pressure for stomatal closure
before embolism formation (Cardoso et al., 2018). A striking dif-
ference between the observations of the two Selaginella species
here and most other vascular plants is the high rate of minimum
leaf conductance (>0.03 mol m 25~ !). Given such high rates of
minimum leaf conductance, which could either be due to incom-
pletely closed stomata or a highly permeable cuticle (Duursma
et al., 2018), without a mobile pool of water like that found in
the cortex, these two Selaginella species would probably be con-
fined to an aquatic environment.

Like many species of lycophyte and fern (McAdam & Brodribb,
2012; Cardoso ez al., 2019), the two species of Selaginella observed
here have no appreciable stomatal sensitivity to endogenous ABA
during drought, as demonstrated by the rapid increase in g response
to instantaneous rehydration, despite high levels of ABA. The lack
of stomatal sensitivity to endogenous ABA during drought is widely
reported across the genus Selaginella, with similar observations docu-
mented in Selaginella kraussiana (McAdam & Brodribb, 2012) and
Selaginella uncinata (Brodribb ez al., 2017), despite an early report
of stomatal responses to exogenous ABA application in the latter
species (Ruszala ez al, 2011). The ability of g in both Selaginella
species to recover in minutes to maximum rates of gas exchange after
instantaneous rehydration from a drought stressed state suggests that
endodermal separation may repair rapidly on rehydration, although
further work would be required to demonstrate this. It has been
argued that the evolution of stomatal sensitivity to ABA was instru-
mental for lineages of seed plants to invade extremely dry, seasonal
environments, without investing in highly resistant xylem. Species of
Pinus, for instance, provide an excellent case supporting this
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argument (Brodribb ez al, 2014). There are, however, many lyco-
phyte and fern species that have extremely low rates of minimum
leaf conductance, a trait commonly observed in epiphytic species,
which tolerate periods of prolonged desiccation (Schuster ez al,
2017). There might be a stomatal safety—efficiency trade-off in
species of early diverging vascular land plants that have a passive
hydraulic regulation of stomatal aperture in response to changes in
leaf water status, whereby species adopt either low maximum rates
of gas exchange and concurrent low rates of minimum leaf conduc-
tance, or high rates of maximum gas exchange coupled with high
rates of minimum leaf conductance (as observed here) (Henry ez al,
2019). Exploring exceptions to this stomatal efficiency—safety trade-
off in species of early diverging vascular land plant is essential. The
evolution of functional stomatal sensitivity to endogenous ABA in
seed plants might have allowed them to escape this trade-off, attain-
ing high rates of leaf gas exchange in seasonal environments, while
relying on metabolic stomatal closure driven by ABA, to ensure
minimum rates of leaf conductance during drought events.

Conclusion

Our results suggest that resistant xylem may be an ancestral trait
in vascular plants and that large volumes of water lost from the
cortex of the stem of Selaginella (up to 50% relative water con-
tent) probably sustains plants with high rates of minimum leaf
conductance during excursions in VPD. A high capacitance in
the cortex may also be an ancient strategy of vascular land plants.
There is a well-documented and distinctive inner and outer cor-
tex, reminiscent of the anatomy of Selaginella stems, found in the
fossilized stems of the lycophyte ancestor Asteroxylon from the
400 million year old Rhynie Chert (Kidston & Lang, 1920). Fur-
ther studies of embolism resistance across lycophytes and early
diverging ferns will provide considerable insight into the origin
and evolution of embolism resistance and drought survival mech-
anisms in vascular plants (Rowe, 1988; Klaus ez 4/, 2017).
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