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Histological description of Saxifraga paniculata leaves with special focus  
on structures that release CaCO3

Santiago Michavilaa,b , Antonio Encinaa , Carlos Freya,b  and Rafael Álvarezb

aDepartment of ingeniería y ciencias agrarias, área de fisiología Vegetal, universidad de león, leon, spain; bDepartment of Biología 
molecular, área de Biología celular, universidad de león, leon, spain

ABSTRACT
Saxifraga paniculata is a subalpine succulent perennial plant arranged in a rosette that is usually 
found in shallow soil among limestone rocks. Stereoscopic, light and scanning electron microscopy 
were used to describe the anatomical structure of S. paniculata leaves, paying special attention 
to structures related to CaCO3 (calcium carbonate) release. Anomocytic stomata are unevenly 
distributed on each leaf face, being absent in the lower third. The basal leaf margin presents 
translucent pluricellular trichomes of variable length and width. Towards the apical margin, 
trichomes become teeth. Both trichomes and teeth are completely covered with whitish CaCO3 
crystals. Each tooth has a circular cavity connected to a single hydathode through pores. Clearing 
treatment revealed camptodromous leaf venation. Anatomical structure shows a bifacial cross-section 
with spongy mesophyll cells at basal part, becoming heterogeneous at the apex with palisade 
mesophyll on the adaxial face. Hydathodes are epithematic and connected to outer cavities via 
two kidney-shaped guard cells showing large substomatal cavity. The epithem is surrounded by 
a thickened sheath and is formed of highly packed elongated cells with interspersed tracheary 
elements. CaCO3 deposits consist of microscopic crystals with varying geometries, of which the 
rhombus is the basic unit.

Introduction

Saxifraga is the largest and most complex genus in the 
Saxifragaceae family (Tkach et  al. 2015b). The number of 
species in the genus ranges from 440 to approximately 640, 
species depending on the author (Vargas 2000; Deng et  al. 
2015; Tkach et  al. 2015b). Saxifrages form a complex group 
which is probably a monophyletic group, based on molecular 
phylogenies (Prieto et  al. 2013; Tkach et  al. 2015a). They are 
mostly distributed throughout the Holarctic, from temperate 
to polar zones and are particularly abundant in montane 
and alpine habitats (Tkach et  al. 2015b, Ebersbach et  al. 
2017). Saxifrages are found on different types of soil, with 
species ranging from calcifuge to strict calcicole (Conti et  al. 
1999; Ebersbach et  al. 2017).

Saxifrages are small perennial, biennial or annual herba-
ceous plants. Many morphological features have been used 
to better understand the classification of the genus, notable 
among which are leaf morphology and disposition in gen-
eral, and leaf pattern of venation in particular. Three vena-
tion patterns can be distinguished in Saxifraga: 
palinactinodromous, acrodromous and camptodromous 
(Zhang et  al. 2015) and this leaf trait is particularly complex 

and variable in saxifrages due to the high selective pressure 
acting on this feature (Roth-Nebelsick et  al. 2001). More 
recently, studies have explored the diversity and complexity 
of hydathodes (Ebersbach et  al. 2017; Wightman et  al. 2017, 
2018). These may be active (epidermal) or passive (epithe-
mal), depending on water loss via the guttation process 
(Singh 2013). Further knowledge of these two leaf traits will 
help to better understand the systematics of the genus.

Saxifraga paniculata Mill. is a member of S. sect. Ligulatae 
subsect. Euaizoonia (Conti et  al. 1999; Tkach et  al. 2015b) 
and is of particular interest in this respect. This species is 
patchily distributed throughout the European mountains 
and is present to a lesser extent in Greenland and northern 
North America (Reisch et  al. 2003). The fragmentation of its 
distribution area probably occurred in the Pleistocene (Conti 
et  al. 1999). It is preferably subalpine, it can be found from 
200 m above sea level, occupying habitats with very extreme 
weather and soil conditions (Reisch et  al. 2003; Wezel 2007). 
Despite having succulent leaves and inhabiting in subalpine 
and rocky areas, S. paniculata has an obligatory C3 metab-
olism (Codignola et  al. 1990) and high resistance to pho-
toinhibition caused by cold (Hacker and Neuner 2006). This 
latter feature is important because the plants are usually 
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covered by snow in winter (Beato Bergua et  al. 2019). 
Although S. paniculata is not a strict calcicole, it is usually 
found in shallow soil among limestone rocks (Conti et  al. 
1999; Vargas Gómez 2003; Wezel 2007). Limestone is easily 
solubilised in water, causing erosion and generating cracks 
through which water drains (karstification process). 
Consequently, limestone does not host much shade-generating 
vegetation, and therefore, the temperature rises considerably 
when it is exposed to the sun.

S. paniculata is a perennial, rhizomatous species with spat-
ulate leaves arranged in a rosette measuring 2–5 cm in diam-
eter. A floral stem of up to 35 cm high emerges from the 
centre of leaf rosettes. The whitish cream flowers with small 
reddish spots are arranged in an umbelliform panicle. The 
leaves (10–30 mm × 4–6 mm) have a dentate margin and are 
covered by a whitish sandy crust of CaCO3 (calcium carbon-
ate) crystals (Vargas Gómez 2003) which is particularly prom-
inent at marginal teeth, where small lumps of CaCO3 are 
formed over the hydathodes. Hydathodes are modified sto-
mata used for gas exchange, intake of elements such as 
phosphate (Setoguchi et  al. 1989; Nagai et  al. 2013), or the 
elimination of fluids with substances dissolved in them by 
gutting (Singh 2013). In S. paniculata in particular, large 
amounts of CaCO3 are released through the hydathodes by 
these means. In the lime soils where this species normally 
occurs, hydathodes help to regulate its internal concentration 
of Ca2+. The accumulation of CaCO3 can also serve as a 
defence mechanism, as Ca2+ mineralisation protects some 
plants against herbivores (Bauer et  al. 2011).

The histological characteristics of S. paniculata leaves and 
their hydathodes have not yet been fully described, as the 
only study identified to date does not describe it in detail 
(Andrei and Paraschivoiu 2008). The same is true for the 
venation pattern, which has been defined but not described 
(Zhang et  al. 2015). Therefore, the aim of this article is to 
describe leaf morphology, paying particular attention to the 
venation pattern and hydathodes.

Material and method

Plant material

Leaf rosettes of Saxifraga paniculata Mill. were collected from 
the wild between March (before flowering) and August (after 
flowering) at Redipuertas (43.0037°N, −5.2810°W) and 
Valdejeta (42.5550°N, −5.2437°W), León (Spain). Samples were 
taken in locations situated between 1300 and 1500 m above 
sea level, facing north-east. Plants were growing in limestone 
crevices and small ledges resulting from sedimentary depo-
sition of limestone washings. All samples were fixed in situ, 
in formalin-acetic acid-alcohol (FAA).

Stereoscopic microscopy

Intact fixed leaves were immersed in 2 M hydrochloric acid 
(HCl) for 12 h at room temperature to remove calcium car-
bonate (clarifying treatment). To clear the leaves (clearing 
treatment), two previous methods (Vasco et  al. 2014; Zhang 

et  al. 2015) were modified. Intact fixed leaves were treated 
with 10% (w/v) sodium hydroxide solution for 2 weeks, then 
washed with distilled water and imbibed in 5% (v/v) sodium 
hypochlorite bleaching solution for at least 30 min. Bleached 
leaves were washed with distilled water and dehydrated in 
ascending grades of ethanol. Then, they were stained with 
Safranin and washed with 95° ethanol acidified with 37% 
(v/v) HCl for 30 min before being imbibed for 10 min in abso-
lute ethanol.

Fresh, clarified and cleared leaves were observed with a 
stereoscopic microscope (Nikon SMZ 1500) and photographed 
using a Nikon D4 full-frame camera and NIS-Elements F.3.2 
software.

Light microscopy

Following Álvarez et  al. (2009), samples were dehydrated in 
an increasing ethanol series and embedded in paraplast to 
create different blocks, using isoamyl acetate as intermediate 
liquid. Each block was then sectioned using a rotary paraffin 
microtome to perform serial 12 µm thick cuts and sections 
were deposited on slides. Once these had been dewaxed, 
routine staining was performed using Safranine-Fast Green. 
After dehydration, sections were mounted permanently on 
microscope slides using Entellan as mounting medium.

Some sections were permanently mounted without dyeing, 
while others were stained with hematoxylin-eosin for cyto-
logical study. Slides were observed with a Nikon E600 under 
bright-field, epifluorescence and polarised light conditions.

Samples of leaf epidermis peels were obtained from leaves 
by dissection and placed on a microscope slide. Epidermis 
preparations were mounted with distilled water and stained 
with fuchsine. Slides were observed with a Nikon Eclipse-600 
microscope under bright-field, epifluorescence and polarised 
light conditions. Photographs were taken with a Nikon digital 
camera (DXM 1200) using NIS-Elements F.3.2 software.

Scanning electron microscopy

Fixed leaf fragments were passed through an increasing alco-
hol series, gold scattered and observed using a Jeol 
JSM-6480LV SEM.

Results

Leaf description

Leaves in rosette appear almost horizontal when hydrated, 
closing together under water stress. All leaves are sessile, 
with outer leaves being older and larger than inner leaves 
(Figure 1A). Leaves are oblanceolate, pink coloured in junction 
zone and changing from light greenish white in basal area 
to intense green in apical part (Figure 1B), with similar but 
paler colouring on the abaxial face (Figure 1C). Basal leaf 
margins exhibit thin trichomes, which become increasingly 
large teeth pointing towards the leaf apex along the distal 
margin. CaCO3 deposits are present on both faces, increasing 
in density towards the margins, especially on apical teeth of 

Q2

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado



PR
OO
F O
NL
Y

PLANT BIOSySTEMS - AN INTERNATIONAL JOuRNAL DEALING WITH ALL ASPECTS OF PLANT BIOLOGy 3

284 

285 

286 

287 

288 

289 

290 

291 

292 

293 

294 

295 

296 

297 

298 

299 

300 

301 

302 

303 

304 

305 

306 

307 

308 

309 

310 

311 

312 

313 

314 

315 

316 

317 

318 

319 

320 

321 

322 

323 

324 

325 

326 

327 

328 

329 

330 

331 

332 

333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

225 

226 

227 

228 

229 

230 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240 

241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 

254 

255 

256 

257 

258 

259 

260 

261 

262 

263 

264 

265 

266 

267 

268 

269 

270 

271 

272 

273 

274 

275 

276 

277 

278 

279 

280 

281 

282 

283 

Figure 1. external appearance of Saxifraga paniculata leaves and stomata. (a) S. paniculata aspect and habitat. macroscopic view of (B, D) adaxial and  
(c, e) abaxial face of S. paniculata leaves under (B, c) stereoscopic and (D, e) scanning electron microscopy. (f) stomata structure. abbreviations: (cc) calcium 
carbonate deposits, (c) cavity, (cb), calcium carbonate bulge, (ec) epidermal cell, (gc) guard cells, (o) ostiole, (p) pit, (t) trichome, (to) tooth, (b) (tooth bulb), 
(ws) stomata free area, (yellow arrow) stoma. all scales bars 1000 μm, except expanded rectangle (200 μm) and (f) 50 μm.

Rafael
Resaltado

Rafael
Resaltado



PR
OO
F O
NL
Y

4 S. MICHAVILA ET AL.

402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 

414 

415 

416 

417 

418 

419 

420 

421 

422 

423 

424 

425 

426 

427 

428 

429 

430 

431 

432 

433 

434 

435 

436 

437 

438 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 

453 

454 

455 

456 

457 

458 

459 

460 

343 

344 

345 

346 

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 

365 

366 

367 

368 

369 

370 

371 

372 

373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 

the adaxial face where they accumulate in form of a bulge 
(CaCO3 bulge) with a central pit. Removal of calcium deposits 
revealed the presence of a cuticle except on marginal teeth, 
where small cavities are visible on the adaxial face inside a 
bulge (tooth bulge; Figure 1D) but not the abaxial face 
(Figure 1E).

S. paniculata leaves are amphistomatic, but stomata are 
distributed differently on each leaf face. Stomata are absent 
on the lower third of the adaxial face and distributed ran-
domly on the upper two thirds (Figure 1D). Stomata are also 
absent on the proximal third of the abaxial face and in sec-
ond third are only present in two lateral bands, widening 
until joining in the distal third (Figure 1E). Stomata are of 
anomocytic type, surrounded by irregular epidermal cells 
distinct from kidney-shaped form of guard cells (Figure 1F).

Trichomes and teeth

The basal third of the leaf margin is characterized by the 
presence of translucent pluricellular trichomes with two mor-
phologies: (1) thin, needle-like-trichomes and (2) broad, 
beak-like-trichomes entirely covered with whitish crystals of 
CaCO3 (Figure 2A). Narrowed, conical and sharp trichomes 
near to base of the leaf are formed entirely by circular over-
lapping cells. Those trichomes found more distant from the 
base of the leaf are wider and triangular with more rectan-
gular cells (Figure 2B). Towards the apical margin, trichomes 
become teeth characterized by the presence of a thick whit-
ish crystal deposit showing a pit opening located in the 
center of the whitish deposit (Figure 2C). Mechanical removal 
of the whitish crust revealed a circular cavity deeper than 
the initially visible opening, and a marginal bugle also thin-
ning towards the flat leaf surface (Figure 2D). In the tooth 
bulge and in cavity, cells are identical to other leaf epidermis 
cells; irregular, polygonal and swollen (see Supporting 
Information Figure 1). The external part of the tooth and 
cavity interior have elongated, flattened cells pointing 
towards the leaf apex. Cavities have thickened edges and an 
irregular bottom part mainly presenting one pore in smallest 
teeth (proximal) and two in the larger distal one (Figure 2E).

Observation of trichomes without CaCO3 revealed that 
they have the same colour as the internal part of the leaf 
and tooth bulge. Towards the distal part, the tooth crest 
becomes more transparent as size increased (see Supporting 
Information Figure 2). At least one secondary vein reaches 
each cavity, but usually there are two (rarely three; Figure 
2F). These veins come from a primary and central vein and 
branch out dichotomously but may reconnect with nearby 
veins. This vascular system distribution corresponds to the 
camptodromous venation pattern (Figure 2G).

Leaf histology and hydathode internal organisation

The cross-section of the basal part of this bifacial leaf is 
flattened on the adaxial face and convex towards the centre 
of the abaxial face (Figure 3A,B). uniseriate epidermis is 
formed by big flattened cubic cells in adaxial face and small 
cubic cells on abaxial face, covered by a thick cuticle. 

Trichomes are formed by a variable number of elongated 
epidermal cells. The internal structure of the leaf consists of 
a homogeneous mesophyll with rounded parenchyma cells 
(spongy mesophyll). There is a primary vascular bundle that 
is visible at the leaf centre, with branching secondary bun-
dles, which do not reach trichomes. All bundles are sur-
rounded by a thickened sheath. Some thickened sheath and 
epidermal cells contain polyphenolic-type compounds as can 
be seen with orange (Figure 3A) or garnet color (Figure 3B).

Mesophyll becomes heterogeneous and dorsiventral 
towards apex in which rounded parenchyma cells are grad-
ually replaced by palisade parenchyma on the adaxial (pali-
sade mesophyll), and on the abaxial face near the tooth 
crest. (Figure 3C). Mesophyll and cuticle cells contain poly-
phenolic compounds (Figure 3C). Stomata are at the level of 
the cuticle and slightly above the epidermis with small sub-
stomatal cavities. Inside marginal tooth, secondary vascular 
bundles reach the leaf margin with hydathodes (Figure 3C). 
Hydathodes are surrounded by a thickened sheath and their 
internal organization is formed by a core of xylem cells com-
municating with the epithem that opens into an external 
cavity pointing towards the adaxial face of the leaf (Figure 
3C). The external cavity is lined by thickened epidermal cells 
similar to a thick trichome (tooth crest) (Figure 3C).

A more detailed inspection revealed that epithem is 
formed by highly packed, thin-walled, elongated cells show-
ing a prominent nucleus (Figure 3D). Among epithem cells, 
interspersed tracheary elements can be distinguished. The 
epithem is connected with an external cavity through an 
ostiole encircled by two kidney-shape guard cells, similar to 
stomatal guard cells, but larger. Between the epithem and 
hydathode pore a substomatal chamber exists, a little larger 
than in stomata (Figure 3D).

The cells present birefringence in trichomes and teeth. In 
the trichomes, birefringence appeared in form of elongated 
ribs (Figure 3E). Adaxial thickening teeth polarized the light 
in a way similar to trichomes. Whitish deposits on cavities 
are also highly birefringent (Figure 3F) CaCO3 is deposited 
on the leaf surface in the form of thin plates (Figure 3G), 
between which the stomata can be observed (Figure 3H). 
These deposits are formed by microscopic crystals with vary-
ing geometries, with the rhombus as the basic unit (Figure 3I).

Discussion

According to Gornall (1987), CaCO3 deposits endow leaves 
with a frosty appearance, and this has prompted the common 
name for the S. sect. Ligulatae of the ‘silver’ or ‘encrusted’ 
saxifrages (Conti et  al. 1999). CaCO3 density increases towards 
margins and apex, where the largest CaCO3 deposits are 
found, probably in response to very active transpiration 
zones, such as hydathodes in teeth or stomata in apex. There 
are between 12 and 28 teeth on each leaf (Vargas Gómez 
2003), and CaCO3 accumulates on all of them. The genus 
Saxifraga has one of the most varied stomata distribution 
patterns of all the Saxifragaceae (Metcalfe and  Chalk 1950). 
As with other Saxifraga (Andrei and Paraschivoiu 2008), and 
alpine genera such as Sempervivum (Codignola et  al. 1990), 
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Figure 2. external appearance of Saxifraga paniculata trichomes and hydathodes with and without caco3, trichomes and teeth with clarify treatment and 
vascular pattern with clear treatment. (a, B) structure of leaves trichomes, (c–e) theet and (f–g) venation pattern of S. paniculata leaves. Photographs were 
taken under (a, c, D, f, e) stereoscopic and (B, e) scanning electron microscopy. (e) clarifyed leaf and (g) cleared leaf venation pattern under stereoscopic 
microscopy. abbreviations: (bt) beat-like-trichomes, (c) cavity, (cc) calcium carbonate, (cb) calcium carbonate bulb, (cp) calcium carbonate pit, (e) epidermis, 
(ep) epithem, (nt) needle-like trichomes, (p) pore, (to) tooth, (tb) tooth bulb, (tcr) tooth crest, (arrow) secondary nerve and (arrowhead) primary nerve. all 
scale bars 100 μm, except (f) 500 μm and (g) 1000 μm.
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Figure 3. anatomical structure of Saxifraga paniculata leaves with special attention to trichomes and hydathodes, external aspect of caco3 crusts and 
morphology of its crystals. (a, B) leaves and (c–f) hydathodes. (g–e) caco3 deposits on S. paniculata leaf surface. abbreviations: (bt) beak-liketrichomes, (c) 
cuticle, (c) cavity, (e) epidermis, (ec) epithem cell, (ep) epithem, (gc) guard cells, (n) nucleus, (nt) needle-like-trichomes, (p) pore, (pc) polyphenolic compounds, 
(ph) phloem, (pm) palisade mesophyll, (s) stoma, (sc) substomatal cavities, (sm) spongy mesophyll, (t) trichome, (tc) traqueid cell, (tcr) tooth crest, (ts) thickened 
sheath, (x) xylem, (1°) primary nervous, (2°) secondary nerves, (blue and red arrows) guttation flux, (*) calcium carbonate, (#) calcium carbonate crystals. scale 
bars: (a, B, c, e and f) 100 μm (D and g) 50 μm (h) 10 μm and (i) 2 μm.
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S. paniculata is amphistomatic. Stomatal density is greater 
on the abaxial than adaxial face, and in general is higher 
than in Sempervivum (Codignola et  al. 1990). Contrary to a 
previous report by Andrei and Paraschivoiu (2008), stomata 
in S. paniculata are not tetracytic. This stoma has four sub-
sidiary cells around guard cells (Lawson and Matthews 2009), 
but in S. paniculata the cells surrounding the guards are 
similar to those on the rest of the epidermis and are there-
fore anomocytic. Guard cells are kidney-shaped, as previously 
shown (Lawson and Matthews 2009).

Needle-like trichomes closest to the base are non-glandular 
and uniseriate, as in Saxifraga biflora All., while beak-like 
trichomes are intermediate and non-glandular, as in Saxifraga 
stribrnyi (Velen.) Podpera (Gornall 1986). Trichomes thicken 
towards the apex until they become prominent teeth, as in 
other Saxifragaceae genera (Stern 1974). Teeth have a mar-
ginal crest pointing towards the tip and an internal part 
formed by a bulge and cavity that constitute the exterior 
part of the hydathode. The teeth crests are transparent and 
may serve to divert light to the nearby parenchyma, as in 
Saxifraga scardica Griseb. (Wightman et  al. 2018). The CaCO3 
crystals that accumulate in the tooth cavity following CaCO3 
release through the pore may intensify this diverted light 
phenomenon through the Kerker effect (Barhom et  al. 2019). 
Ca2+ and HCO3- are transported to hydathodes through the 
xylem by transpiration (White 2001) and are stored in the 
epithem until transpiration is reduced or inhibited. This 
increases the hydrostatic pressure called root or exudation 
pressure, until the guard cells open without resistance due 
to the accumulated force (Singh 2013; Cerutti et  al. 2019) 
(see epithem description below). Outside, the water evapo-
rates and the CaCO3 crystallises, forming a crust over the 
opening and hindering the gutting process (Takeda et  al. 
1991). It is probable that the stomata also release CaCO3, 
but in lesser amounts than the hydathodes, and consequently 
the entire leaf surface is covered by a carbonate calcium crust.

Leaf venation is an important character because it is 
related to the transport properties and/or mechanical stability 
of leaves (Roth-Nebelsick et  al. 2001); it is also an important 
morphological trait for taxonomy (Walls 2011). S. paniculata 
shows camptodromous venation (Zhang et  al. 2015), but this 
has not been described in any previous study, although vena-
tion patterns shed useful light on the anatomy of a genus. 
All Saxifraga species with this venation pattern have entire 
leaves with marginal hydathodes, where the pinnate second-
ary veins end (Zhang et  al. 2015).

The dorsiventral leaf of S. paniculata (Codignola et  al. 
1990; Andrei and Paraschivoiu 2008) is typical of Saxifraga 
species, but there are also reports of centric leaves in the 
genus (Metcalfe and Chalk 1950). The epidermis is uniseriate 
on both faces (Codignola et  al. 1990) in contrast to some 
other species of the family where the epidermis, mainly the 
upper is multiseriate (Stern 1974). The cuticle is thickened 
as in Saxifraga cochlearis Rchb. and S.scardica (Wightman 
et  al. 2017, 2018). Epidermal and mesophyll cells accumulate 
polyphenol content, especially those at the base of tri-
chomes or in their elongated cells. These characteristics are 
very common in Saxifragaceae (Metcalfe and Chalk 1950).

In the basal region, leaf mesophyll with loosely packaged, 
unorganized, rounded parenchyma cells is non-photosynthetic 
(spongy mesophyll). This is replaced by palisade mesophyll 
in the distal part of the leaf (Codignola et  al. 1990; Andrei 
and Paraschivoiu 2008), as the green colour of the leaf inten-
sifies, a characteristic that is not ubiquitous in the Saxifraga 
genus (Metcalfe and Chalk 1950).

As previously reported, vascular bundles are surrounded 
by a thickened sheath (Andrei and Paraschivoiu 2008; 
Codignola et  al. 1990). Vascular bundles end in the hydath-
odes, as in the rest of the species of this family (Metcalfe 
and Chalk 1950).

A detailed description of hydathode anatomy in saxifrages 
would provide a useful tool for comparing species within 
the genus (Wightman et  al. 2017). Epithem structure in S. 
paniculata is similar to that found in S. cochlearis (Wightman 
et  al. 2017): the epithem occupies most of the hydathode, 
with vascular bundle cells scattered at the proximal end. 
Consequently, the hydathode can be classified as epithematic 
(Singh 2013). The hydathode anatomy of S. paniculata 
described here agrees with previous findings (Andrei and 
Paraschivoiu 2008). Their general function is to filter xylem 
sap (Singh 2013; Cerutti et  al. 2019), but in S. paniculata they 
can also synthesise and store phytoferritin (Perrin 1970). 
Between epithem and pore a chamber exists (Singh 2013) 
that is bigger than the substomatal one. The guard cells 
surrounding the pore are similar to those found in stomata 
but larger and more kidney shaped. In contrast to stomata 
guard cells, those forming the hydathode pore have lost the 
capacity to change turgor upon stimuli such as light. In the 
case of hydathodes, pore opening is driven by an increase 
in root pressure, and they can therefore be classified as pas-
sive hydathodes (Singh 2013). As in S. scardica (Wightman 
et  al. 2018), the mesophyll cells closest to the base of the 
hydathode are rectangular, resembling those of the chloro-
phyll parenchyma. These cells may receive more light inten-
sity thanks to the probable diversion of light by teeth crests 
and CaCO3 crystals in the cavity.

Teeth in S. paniculata increase in parallel with an increase 
in distance from the base, a characteristic that has been 
observed in other recently studied saxifrages (Wightman 
et  al. 2017, 2018), and in most other species in the family 
(Stern 1974). unlike S. cochlearis, which normally has two 
(rarely three) pores in the hydathode, one of which atrophies 
towards the apex (Wightman et  al. 2017), S. paniculata has 
one main pore and two others towards the apex. Cells in 
the crest are similar to those of trichomes and both show 
birefringence. The crystals that accumulate in teeth cavities 
also polarise light because CaCO3 shows birefringence (Herne 
et  al. 2019).

CaCO3 can solidify in a non-crystalline form (amorphous) 
or in anhydrous crystalline polymorphs (Cölfen 2003). In this 
study, S. paniculata leaves accumulated both amorphous sol-
ids and polymorphous crystals of CaCO3. Foliar crystals are 
common in Saxifraga and other calcicole Saxifragaceae spe-
cies (Gornall 1987). Three anhydrous crystalline carbonate 
calcium polymorphs can be found: calcite, aragonite and 
vaterite (Cölfen 2003). It is probable that the foliar CaCO3 
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crystals described here correspond to calcite, as previously 
reported for S. paniculata and related species, such as S. 
scardica and S. cochlearis using Raman microscopy (Wightman 
et  al. 2017, 2018). In contrast to cystoliths, where CaCO3 is 
rapidly transformed into calcite (Setoguchi et  al. 1989), exter-
nal CaCO3 crystallisation requires an element (organic or not) 
that acts as a nucleation point (Turner and Jones 2005). 
Organic compounds typically cause crystallisation into rhom-
bic, rhombohedral or scalenorhombohedral forms (Cölfen 
2003; Bosak and Newman 2005). In agreement with this, 
most of CaCO3 crystals described here correspond to the 
rhombic system.

Conclusions

This description evidences that S. paniculata stomata are 
anomocytic and although present on both surfaces, they are 
not distributed in the same way. Foliar trichomes and teeth 
have also been described. The teeth have one hydathode, 
which has been described in detail, and this is connected to 
vascular bundles. The vascular system presents camptodro-
mous venation. The CaCO3 crust consists of rhomboidal 
crystals.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Santiago Michavila  http://orcid.org/0000-0001-6691-2270
Antonio Encina  http://orcid.org/0000-0002-1559-1136
Carlos Frey  http://orcid.org/0000-0002-0369-5536

References

Andrei M, Paraschivoiu RM. 2008. Anatomical researches on the over-
ground vegetative organs of Saxifraga mutata L. subsp demissa (Schott 
& Kotschy) D.A. webb and Saxifraga paniculata Miller. Analele Stiint 
Ale univ ‘Al. I. Cuza’ Iasi LIV.54:5–14.

Barhom H, Machnev AA, Noskov RE, Goncharenko A, Gurvitz EA, Timin 
AS, Shkoldin VA, Koniakhin SV, Koval Oy, Zyuzin MV, et  al. 2019. 
Biological Kerker effect boosts light collection efficiency in plants. 
Nano Lett. 19(10):7062–7071.

Bauer P, Elbaum R, Weiss IM. 2011. Calcium and silicon mineralization in 
land plants: transport, structure and function. Plant Sci. 180(6):746–756.

Beato Bergua S, Poblete Piedrabuena MÁ, Marino Alfonso JL. 2019. Snow 
avalanches, land use changes, and atmospheric warming in landscape 
dynamics of the Atlantic mid-mountains (Cantabrian Range. NW 
Spain). Appl Geogr. 107:38–50.

Bin DJ, Drew BT, Mavrodiev EV, Gitzendanner MA, Soltis PS, Soltis DE. 
2015. Phylogeny, divergence times, and historical biogeography of 
the angiosperm family Saxifragaceae. Mol Phylogenet E. 83:86–98.

Bosak T, Newman DK. 2005. Microbial kinetic controls on calcite mor-
phology in supersaturated solutions. J Sediment Res. 75(2):190–199.

Cerutti A, Jauneau A, Laufs P, Leonhardt N, Schattat MH, Berthomé R, 
Routaboul J-M, Noël LD. 2019. Mangroves in the leaves: anatomy, 
physiology, and immunity of epithemal hydathodes. Annu Rev 
Phytopathol. 57:91–116.

Codignola A, Fieschi M, Maffei M, Fusconi A. 1990. Leaf anatomy and 
photosynthetic characteristics of succulent alpine plants growing at 
high elevations. Nord J Bot. 10(1):49–56.

Cölfen H. 2003. Precipitation of carbonates: recent progress in controlled 
production of comples shapes. Curr Opin Colloid Interface Sci. 8(1):23–31.

Conti E, Soltis DE, Hardig TM, Schneider J. 1999. Phylogenetic relation-
ships of the silver saxifrages (Saxifraga, Sect. Ligulatae Haworth): 
implications for the evolution of substrate specificity, life histories, 
and biogeography. Mol Phylogenet Evol. 13(3):536–555.

Ebersbach J, Schnitzler J, Favre A, Muellner-Riehl AN. 2017. Evolutionary 
radiations in the species-rich mountain genus Saxifraga L. BMC Evol 
Biol. 17:1–13.

Gornall RJ. 1986. Trichome anatomy and taxonomy of Saxifraga 
(Saxifragaceae). Nord J Bot. 6(3):257–275.

Gornall RJ. 1987. Foliar crystals in Saxifraga and segregate genera 
(Saxifragaceae). Nord J Bot. 7(3):233–238.

Hacker J, Neuner G. 2006. Photosynthetic capacity and PSII efficiency of 
the evergreen alpine cushion plant Saxifraga paniculata during winter 
at different altitudes. Arctic Antarct Alp Res. 38(2):198–205.2.0.CO;2]

Herne CM, Levey JR, McCausland TR. 2019. Polarization-dependent 
non-uniform rotation rates of rhombohedral calcite. Opt Express. 
27(13):18445–18455.

Lawson T, Matthews J. 2009. Guard cell photosynthesis and stomatal 
function. New Phytol. 181(1):13–34.

Metcalfe CR, Chalk L. 1950. Anatomy of the dicotyledons. In: Leaves, 
stem, and wood in relation to taxonomy. Chapter 118, London: Oxford 
university Press; p. 553–557.

Nagai M, Ohnishi M, uehara T, yamagami M, Miura E, Kamakura M, Kitamura 
A, Sakaguchi SI, Sakamoto W, Shimmen T, et  al. 2013. Ion gradients in 
xylem exudate and guttation fluid related to tissue ion levels along 
primary leaves of barley. Plant Cell Environ. 36(10):1826–1837.

Perrin A. 1970. Diversity of phytoferritin arrangement in epithem of 
hydathodes in Taraxacum officinale and in Saxifraga aizoon. Planta. 
93(1):71–81.

Prieto JAF, Arjona JM, Sanna M, Pérez R, Cires E. 2013. Phylogeny and 
systematics of Micranthes (Saxifragaceae): an appraisal in European 
territories. J Plant Res. 126(5):605–611.

Reisch C, Poschlod P, Wingender R. 2003. Genetic variation of Saxifraga 
paniculata Mill. (Saxifragaceae): molecular evidence for glacial relict 
endemism in central Europe. Biol Linn Soc. 80(1):11–21.

Roth-Nebelsick A, uhl D, Mosbrugger V, Kerp H. 2001. Evolution and 
function of leaf venation architecture: a review. Ann Bot. 87(5):553–566.

Setoguchi H, Okazaki M, Suga S. 1989. Calcification in higher plants with 
special reference to cystoliths. Orig Evol Mod Asp. 1839:409–418.

Singh S. 2013. Guttation: path, principles and functions. Aust J Bot. 
61(7):497–515.

Stern WL. 1974. Comparative anatomy and systematics of woody 
Saxifragaceae. Escallonia. Botanical. 68(1):1–20.

Takeda F, Wisniewski ME, Glenn DM. 1991. Occlusion of water pores 
prevents guttation in older strawberry leaves. J Am Soc Hortic Sci. 
116(6):1122–1125.

Tkach N, Röser M, Hoffmann MH. 2015a. Molecular phylogenetics, char-
acter evolution and systematics of the genus Micranthes (Saxifragaceae). 
Bot J Linn Soc. 178(1):47–66.

Tkach N, Röser M, Miehe G, Muellner-Riehl AN, Ebersbach J, Favre A, 
Hoffmann MH. 2015b. Molecular phylogenetics, morphology and a 
revised classification of the complex genus Saxifraga (Saxifragaceae). 
Taxon. 64(6):1159–1187.

Turner EC, Jones B. 2005. Microscopic calcite dendrites in cold-water 
tufa: implications for nucleation of micrite and cement. Sedimentology. 
52(5):1043–1066.

Vargas P. 2000. A phylogenetic study of Saxifraga sect. Saxifraga (Saxifragaceae) 
based on nrDNA ITS sequences. Pl Syst Evol. 223(1–2):59–70.

Q3

Funding

We thank the universidad de León (Spain) for providing the funds for 
performing this study.

http://orcid.org/0000-0001-6691-2270
http://orcid.org/0000-0002-1559-1136
http://orcid.org/0000-0002-0369-5536
Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado

Rafael
Resaltado



PR
OO
F O
NL
Y

PLANT BIOSySTEMS - AN INTERNATIONAL JOuRNAL DEALING WITH ALL ASPECTS OF PLANT BIOLOGy 9

992 

993 

994 

995 

996 

997 

998 

999 

1000 

1001 

1002 

1003 

1004 

1005 

1006 

1007 

1008 

1009 

1010 

1011 

1012 

1013 

1014 

1015 

1016 

1017 

1018 

1019 

1020 

1021 

1022 

1023 

1024 

1025 

1026 

1027 

1028 

1029 

1030 

1031 

1032 

1033 

1034 

1035 

1036 

1037 

1038 

1039 

1040 

1041 

1042 

1043 

1044 

1045 

1046 

1047 

1048 

1049 

1050 

933 

934 

935 

936 

937 

938 

939 

940 

941 

942 

943 

944 

945 

946 

947 

948 

949 

950 

951 

952 

953 

954 

955 

956 

957 

958 

959 

960 

961 

962 

963 

964 

965 

966 

967 

968 

969 

970 

971 

972 

973 

974 

975 

976 

977 

978 

979 

980 

981 

982 

983 

984 

985 

986 

987 

988 

989 

990 

991 

Vargas Gómez P. 2003. Género Saxifraga [Genus Saxifraga]. In: Castroviejo S, 
Aedo C, Laínz M, Muñoz F, Nieto G, Paiva J, Benedí C, editors. Flora Ibérica 
[Iberian Flora]. Madrid: Real Jardín Botánico de Madrid; p. 185–186. Spanish.

Vasco A, Thadeo M, Conover M, Daly DC. 2014. Preparation of samples 
for leaf architecture studies, a method for mounting cleared leaves. 
Appl Plant Sci. 2(9):1400038.

Walls RL. 2011. Angiosperm leaf vein patterns are linked to leaf functions 
in a global-scale data set. Am J Bot. 98(2):244–253.

Wezel A. 2007. Changes between 1927 and 2004 and effect of rock 
climbing on occurrence of Saxifraga paniculata and Draba aizoides, 
two glacial relicts on limestone cliffs of the Swabian Jura, southern 
Germany. J Nat Conserv. 15(2):84–93.

White PJ. 2001. The pathways of calcium movement to the xylem. J Exp 
Bot. 52(358):891–899.

Wightman R, Wallis S, Aston P. 2017. Hydathode pit development in the 
alpine plant Saxifraga cochlearis. Flora Morphol Distrib Funct Ecol 
Plants. 233:99–108.

Wightman R, Wallis S, Aston P. 2018. Leaf margin organisation and 
the existence of vaterite-producing hydathodes in the alpine 
plant Saxifraga scardica. Flora Morphol Distrib Funct Ecol Plants. 
241:27–34.

Zhang Z, Xia N, Gornall RJ. 2015. Leaf venation patterns in the genus 
Saxifraga (Saxifragaceae). Phytotaxa. 221(2):123–136.


	Histological description of Saxifraga paniculata leaves with special focus 
	ABSTRACT
	Funding
	Introduction
	Material and method
	Stereoscopic microscopy
	Light microscopy
	Scanning electron microscopy

	Results
	Trichomes and teeth
	Leaf histology and hydathode internal organisation

	Discussion
	Conclusions
	Disclosure statement
	ORCID
	References





