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Resurrection plants have fascinated scientists since ceunties as they can fully recover
from cellular water contents below 10%, concomitantly showng remarkable leaf
folding motions. While physiological adaptations have beemeticulously investigated,
the understanding of structural and mechanical adaptatios of this phenomenon

is scarce. Using imaging and bending techniques during detdration-rehydration

experiments, morphological, anatomical, and biomechan@&l properties of desiccation-

tolerant Ramonda myconi are examined, and selected structural adaptations are
compared to those of homoiohydrous Monophyllaea hors eldii (both Gesneriaceae).
At low water availability, intact and cut-offR. myconi leaves undergo considerable
morphological alterations, which are fully and repeatedlyeversible upon rehydration.
Furthermore, their petioles show a triphasic mechanical bevior having a turgor-based
structural stability at high (Phase 1), a exible mechanidly state at intermediate (Phase
2) and a material-based stability at low water contents (Pl 3). Lastly, manipulation
experiments with cut-off plant parts revealed that both theshape alterations of individual
structures, as well as, the general leaf kinematics largelely on passive swelling and
shrinking processes. Taken togetherR. myconi possesses structural and mechanical
adaptations to desiccation (in addition to physiological @aptations), which may mainly
be passively driven by its water status inuenced by the wate uctuations in its

surroundings.

Keywords: desiccation tolerance, functional morphology, le af folding kinematics, plant biomechanics,

resurrection plants

INTRODUCTION

About 400 million years ago plants left water and conquered I&ince then, land dwelling plants
have been challenged by an exposure to a dry atmosphere, as vielhasociated water stresses. As
a consequence, they have evolved various adaptations te emddninimize water-de cit stresses
and the related negative e ect8§teman et al., 1998; Luttge et al., 208uch adaptations include
the production of drought-tolerant seeds and spores, the ldgwveent of a water-proof cuticle with
stomata and water-storing tissues, or the exploitation cfevater sources with extensive root
systems Bewley, 1979 One of the most extreme adaptations to drought is termedadasion
tolerance (DT) and can be observed in poikilohydric plant seecivhich include the resurrection
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Kampowski et al. Adaptations to Desiccation inR. myconi

plants in angiospermd (ittge et al., 200)1In contrast to drought water storage capacities of the substrates, as well as, high
describing the condition of low environmental water avhilily,  exposure to external mechanical loads caused by wind, rain an
desiccation is de ned as the state, in which a plant has losstmorock fall (Stevanow et al., 1997; Draziet al., 1999; Riba et al.,

of its cellular water, resulting in an absolute water contefi 2002; Jovanoviet al., 2011; Raikket al., 2014a)bLike other DT
0.1g HO g ! dry mass (which is equivalent to air-dryness atGesneriaceadR. myconishows both specialized physiological
50% relative humidity (RH) and 2@ with a corresponding water and structural properties to survive under such harsh cowodisi
potential 100 MPa) (ljin, 1957; Vertucci and Farrant, 1995 (Navari-lzzo et al., 2000; Gechev et al., 23013

Therefore, desiccation-tolerant organisms are alwaysight Here, we focus on structural and mechanical adaptatior. of
tolerant, with the opposite not necessarily being triéopre  myconiby analyzing its kinematical, morphological, anatomical,
etal., 2008 and biomechanical properties. First, we performed qualigativ

Poikilohydric species can be found in non-vascular (e.ggehydration-rehydration experiments (DREs) on inta&.
algae, bryophytes) and vascular plants (e.g., ferns and,allienyconi plants to understand how their general morphology
angiosperms)Hroctor et al., 1998; Oliver et al., 2)0Moreover, is aected by changes in water availability. Afterwards, we
one discerns in DT plants homoiochlorophyllous (HDT) related water content alterations to the respective plaigtsue
and poikilochlorophyllous (PDT) species. While HDT plantsarchitecture by combining DREs with anatomical analyses.
generally keep their chlorophyll during severe droughts,TPD Similarly, we explored how plant stability varies with chasmge
plants reversibly degrade their chloroplasts to desiccoplasti® water content. Therefore, we investigated the biomedw®n
thereby losing their chlorophyll completelyr(ba et al., 1994; properties ofR. myconipetioles using bending tests during the
Sherwin and Farrant, 1998; Farrant et al., 200hus, HDT  DREs. Additionally, we investigated K. mycor$ adaptations
plants are primarily adapted to survive frequently occurrihgis  to desiccation also include structural means by using a set
and moderate dry periods, whereas PDT plants, although beingf manipulation experiments. Finally, we evaluate how the
less exible due to time-consuming metabolic rearrangetagn structural and biomechanical traits contribute to the desition
are able to survive prolonged phases of severe dehydration.  tolerance oR. myconi

Both HDT and PDT species may have morphological traits
or may perform macroscopic plant movements, which minimize
the total amount of transpiration and optimize the plants MATERIALS AND METHODS
surface to volume ratio, e.g., by possessing small hairedeavPlant Material and
a §r’r_1a|l ha_bitus, and leaf folding or rqlling in mgvementsl Al Dehydration-Rehydration Experiments
poikilohydric plants possess adaptations contributing to the

replacement or the reduction of the cellular water conteag(, (DREs) )
1971: Farrant, 2000A concert of well-coordinated yet complex famonda mycor(L.) Rchb. (Gesneriaceae) was purchased from
interactions of physiological, biochemical, and structuraKa'SerSt”hler Staudenhof (Menton GdbR, Eichstetten, Gegman

adaptations prevents such plants from permanent dehydratior@nd cultivated inacold greenhouse (€1 64% relative humidity,
and rehydration-induced damages. On a physiological an H) of the Botanlg Garden of the University of Freiburg.
biochemical level, for the preservation of the cell integtitree  'N-DEWeen test periods, all plants were kept at well-watered
mechanisms have been commonly observed and referencgﬂnd't'ons' The DRES followed a generah_zed Setup comprising
to: (1) detoxi cation of reactive oxygen species (ROS), (2 2-days dehydration and 5-days rehydration. At the end of da

synthesis of late embryogenesis abundant (LEAs) and small h 2, the beginning of the rehydration period, all plants were

shock proteins (SHSPs), and (3) the concentration of sugaimultaneously irrigated to eld capacity. During each DRE,

(e.g., sucrose or trehalosé)l¢millo et al., 1995: Farrant, 2000; Increasingly dehydrated samples were collected at days 0, 3, 4
Kranner et al., 2002 So far, structural adaptations of HDT and 5,6,7,10,11, and 12, whereas progressively rehydratedesampl
PDT species have not been investigated in detail, and ougoarr WETe 9athered at days 12.5, 13, 13.5, 14, and 17 (test ilsferva
knowledge is mainly based on the afore-mentioned macroscopon!y mature plants showing no visible leaf or petiole damage
movements, as well as, on concomitant ultrastructural well ~ Vere subjected to experiments. For additional comparative

folding (Vicré et al., 1999, 2004; Farrant, 2000 Moore et al.r’nea:surementsh/lonophyllaea hors eldiR.Br. plants (accession-
200§ no.: 13885; IPEN: xx-0-BONN-13885; herbarium-no.: 1727),

The HDT gesneriadRamonda myconigrows on rocky were cultivated according t&k@mpowski et al., 20)7

substrates in the Pyrenees and regularly faces extreme .
temperatures and high insulation due to high altitudes andQEIanve Water Content (RWC)
sparse vegetation, periodically occurring droughts due tw lo Measurements

Circular discs with a diameter of 3mm were punched out of the
Abbreviations: AO, acridine-orange; DRE, dehydration-rehydration experiment; laminae using an arc punch (Matador, Remscheid, Germany) to
DT, desiccation tolerance; DW, dry weight; FW, fresh weight; HDT,gather leaf samples &. myconiwhereas petioles were cut with
homoiochlorophyllous desiccation tolerance; IQR, interquartile ranggAs, razor blades each into four equa”y Iong sections, with thaalct

late embryogenesis abundant (proteins); PDT, poikilochlorophyllowsscdation . .
tolerance; RH, relative humidity; ROI, region of interest; ROS, reaaixygen sample Iengths dependlng on the total length of the reSpeCtlve

species; RWC, relative water content; sHSPs, small heat shockngrofes, petiole. Each sample was weighed (UMT2 high-precision
toluidine-blue; TW, turgescent weight. balance, Mettler-Toledo, Greifensee, Swiss) immediatiér a
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excision to determine its fresh weight (FW). Afterwardse th Brennenstuhl, Tibingen, Germany) and the freeware Yawcam
sample was dark incubated in distilled water for 2h at RT tqv0.5.0, by Magnus Lundvall) at frame capturing rates of 1&a
reach its turgescent state and measure its turgescentt@gh  h 1 and 12 frames h! for dehydration and rehydration phases,
having removed all of the excess water in advance. Lastly, thespectively. All acquired images were converted to timeelaps
sample was dried for 24 h at 80 in a heating cabinet (TK/L4250, videos (playback rate 30 fps) using ImageJ (v1.50b, U.S. National
Ehret, Emmendingen, Germany) and weighed a third time tdnstitutes of Health, Bethesda, Maryland, USA) (S&keo SJ).
determine its dry weight (DW). A detailed description for the

calculation of RWCs from the respective fresh, turgescentand Anatomy of R. myconi Petioles During
weights can be found iampowski et al. (2017 o investigate DREs

Iocauon-spec.l city, RWCs from .f°“T Ia}mlna S?mp'e pairs (Or.]eFresh cross-sections (1660 thickness) ofR. myconipetioles
left and one right sample per pair within a basipetal progression

of the pairs) and four petiole samples (basipetal progression grere prepared using a hand microtome (MT.5503, Euromex

the petiole samples) were measured and compared at each tﬁ%slf: roscopen, Arnhem, Netherlands) and analyzed according to

. ; : S eir tissue speci ¢ cell area changes at varying water cisite
interval during a generalized DRE (three replications). The plants (\'% 10) were kept at 2:?: and 64‘% R?—i throughout

Light Microscopy one generalized DRE (one replication). At every test interval,
T . . . ) one petiole per plant was sampled and embedded in elder
Transverse and longitudinal petiole and lamina thin secsiaf ith th)) facilitgte trF:e thin sectionirﬁ) rocedure with the hand
R. myconileaves were stained with 0.05% aqueous tOIUidinerqnicrotome All thin sections wereg i?nmediatel imaged with
blue (TB) or with 3% aqueous acridine-orange (AO) after stereo rﬁicroscope (SXZ9 with DF PLAPO nyob'(gactive
embedding in a methacrylate-based resin (Technovit 720(% . . . ) ’
lympus, Tokyo, Japan) equipped with a digital camera (PL-

Kulzer, Wehrheim, Germany) according to the manufacturer . .
speci cations. The embedded samples were cut with a thickne 5685C4’ PixeLINK, Ottawa, Canada) using the softwaBeope

of 5mm using a custom-build rotary microtome (Technical v20.1, IMJ ]';SOIL:“OS Ir:jc.h(\?\;gﬂwa, Canada).tPetglel retﬂ'mth'
Workshop, Institute of Biology Il/1ll, University of Freibuyy, were used for standar measurements. Only the thin

Germany), stained with TB or AO staining solutions for sections ofhighestquali_ty per petiole were digi.tally proadeﬁ:me
30s, washed with distilled water and permanently mounted or':|he sub;gquent gnatomlcal analyses (88 cuts in total)rnges
microscope slides using Entellanmounting medium (Merck were digitally oriented and converted to gre_lyscale using GIMP
KGaA, Darmstadt, Germany). We used two di erent microscopy(v.2'8'16’ 2001-2016 the Gl.MP Te_am). Add|t|ona!ly, contraslt_ a
settings according to the di erent staining procedures: (B T brlgh.tness levels were adjusted.m order to famhtgte tlsege
thin sections were examined using transmitted light, andl (2SIDeCI ¢ cell area measurements in !mageJ. As region of wttere;:
AO-stained thin sections were imaged under uorescentﬂigh(ROI)’ the area between the adaxial and abaxial cross-sectio

applying excitation and emission wavelengths of 494 nm angord(_ers and two parallel lines being tangents to the edgeisaf t
ibamally located curved vascular bundle complex was arhlyze

518 nm, respectively. All images were acquired with a BX6. . . . .
microscope (Olympus, Tokyo, Japan) equipped with a digital{] all petiole sectionsKigure 1Q. Inside this ROI, the areas of

camera (DP71, Olympus, Tokyo, Japan) using the cellP softwad%n rrarr:tdtc_)mly sellect(:d cerlls vtvere quanti ed for each of these
(v2.8, Olympus, Tokyo, Japan). Additionally, fresh crossises L erentlissues layers per cut.
of petioles and laminae were stained with Phloroglucin-HCI to

evaluate ligni cation patterns (séegure S3. Petiolar Biomechanics of R. myconi During
DREs

Water-Dependent Changes in Morphology One petiole per plantN D 30) was tested in three-point

of R. myconi bending measurements at every test interval during a géineca

Morphometry of Petioles During DREs DRE (one replication). Prior to bending, each sampled leaf

Ten morphometric parameters were measured on both leafads measured morphometrically (see section Morphometry of
lamina and petiole samples across all DREs with a caliper arfRetioles During DREs) before the lamina was cut o and
assorted according to their respective RWCs: the length anifieé petiole was placed onto custom-made specimen holders
width of the leaf lamina; the basal, median and apical thiskne (Technical Workshop, Institute of Biology II/1ll, Universitof

of the leaf lamina; the thickness of and between rst ordénse Freiburg, Germany) on the universal testing machine (lostr

and the length, height, and width of the petiole. 4466-10 kN, with a retro t kit to inspect-DC standard, Hegdaia
and Peschke Mess- und Priiftechnik GmbH, Nossen, Germany).
Leaf Folding Kinematics of Whole Plants During DRE All bending measurements were conducted with a 2.5N force

The leaf folding kinematics of a wholR. myconiplant was sensor, a testing velocity of 1 mm mihand a total displacement
analyzed in a 20-days dehydration and 4-days rehydratitupse of 1 mm per test. For each test, the spacing of the supports was
at 21 C and 47% RH. The experiment was replicated four timesnaximized to achieve the highest possible length-to-di@met
and was the only one which did not follow the generalizedratio, thereby minimizing the in uence of shear forcedgiicent,
DRE setup. Single images were acquired from lateral and tai®92. If plants were not mechanically testable due to severe
views using digital USB microscope cameras (Conrad, Hirschawater-loss induced slackening, the measurements on sucksplan
Germany), portable spotlights (Jet-Light ELH 38 IP 54, Hugavere continued at the next possible test interval in the farth
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course of the DRE. Directly after bending, three petiolarehydration with identical imaging settings. One leaf went
cross-sections (from basal, median and apical origins) wertlirough three consecutive dehydration-rehydration cgdleycle
prepared manually and imaged using a digital USB microscop& 3-days dehydration and 3-days rehydration; cycle 2:y%&da
camera (Conrad, Hirschau, Germany) and the software Yawcardehydration and 4-days rehydration; cycle 3: 4-days dediyain
Subsequently, the images were oriented and cut out digitalland 3-days rehydration) to evaluate the reversibility o€ th
using GIMP in order to analyze their axial second moments ofolding and shrinking behavior. Finally, the acquired ineagvere
area (hy) using ImageJ together with the BoneJ plug-in (v1.4.1¥onverted to time-lapse videos using ImageJ (gekos S2
(Doube et al., 2090 Petiole remnants were used for standardS3. Additionally, the role of the venation system in context o
RWC measurements. Finally, the structural bending elastileaf folding and shrinking was analyzed in another waterktan
modulus was calculated in GNU R (v.3.2.5) using EquatioR 1 (DRE setup testing leaves with excised laminae Y4deo S49.
Core Team, 2016 Afterwards, the lamina parts and the venation system of orte cu
o leaf were separated, clamped in-between transparent plastic
petri dishes, and video captured to individually evaluateirthe
contributions to the 2D motions occurring during dehydrati
and rehydration (se&/ideo S5. Finally, freshly cut-o leaves
with b being the slope of the displacement-force diagrdg, were pinned with their laminae to a vertically positioned woonde
being the axial second moment of area from the BoneJ analysgiaink and weighed with 1, 5, and 10 g mass objects attached to
and L being the spacing length between the supporting pointsthe respective petiolesigure 6T). Both the shortening of the
However, since the petiole diameters strongly varied due t&€RWpetioles, as well as, the resulting forces during shrinkagee w
changes during the DRE, it was impossible to maintain constarnietermined qualitatively to gain rst insights into the puliin
length-to-diameter ratios throughout the course of berglin forces required for the retraction of the leaves toward tthei
measurements. Therefore, the structural bending moduliewervegetation point.

normalized to the median structural bending modulus of fully

3

E(MPa) D 7(48 b Im)

1)

turgescent petioles. Statistical Analysis

Two-tailed statistical analyses were performed with thensfe
Assessment of Structural Adaptations to GNU R v.3.2.5 including the additional packagear and
Desiccation psych(Fox and Weisberg, 2011; Revelle, 2015; R Core Team,

Starting with a speci ¢ drying experiment, the general stawat ~ 2016. Primarily, we analyzed our datasets using descriptive
regeneration capacity dR. myconipetioles was compared to statistics after having checked the assumptions for nogmall
that of hypocotyl sections of the closely-related desiocati distributed data (Shapiro-Wilk test) and homoscedastioityhe
intolerant M. hors eldii (one replication). Particularly, petiole variances (Levene test) in advance. As average and dispersion
and hypocotyl samplesN( D 10) were imaged (EOS 400D characteristics, we either used mean and standard dewmitio
SLR camera, Canon, Tokyo, Japan) and weighed (UMTRarametric or median and interquartile range for non-paranet
High-precision balance, Mettler-Toledo, Greifensee, Jwisglata. Statistically signi cant di erences between di erguaints
directly after excision to determine their fresh weighta\(fF ~ of time or RWC states during DREs were analyzed in case of the
Subsequently, the samples were dried in a heating cabingtechanical and anatomical investigations performing Kriiska
(TK/L4250, Ehret, Emmendingen, Germany) for 8h at @0 Wallis tests due to non-parametric data (only groups witt»
Afterwards, all petiole and hypocotyl samples were submerségwere included in these statistical analyses; for groupsih
and dark-incubated in distilled water at RT for 24 h before th 5 only the measured values are given in the respective gures)
nal imaging and weighing steps (rehydrated weights, Rwsjiere, pairwise Wilcoxon rank sum tests with adjusiedalues
were performed. Finally, the percentage recovery (PR) valu€gsing Holm's method) were appliegbst-hocAn alpha level of
of R. myconiand M. hors eldii were quanti ed according to 5% was used for all statistical tests. All experiments haee be
Equation 2. randomized using simple randomization. All datasets forsthi
study are included in the manuscript affdble S1

RW
PR%)D =100 (?) RESULTS

Furthermore, the folding and shrinking behavior of cut-o Morphology and Anatomy of Fully

R. myconileaves was analyzed in several specic DREs (onBurgescent R. myconi Leaves

replication per type of manipulation experiment). Firstly, theln general,R. myconiplants possess a rosette-like growth habit
folding and shrinking behavior of cut-o leaves was compated consisting of larger leaves at peripheral and smaller, $jight
the behavior observed for intact plants. The cut-o leaveseve twisted ones in the center of the rosettédure 1A). Each plant
air-dried in an empty water tank and simultaneously imageddevelops several cylindrical in orescence stalks carrging or
from lateral and top view using the digital USB microscopewo violet owers. The thick and hairy leaf blades are typigal
cameras, portable spotlights and the Yawcam freeware meattionrhombic in shape and possess a reticulate venation pattern with
above at a frame capturing rate of 12 franmes. After pronounced secondary veins diverging from the midrib at dmal
dehydration, the water tank was ooded with tap water forangles Figures 1A,B Figure S). Higher order veins are less
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Adaxial Abaxial
view view

Apical —>

L4.2
D)

Lamina

< Basal

Petiole

P4 1cm

(D)

FIGURE 1 | Habitus, leaf morphology and anatomy oR. myconi (A) Cultivated owering plants. (B) Adaxial and abaxial view oR. myconileaves. Sampling areas for
the location-speci c RWC measurements are marked on the lanmia and petiole of the right leaf. L1-L4: apical to basal laménsampling areas [additional indices
indicate locations left (1) or right (2) from the midrib]; PP4: apical to basal petiole sampling areas(C) Cross-section of the petiole ofR. myconistained with TB. The
image highlights all tissue types and the ROI used for the a@mical measurements in each thin section. ABE, abaxial egermis; ADE, adaxial epidermis; LA, lacuna;
LP, large-celled parenchyma (with pronounced lacunae); SBmall-celled parenchyma; TZ, transition zone between vasilar and parenchymatous tissues; VC,
vascular complex; VS, vascular strand(D) Close-up of a longitudinal cut of the petiole showing the spal thickenings of the xylem vessels (AO staining).

pronounced. The petioles are typically longer in peripheral tharshows a large arc-shaped vascular complex (consisting of

in central leavesHigure 1A) and possess semi-circular cross-several fused vascular strands) at a central abaxial dogati

sections Figure 10). The cells of these petiolar tissue types ar@s well as, two or more isolated vascular strands close to its

more or less isodiametric in both axial and transverse dioec  edges Figure 10). Moreover, longitudinal petiolar thin sections
with the exception of the cells of the vascular tissues, whicteveal spiral thickenings inside the xylem vessElgure 1D).
are longitudinally elongated{gures 1C,Q Figure S2. Lignied  In-between the epidermal and vascular tissu&s, myconi

vascular tissues are easily distinguishable from othsuéisypes petioles have small parenchymatous cells (located abaxially an
after TB (dark-blue), AO (bright-yellow), or PhlorogluciiCl  densely packed) and large parenchymatous cells with regularly

(red) staining Figures 1C,Q Figure S3, as well as due to interspersed lacunae (located adaxially and loosely packsd)

their individual arrangement. Generally, all vasculastiss are well as, cells of varying shapes and sizes within a distinct

arranged in parallel orientation and close to the abaxia sifthe  transition zone (mainly surrounding the large vascular gdex)
petiole. Depending of the point of sectioning, each crossi@ect forming gradients between regions of cells with wide and oarr
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FIGURE 2 | Water status dependent folding kinematics oR. myconi Folding and shrinking ofR. myconiplants at 0 h (A), after 24 h (C), 48 h (E), 225h (G), and 450 h
(1) of dehydration. Unfolding and swelling oR. myconiplants after 20 h(B), 28 h (D), 52 h (F), 68 h (H), and 80 h (J) of rehydration.R. myconiis able to withstand
severe drought stress and re-establishes its normal shapepon rehydration. For reasons of simpli cation the graph deits the results of one representative

experiment.
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diameters Figure 10). Finally, the tissue arrangement of lamina TABLE 1 | Leaf morphometric alterations ofR. myconifrom full turgescence to
is typical for dicotyledons, comprising both palisaded and sgongdesiccation.

parenchyma cellsl, Whlch are interwoven py the abaX|aIIy dml;at Morphometry Median IQR Min. Max. N RWC
leaf veins and midrib Kigure S3. Interestingly, the lamina is parameters (mm)

wavy and possesses a complex adaxial texture originating from

the leaf's abaxial venation patterfigure 1B, Figure SJ. Lamina length 192 40 139 263 6 0-10%
Lamina width 16.6 3.7 152 204
Leaf thickness (basal) 22 0.8 11 2.2 6

Kinematical, Morphological, Anatomical, Leaf thickness (median) 14 03 09 18 6

and Mechanical Alterations During DRE Leaf thickness (apical) 05 01 05 06 6

We evaluated the leaf folding kinematics of wh&e myconi Vein thickness (1st 1.4 02 10 15 6

plants during a 20-days dehydration and subsequent 4-dayen)

rehydration test Figure2 and Video SJ). Fully turgescent Thickness between 05 01 04 07 &

leaves appeared hydraulically pressurized and consequently ‘&@"

sti. While central leaves were positioned upright, peripheral”¢telus length s 16 57 134

leaves were positioned parallel to the soil with their adaxiaf®t!us height 14 05 10 20

laminae facing upwardsF{gures 2A,). During dehydration Petiolus width 802 16 21 6

the leaf laminae rst began to slightly bend downwards-aminalength 874 143 155 690 173 >90-100%

(Figures 2C,B. Then, the petioles contracted and movedamina width 254 98 119 569 173
all leaves toward the center of the rosette, while at theafthickness (basal) 20 07 09 37 178
same time the petioles of peripheral leaves gradually behgafthickness (median) 1.5 05 07 30 173
toward their adaxial sides, thereby enclosing centralbaled —Leaf thickness (apical) 05 02 03 11 173
leaves [figures 2C,E,G,). Continued dehydration led to strong Vein thickness (1st 13 04 05 24 173
shrinkage and folding of the leaf laminae, which also resrs °'e"
the initially observed downward bendingriures 2G,). This ~ Thickness between 04 02 01 1l 173
complex folding and shrinking behavior d®. myconileaves vems

Petiolus length 19.6 8.6 5.4 395 173

nally led to a compacted habitus with abaxial leaf parts )
. . . L . Petiolus height 2.2 0.7 11 34 173
mainly facing outwards and with the majority of adaxial .
parts being centrally covered by the shriveled plant. Only oS Width 30 11282 B
after prolonged periods of desiccation (at least 420 h) thé leau parameters are presented as medians together with interquartile rangéIQR), sample
color in some cases changed from dark-green to brownistsizes (N) and minimum (Min.) and maximum (Max.) values.
Contrastingly, increasing water contents quickly expanttesl
veins of desiccated leaves, which ultimately resulted iilget
elongation and leaf unfoldingHigures 2D,F Videos S2-S}  petiole samples displayed uniform dehydration patterns showing
Simultaneously, the ongoing rehydration caused an in-plan&QR values below 5 and 0.5%, respectively, across all test
swelling of the lamina areas situated between the seconeéaryg intervals Figures 3A,B. On the other hand, the rehydration
(Figures 2D,H. Taken together, these processes fully reversquatterns of the lamina and the petiole samples clearly dier
the previously described dehydration-speci ¢ folding kinstas ~ with IQR values of 14 and 0.5%, respectively, across all
and re-established the initial shapes and positions of alldea test intervals Figures 3A,B. In the end, the afore-mentioned
(Figures 2F,H,J. dierences in local RWC values between dehydration and
The alterations of morphometric parameters measured duringehydration periods result from the fact that the apical lamin
all DREs show that the petioles®f myconunderwent a uniform parts recovered 41% less than the remaining leaf parts
3D shrinkage by simultaneously reducing their lengthsghts  (Figure 3A).
and widths by 40% {Table 1). On the contrary, the lengths of To quantify the inuence of water availability on the
the leaf laminae were reduced bys0%, whereas their widths petiolar tissue anatomy, we analyzed the tissue-speci ¢ aedl ar
were only reduced by 35% {Table ). Other morphometric alterations of petiolar cross-sections during a generdlR&E.
parameters did not show notable alterations. Both parenchymatous and epidermal tissues displayed sigri can
Furthermore, we performed location-specic RWC alterations of cell area with median relative changes batwe
measurements to identify water status dierences betweeB4 and 64%. Testing for signi cant di erences between cross-
distinct leaf parts and to monitor their variations througlio  sectional cell area and RWC values at given test intervals,
a generalized DRE. In general, local RWCs turned out to bthe Kruskal-Wallis analyses give the following results foe th
very consistent across the whole leaf during dehydration. Oadaxial epidermisX2 (6) D 23.61,P D 6.1710 4; for the
average, the RWC values varied by an interquartile rangabaxial epidermisx? (5) D 19.23P D 1.7410 3; for the small-
(IQR) of 5% around the median of any dehydration testcelled parenchymax? (7) D 68.38,P D 3.1310 1% and for
interval. During rehydration, the amount of variation arod  the large-celled parenchym?2 (6) D 30.57,P D 3.0610 °
the median per test interval increased to an average IQR dpairwise Wilcoxon rank sunpost-hodesting) Figures 4A-D).
31%. Moreover, the local RWCs of both the lamina and th&Vhereas, the cell areas of parenchymatous tissues changed
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instantly, the cells of epidermal tissues started to charigeg a wood planks and stressed by di erent gravitational loads,ever
a short delay in time Figures 4A-D. The parenchymatous analyzed. During dehydration, the petioles shrank considgrab
cells in the transition zone located around the curved véscu and “pulled” the attached loads upwards. A 1 g mass was pulled
complex did only change by 25.6%, which is a non-signi canupwards by 25 mm, whereas the 5 and 10g masses were pulled
decrease compared to the cell areas measured at full turgeessceupwards by 21 mmHKigure 6T). Hence, the dehydration-based
(Kruskal-Wallis test for transition zone? (4) D 6.42,PD 0.17; shrinkage ofR. myconipetioles generates “pulling forces” of at
pairwise Wilcoxon rank sunpost-hodesting) Figure 4B. Not  least 98.1 mN.
surprisingly, the ligni ed cells of the vascular complex desed
non-signi cantly in their cross-sectional area (medianative
change: 9.7%) (Kruskal-Wallis test for cells of the vasaylstem: DISCUSSION
X2 (6) D 6.45,P D0.38; pairwise Wilcoxon rank sumost-hoc
testing) Figure 4F). Living in shady ravines on northern mountain slopes in the
Finally, we found that varying water availabilities did notPyrenees, the herbaceous gesneRadnyconiis bridging long
only signi cantly in uence anatomical characteristicsthie leaf periods of unfavorable environmental conditions, i.e., hhig
tissues, but also the plant's mechanical stability (Kru$Kallis irradiance, high temperatures and severe water de cits, laimi
test, X2 (7) D 49.82,P D 1.5710 &; pairwise Wilcoxon rank to its Balkan relativesStevanow et al., 1997; Picé and Riba,
sum post-hoctesting) Figure 5. For each RWC interval, the 200). Especially, water availability is known as an important
structural bending moduliEyorm), Which have been normalized environmental factor in uencing population performance and
to the median bending modulus at RWCs 90%, showed a geographical plant distribution in Mediterranean regioisdott
triphasic behavior during the DRE consisting of a turgor-lthse and Pigott, 1993; Dafni and O'Toole, 1994Therefore,
structural stability at high (Phase 1), a exible mechaflicetate we investigated the inuence of water availability on the
at intermediate (Phase 2) and a material-based stabilitpvat morphology, anatomy and biomechanics Bf myconiwith a
water contents (Phase 3fiure 5. Starting at full hydration, special focus on structural adaptations to desiccation, (ieaf
Enorm decreased with decreasing RWC values until they reachddlding kinematics).
their minimum at a RWC of 40-50%. A further RWC decrease How does water availability a ect this general morphology
led to increasing values & om, Which exceeded the respectiveof R. mycor—At full hydration the leaves oR. myconi
values at full turgescence at RWCs below 2B#gi(e 5). were pressurized (turgescent) and sti, thereby taking up an
open posture, in which the plant may e ciently perform
. . photosynthesis (active posture). As soon as the externalrwate
Evaluation of Structural Adaptations of ~ R. availability diminished, the leaf RWCs gradually decreahesl
myconi to Desiccation to transpiration, which led to decreasing tissue and turgor
Comparative manipulation experiments were conducted wittpressures and manifested in visible leaf drooping duringyearl
cut-o petiole samples ofR. myconiand cut-o hypocotyl dehydration. Continued dehydration caused the contrattnd
samples of the less toleraM. hors eldii (also Gesneriaceae). upward bending of leaf petioles, as well as, lamina shrinkage,
After severe dehydration, the petiole sample®ofnyconiwere indicating that turgor and tissue pressures had decreased
able to regenerate about 79% of their initial mass by passienough to allow for more complex leaf kinematics. Eventyally
swelling (their initial posture seems also to be fully reced@r these dehydration-specic morphological alterations réssdl
whereadM. hors eldii hypocotyl parts could only recover about in a protective posture, in which the center of the plant
26% of their initial massHigures 6A—H. Moreover, cut-o whole is enclosed by the peripheral leaves, thereby protecting the
R. myconleaves showed exactly the same folding and shrinkingghotosynthetically active tissues and the central vegetatoint
as well as, unfolding and swelling kinematics after airialgy by minimizing their exposure to external stressors. Similar
and rehydration as described for the leaves of intact plantstructural adaptations are also found in other desiccation-
(Figures 2 6G—P and Video S2. These shape changes weretolerant speciesHarrant, 2000; Bartels and Salamini, 200l
fully repeatable as observed in one leaf during three conisecu date, several studies have demonstrated that Butimathaliae
dehydration-rehydration cycles, which lasted more thardags and R. serbicavere able to recover from RWCs below 10%
(seeVideo S3. Furthermore, another DRE with a cut-o leaf (Sgherri et al.,, 2004; Degl'lnnocenti et al., 200@arkovska
with all lamina parts being excised revealed similar foldinget al. (1994)further revealed that the recovery of structural
kinematics upon dehydration as observed in whole cut-o kv changes inR. serbicaccurs within 2—-3 days with water being
(seeVideo S4. Additionally, if the lamina parts were separatedthe basic factor for ultrastructural reconstructions. Hewee
from the venation system and the separated leaf parts wedemonstrate thalR. myconiis also able to fully recover from
clamped between two transparent petri dishes (to restrictrtheiRWC values ok 10% within similar timespans (3—4 days). The
3D folding motions to a 2D plane), a uniform and reversiblerehydration of desiccateld. myconplants led to a rapid increase
shrinkage of the leaf lamina between 40 and 50% of its irdtiéh, of their RWC values and therefore to higher turgor and tissue
as well as, a pronounced axial contraction of the secondangve pressures. As a consequence, both the petiole and the leaf vein
and the petiole by 60% could be observe#ifures 6Q—Sand  elongated longitudinally resulting in a partial unfoldingtbe leaf
Video S§. Finally, the water-loss induced contraction forces oflaminae during early rehydration. Simultaneously, the upward
three cut-o petioles, which were pinned to vertically oriedt bent peripheral leaves reverted to their initial positions (flata
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FIGURE 3 | Location-speci ¢ RWC alterations of the lamina and petiole bR. myconiduring DREs.(A) Different lamina sampling locations (circles) showed thahe
local RWCs during dehydration hardly differ. However, sontgnes apical lamina parts recovered less than basal laminagpts during rehydration.(B) Local RWCs of
petiole samples (squares) altered similarly throughoutéhcomplete DRE. For reasons of simpli cation the graph depict the results of one representative experiment.
The origin of each sample is color-coded: blue: apical sampig location; light-blue: apical-to-median sampling loction; purple: median-to-basal sampling location;
light-purple: basal sampling location. Further informain on individual sampling locations is given in parenthesesnd Figure 1B . Dehydrated samples were collected
from day O to day 12, whereas progressively rehydrated sampb were gathered after last dehydration measurement on day2l

to the soil surface), thereby exposing the photosynthelicallpetioles possess epidermal, parenchymatous and vasculastissu
active tissues and the central vegetation point. Thus, miidteo  which are arranged into a semi-circular cross-section achf
afore-mentioned dehydration-speci ¢ morphological altéoas an ideal framework for channeling and directing internatdes
are fully reversed shortly after rehydration. Finally, thél  generated by dehydration or rehydration. The adaxial arekéd
unfolding of the leaf was achieved by a slow expansion of thepidermal tissues control the exchange between the plant and
lamina. its environment and help to protect the inner tissues from
How are these movements related to the anatomy and thexternal stressorsRbberecht and Caldwell, 1978; Niklas and
tissue architecture oR. myconileaves?—In generdk. myconi Paolillo, 1997; Riederer and Schreiber, 20®Running parallel
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FIGURE 4 | Tissue morphological alterations oR. myconi petioles during DREs. Cell area alterations of the adaxiapelermis (A), the abaxial epidermis(B), the
large-celled parenchyma(C), the small-celled parenchyma(D), the transition zone between vascular and parenchymatousgsues (E), and the vascular system(F) in
response to varying RWCs [100 to 0% RWC at 10% intervals, seediend in (A)]. The group sample sizes (below) and statistical referensgabove, Kruskal-Wallis test)
are given for each boxplot. Outliers are presented as circte single values as crosses. The median relative cell area ahges (parentheses) are calculated from the cell
areas at full turgescence (RWC interval 10) and those at thewest RWC interval withN > 5 (usually interval 3, only for TZ interval 5 was used). ABEhaxial
epidermis; ADE, adaxial epidermis; LP, large-celled parehyma; MRC, median relative cell area change; SP, small-detl parenchyma; TZ, transition zone between
the vascular and the surrounding tissues; VC, vascular compx; VS, vascular system.
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FIGURE 5 | Water status dependent alterations of the petiolar biomecéinics of R. myconi Dehydration (open triangles) induces a triphasic mecharal behavior,
which is characterized by a turgor-based structural stahitly at high and a material-based stability at low water contets, and is fully reversible upon rehydration (closed
triangles). The structural bending elastic modulE) have been normalized to the median bending modulus at RWCs 90%. The normalized bending elastic moduli
(Enorm) of each RWC interval are either given as median standard error of the median ' 5, large dark-blue symbols), or as individual valuedN(< 5, small
light-blue symbols).

to the abaxial epidermis, the lignied cells of the vascularshear forces occurring due to marked shrinking and swelling
system, which both form the isolated peripheral strands andnovements caused by water content alteratiofisi€len et al.,
the central arc-shaped complex, provide the long-distancemwat2013.

transport and the mechanical support needed in a terrestrial Furthermore, DREs revealed that the cell cross-sectionatare
habitat (Aloni, 1987; Boudet, 2000; Sperry, 2DMoreover, both  of individual tissue types changed dierently in response to
the small and large parenchymatous cells presumably con&ibuvarying water availabilities. The highest change in csesstional

to the general structural stability oR. myconiunder fully area during dehydration and rehydration was visible in thegk
turgescent conditions, in addition to their storage fumetifor  parenchymatous cells ©4%). Although adaxial (59%) and
water, minerals and nutrientsSpeck and Vogellehner, 1988; abaxial ( 58%) epidermal cells displayed a short delay in time
Niklas, 1989, 1992; Spatz et al., 1998; Speck et al., 19B&fore shape alteration in contrast to parenchymatous cekly, th
Rowe and Speck, 2004Finally, gradual transitions between underwent similarly high changes in cross-sectional arg@nd
the afore-mentioned tissue types (especially around the ar®REs. Most likely, this initial epidermal “resistance” is calisg
shaped vascular complex) alleviate internal load peaks aridghly adapted cuticle layers and thicker cell walisk{as and
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FIGURE 6 | Assessment of structural adaptations to desiccation irR. myconi (A—F) Comparative drying experiment using hypocotyl sections of
desiccation-intolerantM. hors eldii (A—C) and petiolar sections of desiccation-toleranR. myconi (D—F) (both Gesneriaceae). Samples were imaged directly after
(Continued)
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FIGURE 6 | sampling (A,D), after drying(B,E) and after rehydration(C,F). Hypocotyl and petiole segments regained 26 and 79% of theimitial weights, respectively.
(G-P)Image sequence illustrating the complex folding and shrinkg behavior of a cut-offR. myconileaf during dehydration(G—K), as well as, its recovery after
submersion (L—P). The complex 3D folding-unfolding processes are structurisy programmed into the leaf.(Q—S) Separated lamina and venation system parts, whose|
spatially complex folding motions were restricted to a 2D @ine by clamping between two petri dishes, are shown in the hydted state (Q), in the strongly contracted
dehydrated state (R), and in the rehydrated state(S). The lamina is presumably responsible for (most of) the shkiage of the leaf, whereas the rst order veins are
likely to channel the folding-unfolding movements(T) During drying, the petioles exert contraction-induced fares high enough to pull weights.

Paolillo, 1997; Riederer and Schreiber, 20Although changing least to some degree), which may be facilitated by their kpira
to a lesser extent (55%), the cross-sectional cell area changes difiickenings Gchiller et al., 1999; Raket al., 201)7 More or less
the small parenchymatous cells were similar to those of tlgela parallel to petiole contraction, a second dehydration-inelditeaf
parenchymatous cells. On the other hand, the cells of thed@asc movement could be observed, the upward bending of the leaf
tissues ( 10%) and the parenchymatous cells of the transitiorpetioles. Here, the shrinkage due to water loss is likely taiocc
zone ( 26%) did not display signi cant cell area changes duringfaster in thin-walled parenchymatous cells than in the thicke
dehydration and rehydration. However, the latter showed digni ed cells of the curved vascular bundle complex. Thie t
clear (qualitative) tendency toward smaller cell areasirdur leaf petioles oR. myconact as a hygroscopic functional bi-layer
dehydration. Therefore, the small changes in the crosSeset  comprising both an actively deforming adaxial layer (maioky4
cell areas in the transition zone might be an experimentdfant, density parenchyma) and a resistive abaxial layer. The nesisti
since the collection of su cient data at very low water stateas nature of the abaxial layer mainly originates from the dense a
not possible for this tissue type. Contrastingly, the ligaiton  ligni ed vascular tissues (both the strands and the complex)
of water conduction elements in vascular strands and vascul Additionally, the asymmetry in cell density between adaxial a
complexes hindered lateral shrinkage and prevented theke cedbaxial parenchymatous tissues is thought to dictate thection
from signi cant alterations in cross-sectional area digia DRE  of bending toward the less dense adaxial side, as described fo
(Aloni, 1987; Boudet, 2000; Sperry, 2003 Selaginella lepidophyllay Rafsanjani et al. (2015Thirdly, the
Taken together, these results unravel the tissue architect slowest dehydration-induced movement is the complex fajdin
of R. myconileaves at full hydration and at varying water of the leaf lamina. Due to their high degree of isodiametrg an
contents. In order to complete the understanding of macr@sco the random orientation of their micro brils, the parenchymais
plant movements (i.e., lamina folding, petiole bending or pleti cells within the leaf lamina are generally thought to shraviell
contraction), Niklas (1992) further suggests to analyze theisotropically. However, morphometric analyses indicate tha
cellulose micro bril arrangement of the involved tissu¥ghen  laminae displayed stronger shrinkage in axial than in trarswe
cells absorb/expel water, e.g., in the course of a DRE, it imkno direction. Presumably, the latter phenomenon was an attifac
from literature that the direction of expansion/shrinkage i caused by the longitudinal contraction of the leaf's midaibd
mainly perpendicular to the orientation of cellulose microityr  veins, which superimposed the isotropic volume changes of
(Baskin, 2005; Forterre, 2013 or example, collenchymatous intercostal lamina parts. Moreover, the complex folding and
cells walls contain longitudinally oriented cellulose roitarils,  compaction motions are presumably prede ned by the waviness
which is why they mainly deform radially during dehydration of the leaf blade, as well as, guided by the ligree patterrhef t
and rehydration [(eroux, 201). Contrastingly, the walls of abaxially located venation system.
full-grown parenchymatous cells typically have no particular How are the biomechanical properties Bi myconileaves
micro bril orientation, thereby changing isotropicallyShtein  changing during dehydration and rehydration in order to
etal., 201p perform such complex morphological alterations?—The
As described above, the rst noticeable morphologicadependence of Young's moduli of herbaceous plant organs
alteration of R. myconiin response to drought stress was theand tissues on the turgor pressure has been highlighted
contraction of its leaf petioles. This movement results fromby several authors in the pasFdlk et al., 1958; Speck and
signi cant reductions in cell volume simultaneously ocdog  Vogellehner, 1988; Caliaro et al., 2D1Bor example, Caliaro
in the majority of the petiolar tissues during dehydration. et al. demonstrated fo€aladium bicolofCandyland” that tissue
Here, the maximum absolute shrinkage was observed in thend turgor pressures correlate with the petiole exural rigydi
parenchymatous tissues. Consistently, a recent study on tl{€aliaro et al., 2013 Accordingly, turgor and tissue pressure
anatomical speci cities oR. serbicand R. nathaliaediscussed are also thought to be the main contributors to the stabitify
the potential supportive role of parenchymatous cells in axiaR. myconin the “green state” (active posture at full hydration).
organ contraction Rakt et al., 201)/ In particular, due to Here, the water-stress induced reduction of RWC values tegul
their direct connection to neighboring vascular cells vilc in a drastic decrease of the bending mechanical propertigseof t
cell junctions combined with a more pronounced reaction topetiole, highlighting a turgor-based structural stabiligtween
changes in water availability, parenchymatous cells aragho full turgescence and moderate dehydration, i.e., RWCs lmiwe
to passively generate mechanical stresses. In order tovachielO0 and 60% (Phase 1). Between RWC values of 60 and 30%,
the observed contraction of the leaf petiole, these mechhnicthe decline in mechanical stability was maximal, rendettimg
stresses need to be su ciently high to longitudinally comgse leaf material exible enough to undergo the afore-mentidne
and/or bend xylem vessels in the veins and the midrib (amorphological alterations (Phase 2). Interestingly, tlasition
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from dehydration, which is the occurrence of steady wate(Rafsanjani et al., 20).5Similarly, R. myconimay enclose
loss, to desiccation, which is the nal result of dehydratio centrally located leaves and the vegetation point with perighe
where the water status is equilibrated with the dry airsfafito  ones through complex folding kinematics in order to protect
the same RWC rangeZfiang and Bartels, 20).8Concurrent its growth apex and its photosynthetically-active areas from
with a RWC decrease from 30 to close to 0%, the bendindrought and light stress induced damages, whose formatiah an
modulus ofR. myconpetioles gradually increased again (Phasémpact are reviewed by several authok§¢(ters et al., 2002;
3). Presumably, this increase in mechanical stability can bLittge et al., 200)1 Moreover, the water status related change of
addressed to the mechanical properties of the cell wall polymensiomechanical properties guarantees both su cient stabifian
whose signi cance for the overall petiolar stability incsea with  of the above-ground tissues in the light-receiving activetpme
ongoing dehydration. Moreover, the measured values repteseat high, and the light-avoiding protective posture at low water
“bending moduli” of a complex plant organ: the petiole, which iscontents, as well as, su cient compliance to reversibly stwvit
composed of di erent tissue types each contributing accordindgetween these states at intermediate water availabiliy, (eaf
to its own bending modulus and its axial second moment offolding/unfolding movements).
area, representing its arrangement in the petidi@dck et al., In conclusion, the desiccation-tolerant gesneriad myconi
1990; Speck, 1994; Speck and Rowe, 2003; Rowe and Spiscihighly adapted to severe water stresses both utilizing
2004; Ruggeberg et al., 2009; Caliaro et al.,)2bidwever, it is  physiological (as concisely summarized in the introduc}jas
striking that the bending moduli in this phase exceeded thosevell as, structural traits as shown in this study. Furthereo
of the turgor-based (structural) stability phase at full hgtibn. it was demonstrated that water availability changes spattyc
Nevertheless, this material-based stability kept the datéd alter the tissue properties, and considerably inuence the
plant in its protective posture throughout the drying period. mechanical stability oR. myconiin a triphasic manner. In
Do the presented adaptations to desiccation in the leavgzarticular,R. myconbecomes more compact and less prone to
of R. myconialso include structural means?—First of all, theexternal stressors due to a minimized exposition and adapts its
manipulation experiments revealed that the passive water eptaknechanical stability allowing for reversibly switchingtween
after dehydration of excised dried plant parts is approximatelan active posture at high and a protective posture at low water
three times higher in poikilohydridR. myconicompared to its contents. Most likely, these phenomena are actuated by the
homoiohydric relativeM. hors eldii. From an eco-physiological morphological alterations of the leaf veins and petioles,reas
perspective, this can potentially be regarded as an importartheir ne-tuning originates from the folding and shrinking
adaptation, as it enables these plants to passively take wop the lamina. In general, these passive structural adaptstion
water and to immediately start the “resurrection” from thei ensure the protection of fragile and/or physiologically imort
cryptobiotic state until physiological processes have been relant parts (i.e., photosynthetically-active areas, growibkxa
activated. As intact and cut-o leaves are capable of repetiti throughout periods of prolonged water stress, as well as, the sta
leaf folding (as observed in multiple consecutive DRES), thef the “resurrection” from a cryptobiotic state until imporéa
respective actuation principle is presumably of passive natde a metabolic mechanisms have been restored.
enabled by structural adaptations. Moreover, detailed aralys
of the leaf-folding behavior of cut-oR. myconieaves revealed
that the petiole and the leaf veins mainly channel (in terms o AUTHOR CONTRIBUTIONS
actuation), whereas the lamina ne-tunes (in terms of folgli
and compaction) the complex 3D leaf motions by swelling and’K designed the study, collected the data, carried out tha da
shrinking. Probably, these described phenomena originataf assessment and statistical analyses, and wrote the rdt dra
ultrastructural modi cations of the cell wall, i.e., cell IMolding  of the manuscript. SD participated in the data collection and
(Vicré et al., 1999, 2004; Moore et al., 2006; Farrant et @7)20 assisted the data analysis. SP patrticipated in the design and
Lastly, the forces generated by passively shrinking petiaées  coordination of the study, helped to interpret the data, and
at least 98.1 mN and with that high enough to pull the respectivassisted in drafting the manuscript. TS participated in thegtes
leaf material toward the center of the rosette. of the study, helped to interpret the data, to draft the manisgr
How do these structural and biomechanical traits contriout and coordinated the study. All authors gave nal approval for
to the desiccation tolerance &. mycor?—From literature it publication.
is known that desiccation-tolerant plant species predomihant
possess physiological adaptations, which usually function at
cellular level and mainly improve metabolic processes inordeFUNDING
to alleviate desiccation-induced cell damagddsiovska et al.,
1994; Muller et al., 1997; Stevarbwet al., 1997; Farrant, This work was funded by the Baden-Wirttemberg Stiftung
2000; Sgherri et al., 2004; ivkdviet al., 2005; Degl'lnnocenti within the joint research project Green polyurethane chenyistr
et al., 2008; Gechev et al.,, 2plAdditionally, structural for bio-inspired adaptive hybrid materials and single-onigi
adaptations are important for ensuring the protection of ftegi nanocomposites (BioMatS-02). The article processing chaage
and/or important plant partsS. lepidophyllafor example, curls funded by the German Research Foundation (DFG) and the
into a compact, nest-ball shape upon dehydration to limitUniversity of Freiburg in the funding programme Open Access
photoinhibitory and thermal damages in arid environmentsPublishing.
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SUPPLEMENTARY MATERIAL

Side view of the leaf(B) Top view of the leaf. The leaf displays a pronounced
waviness and a very complex pattern of higher order leaf vesn Additionally, the
strong leaf pubescence is clearly visible.

Figure S2 | Longitudinal thin sections of the leaf petiole oR. myconi (A)
Longitudinal cut of aR. myconileaf petiole stained with toluidine-blue(B)
Close-up of the thin section shown in A. Except for the elonged ligni ed vascular
tissues, the cells of all tissue types are more or less isodiaetric in longitudinal
direction.

Figure S3 | Additional transverse thin sections of the leaf petiole anthe leaf
lamina of R. myconi (A) Cross-section of a leaf petiole stained with Toluidine-Bki
(B) Cross-section of a leaf petiole stained with PhloroglucitiCl to highlight

The Supplementary Material for this article can be foundignied tissues.(C) Close-up of a transversally cut vascular strand of the petle

online at: https://www.frontiersin.org/articles/10.38tls.2018.
01701/full#supplementary-material

Video S1 | DRE of an intactR. myconiplant. The video shows the dehydration (20
days) and rehydration (4 days) of an intad®. myconi plant.

Video S2 | DRE of a cut-offR. myconileaf. The video shows the dehydration and
rehydration speci ¢ plant movements of a cut-off leaf.
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