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ABSTRACT

Wood and bark structure of Androstachys johnsonii and Hyaenanche globosa (Picroden-
draceae) is described. Two species share simple perforation plates, minute to small
intervessel pits, and nonseptate fibres; these traits also reported in other Picroden-
draceae. Androstachys is distinctive in having scanty paratracheal axial parenchyma
and uniseriate rays with vessel-ray pits restricted to marginal cells. Bordered pits on
fibre walls is an ancestral condition for the African Picrodendraceae. High vessel
frequency and vessel grouping in Androstachys can be adaptive for semi—ari% climate
with wet summer. Both genera share the sugepidermal ellogen initiation and the
presence of thick-walled fibers and sclereids in secondary phloem. In Hyaenanche,
the bark is dilated by stretching and divisions of parenchyma cells with forma-
tion of pseudocortex. Androstachys shows no ray dilatation, but sclerification of
its Earenchyma can make substantial contribution in bark expansion. Abundant
trichomes on epidermis of young shoots of Androstachys are presumably involved
in the water uptake from mists.

Keywords: Androstachys, Hyaenanche, Malpighiales, secondary phloem, bordered pits, ves-
sel-ray pits, pseudocortex, sclereids, phloem fibres, trichomes, dilatation

PE3IOME

Mapyra P., Ockoabckuii A.A. AHaTOMUuA APEBECHHBI U KOPBI FOXKHOA(D-
pukaHckux mpeacraBureAeii Picrodendraceae B cBA3M ¢ uUX cucrema-
THUKOM M 3KOAOTHMEH. llccAeAOBAHO aHATOMHYECKOE CTPOCHUE APEBECHHEI U
kopsl Androstachys johnsonii m Hyaenanche globosa (Picrodendraceae). O06br BrAa
HMEIOT IIPOCThIe 11epOPALIMOHHBIE ITAACTUHKM, MEAKHE MEKCOCYAUCTBIC
IIOPBI M HECCITUPOBAHHBIMU BOAOKHA, XAPAKTCPHBIC H AASl MHOTHX APYITX
Picrodendraceae. Androstachys oramaaercsa ot Hyaenanche i G0 ABITIHHCTBA APYTHX
IPEACTABUTEACH CEMEHCTBA CKYAHOM ITApaTPaXEAABHOI aKCHAABHOM ITAPECHXM-
MO B OAHOPSIAHBIME AYYaMH, KOTOPBIE KOHTAKTHPYIOT C COCYAAMHU YEPE3 IIOPBHI,
MIMEIOIIIECS AHINb HA KPACBBIX PAAAX KACTOK. [lOCACAHHIT ITpH3HAK BIIECPBBIC
ykazan aad Picrodendraceae. [To-BUAHMOMY, BBICOKAs 9ACTOTA 1 CIPYIIINPOBAH-
HOCTB ITPOCBETOB COCYAOB Y Androstachys MOryT OBITD AAAIITUBHBI AAAl ITOAYAPHA-
HOI'O KAMMATA C BAZKHBIM ACTOM. UTO Kacaercsi CTPOEHHUS KOPBL, TO 002 poAa
CXOAHBI 110 CyOIIIMACPMAABHOMY 3aA0KCHHIO (PEAAOICHA U IO HAAMYUIO TOA-
CTOCTEHHBIX BOAOKOH M CKACPEHA BO BTOPHYHOI (paosme. AuaaTanus KOpel y
Hyaenanche cyrmectBasercs myTéM pacT/KeHNA 1 ACACHII ITAPEHXUMHBIX KACTOK
¢ 00pasOBaHHEM IICEBAOKOPTEKCA. Y Androstachys HeT AyIeBOM AUAATALIH, OA-
HAKO CKAEPH(HUKAIIIA TAPEHXUMBI BHOCHT CYITIECTBEHHBIH BKAAA B YBEAUYICHHE
nepumMeTpa KOpsL. [To-BHAIMOMY, OOHABHOE OIIYIIICHHE HA SIIMACPMICE MOAO-
ABIX 1100eroB Androstachys yaacTByeT B yAABAIBAHUU BOABI U3 TyMaHa.

Karouessre caosa: Androstachys, Hyaenanche, Malpighiales, Broprramas dparosma, oxariM-
ACHHBIE IIOPBI, ITOPBL MEKAY COCYAAMH M AYYaMH, IICEBAOKOPTEKC, CKACPEHADL, AYOSHbIE
BOAOKHA, TPHXOMBI, AUAATAIIHSA

Picrodendraceae Small is a pantropical plant family of
the order Malpighiales comprising about hundred woody
species belonging to 25 genera ranged within the New
World, Africa, South Asia and Australasia with the grea-
test diversity in Australia where ten genera (seven endemic)
with 40 species occur (WCSP 2018, Grimsson et al. 2019).
This group has long been considered as a subfamily Old-
fieldioideae of the family Euphorbiaceae. As the paraphyly
of Euphorbiaceae s. lato. has been shown by molecular
phylogenetic studies (Chase et al. 1993, 2002, Savolainen
et al. 2000, Soltis et al. 1997, 2000, and others), the APG
II classification of angiosperms (APG 2003) recongized
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Picrodendraceae and four other euphorbioid monophyletic
lineages at family rank.

Two major monophyletic groups, i.e. Afro-Indian clade
(including the neotropical genera in basal position) and
Australasian clade, have been revealed within extant Picro-
dendraceae (Grimsson et al. 2019). The macrofossil and
pollen record of Picrodendraceae along with the current
phylogenetic framework strongly suggests that this family
originated in the late Cretaceous in the Americas. During
the eatly Paleogene, different lineages of Picrodendraceae
dispersed from South America across Antarctica into
Australasia, and, independently, across the North Atlantic
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Land Bridge and into Europe. The family migrated from
Europe into Africa in the Eocene, and reached India from
Africa in the Neogene (Grimsson et al. 2019).

The anatomical structure of wood and especially of
the bark of Picrodendraceae is pootly explored. Although
brief wood anatomical descriptions and microphotos wete
published for 16 genera of this family (Kromhout 1975,
Araujo & Filho 1984, Hayden 1994, InsideWood 2004-
onwards), the available data on variation of quantitative
wood traits are very scarce. The bark structure has been
studied only in Piranbea longepedunculata Jabl. (Roth 1981,
2005); Pax (1884) reported also the occurrence of sclereids
in the bark of Hyaenanche globosa. The aim of current study
is the detailed examination of wood and bark structure of
Androstachys and Hyaenanche, two South African genera of
Picrodendraceae.

Both Androstachys and Hyaenanche are monospecific ge-
nera. Androstachys jobnsonii Prain, also called Lebombo-iron-
wood, is an evergreen erect dioecious tree up to 15-20 m
in height distributed from Zimbabwe and Mozambique to
Eswatini and to the eastern parts of provincies Limpopo
and KwaZulu-Natal in South Africa. This tree occur in
deciduous woodland or in pure stands forming Androstachys
thickets (Coates Palgrave 2001). Male flowers of this species
have numerous spirally arranged stamens on elongate floral
axes, and this is an unique condition within angiosperms
(Webster 2014, Sokoloff et al. 2018). A. jobnsonii is a multi-
use species in southern Africa, with numerous advantages
to benefit human communities. It is generally valued for its
hard and heavy wood that is not prone to termite damage.
This wood is utilized for domestic flooring, furniture, musi-
cal instruments as well as for fencing, roofing, housing wall
pillars, and for many other uses (Dyer et al. 2016, Bakali et
al. 2017).

Hyaenanche globosa (Gaertn.) Lamb. & Vahl, or gifboom
(“poison tree” in Afrikaans), is a shrub or small tree up to
5 m tall growing in open semi-arid fynbos vegetation. The
range of this species is confined to the northern Bokkeveld
Escarpment Mountain Plateau in the northern Western
Cape, South Africa. H. globosa has very toxic fruits which
have been reportedly used by Khoisan to make the arrow
poison. Also, the local farmers used these fruits for poiso-
ning hyaenas and other livestock predators (Coates Palgrave
2001, Van Jaarsveld 2011). Some toxic substances, such as
sesquiterpene lactones, hyaenanchin, and tutin, were isolated
from the fruit of this species (Momtaz et al. 2010). The bio-
logical role of these toxin is suggested as the deterrence of
non-dispersing seed predators, such as Namaqua rock rats
(White & Midgley 2021).

Wood structure of A. jobnsonii and H. globosa has been
briefly surveyed by Hayden (1994). The wood anatomical
information on the former species there is also in Krom-
hout’s (1975) book and in the InsideWood (2004-onwards)
database. Some bark traits of H. globosa were reported by
Pax (1884), whereas A. jobnsonii has never been explored by
bark anatomists. In the present study, we examine the wood
and bark structure of Androstachis and Hyaenanche, in order
to elucidate the evolutionary pathways and ecological signi-
ficance of selected anatomical traits within this plant lineage.

MATERIAL AND METHODS

The sample of Androstachys jobnsonii [A. Oskolski # 258—
18] used for the anatomical investigations was collected by
the second author on 12.12.2018 in the miombo woodland
in the Brackenridgea (Mutavhatsindi) Nature Reserve in
ca. 2 km from Thengwe village, Limpopo province, South
Africa, with permission of its administration. The sample
of Hyaenanche globosa (A. Oskolski # 324-19) was collected
by the second author in 26 August 2019 in fynbos near the
summit of Bokkeveld Escarpment Mountain in ca. 30 km
from Vanrhynsdorp, Western Cape, South Africa, with
permission of the CapeNature. The stem parts at different
developmental stages from young twigs to portions of
mature branches (4 cm in diameter for A. jobnsonii and 5
cm for H. globosa) were collected. The specimens were fixed
in 70 % ethyl alcohol. Herbarium vouchers are deposited
in JRAU; the wood and bark samples are deposited at the
Department of Botany and Plant Biotechnology, University
of Johannesburg, South Africa, and in the Xylarium of the
Komarov Botanical Institute, St. Petersburg, Russia (LEw).

Standard procedures for the study of wood structure
were employed to prepare sections and macerations for
light microscopy (Carlquist 2001). The wood structure was
also investigated by scanning electron microscopy (SEM,
TESCAN, soft — VegaTS) at the The Central Analytical
Facility of the Faculty of Science, University of Johannes-
burg (Spectrum). Samples for SEM observations were
mounted on aluminum stubs with double-sided carbon tape
and coated with gold. Descriptive terminology follows Carl-
quist (2001) and the TAWA List of Microscopic Features
for Hardwood Identification IAWA Committee 1989). The
diameters of vessel lumina and fibres were measured in
tangential dimension, whereas the diameters of borders of
intervessel pits and the pits in fibres were measured in the
vertical direction (as the vertical pit size is less variable than
the horizontal one, and this is more appropriate for syste-
matic and diagnostic purposes). The quantitative data on
wood structure are summarized in Table 1.

For anatomical examination of juvenile stems and of
mature bark, the samples were also embedded in glycol me-
thacrylate (GMA) according to a modification of the Feder
& O’Brien (1968) method. Transverse, tangential and radial
sections of about 1 pm thick were cut by using a Porter Blum
MT-1 98 ultramicrotome, then stained with Schiff —toluidine
blue method, and mounted in Entellan. Macerations wete
made using Jeffrey's solution (Johansen 1940). Descriptive
terminology followed the recommendations of Angyalossy
et al. (2016) for bark description. We also used the term
‘pseudocortex’ proposed by Whitmore (1962a, 1962b) for a
zone of living parenchymatous tissue of mixed origin (both
from cortical tissues and from phelloderm and/or secon-
dary phloem parenchyma) located to the outside of dilated
secondary phloem. The quantitative data on the lengths of
sieve tube members and secondary phloem fibres are also
included in Table 1.

Evolution of selected wood anatomical features was
clarified by mapping discrete characters on a subsample
of the Maximum Clade Credibility consensus timetree of
Picrodendraceae of the combined analysis of 3 nuclear, 5
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Table 1. Quantitative anatomical characters of wood and bark in Awndrostachys jobhnsonii and Hyaenanche globosa

Androstachys jobnsonii Hyaenanche globosa
Characters [A. Oskolold 258-18] [, Oskolski 324-19]
Diameter of vessels 28.3%1.23 31.4%1.01
(mean * standard error, min—max, pm) 11-43 17 -51
Vessel frequency per mm? (mean, min-max) 20%3—7.2580 475 5—066
Mean/max number of vessel lumina per group 1.54/6 1.14 / 4
Percentage of solitary vessels 43 79
Vertical size of intervessel pits 4.3 3.2
(mean, min-max, pm) 32-6.7 2.1-4.0
Vessel elements length 581.9£22.17 480.3£20.73
(mean * standard error, min—max, pm) 264 — 1076 207 — 860
Length of wood fibres 815.1+24.01 745.1123.72
(mean T standard errot, min—max, pum) 264 - 1076 407 — 1225
F/V ratio 1.40 1.55
Height of rays 127.4 299.7
(mean, min—max, pm) 52-231 71 -1001
Number of uniseriate rays per mm 7.3 3.9
(mean, min—max) 3.8-133 1.9-8.6
Number of multiseriate rays per mm 0 11.7
(mean, min—max) 7.6-15.2
Total number of rays per mm 7.3 15.6
(mean, min—max) 3.8-133 11.4-19.0
Length of sieve tube members 326.2145.32 217.2+34.81
(mean * standard error, min—max, pum) 198 — 402 167 - 295
Length of secondary phloem fibres 889.4+21.72 868.6+28.31
(mean * standard error, min—max, pm) 328 — 1223 359 -1353

mitochondrial and 4 plastid regions (Grimsson et al. 2019).
Character optimization along the branches of the tree was
illustrated using the parsimony reconstruction method
of the Character History Tracing option in the computer
package Mesquite 2.75 (Maddison & Maddison 2011).

To clarify the climatic factors expetienced by A. jobnsonii
and H. globosa for interpretation of some differences in their
wood and bark structure, we assessed the average values
of 19 bioclimatic parameters for the distribution ranges of
each species. The values of bioclimatic variables were re-
vealed on the coordinates of the species occurrences that
were retrieved from the Global Biodiversity Information Fa-
cility (GBIF) web pottal (http://www.gbif.org/). The data
set consisted of 40 occurrences for A. johnsonii (GBIF Oc-
currence Download https://doi.org/10.15468/dl.dh8n2b,
01 September 2021) and 16 occurrences for H. globosa
(GBIF Occurrence Download https://doi.org/10.15468/
dl.xk6bw4, 01 September 2021) was used to extract 19 bio-
climatic variables representing the variation of temperature
and precipitation from the WorldClim climate layers at a
resolution of 2.5 min (Hijmans et al. 2005) for each occur-
rence using the Raster package (Hijmans & Etten 2012) in
R. The average values of the bioclimatic parameters for
each species showed in Table 2.

RESULTS

Anatomy of Androstachys johnsonii
Examined sample: A. Oskolski 258-18

Wood structure

Growth ring boundaries are distinctly marked by 3-5 rows
of radially flattened fibres, and also by different vessel fre-
quency between latewood and earlywood. Vessels are roun-

ded, rarely angular in outline, narrow (tangential diameter
11-42 pm, Table 1), solitary and in radial to diagonal mul-
tiplies of 2-6, very numerous (202-280 vessels per mm?).
Vessel walls of 2.8-7.0 pm thick (Fig. 1A). Vessel elements
are 582 um (264-1076 um) long. Perforation plates ate
simple (Fig. 1B). Intervessel pits are alternate, minute to
small, 3.2—6.8 um in vertical size (Fig. 1C). Vessels-ray and
vessel-axial parenchyma pits are similar to intervessel pits
in size and shape, mostly with distinct borders, commonly
restricted to marginal rows of ray cells (1D, F). Helical
thickenings were not found. Vascular tracheids were not
found. Tyloses not found.

Ground tissue fibres are very thick-walled, occasionally
thin- to thick-walled (fibre walls 3.3—7.4 um thick), relatively
short (430-1142 um in length, average 815 pum). Distinctly
bordered pits of 3.1-4.7 um in vertical diameter with slit-
like apertures are common on radial walls, whereas simple
to minutely bordered pits found on radial and tangential
walls. Septate fibres not found.

Axial parenchyma is scanty paratarcheal, mostly unilateral,
in solitary strands near the outer sides of vessels and vessel
groups (Fig. 1A), in strands of 3-4 cells. Prismatic crystals
occur in chambered cells of axial parenchyma.

Rays 7.3 per mm (4—13 per mm), exclusively uniseriate. Ray
height commonly 52—-231 um. Rays composed of square cells
and procumbent upright cells mixed throughout the rays. Ra-
dial canals absent. Crystals in ray cells not found (Figs 1D-F).

Bark structure

Epidermis on young parts of stems is composed of a
single layer of isodiametric rectangular to rounded cells
of 18-32 um in tangential size with thin inner walls and
very thick (6—10 pum) outer walls covered by thin cuticle
(Fig. 2A). Trichomes are abundant, non-glandular, two-cel-
lular with small basal cell and very long (ca. 1 mm in length)
terminal cell.
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Figure 1 Wood structure of _Androstachys johnsonii Prain [A.Oskolski 258-18]: A — distinct growth rings boundaries (asterisks), axial parenchyma
mostly scanty unilateral paratracheal and in 1-3-seriate tangential line, light microscopy (LM), transverse section (TS); B — simple perforation
plate scanning electron microscopy (SEM), radial longitudinal section (RLS); C — alternate intervessel pits (SEM), tangential longitudinal
section (TLS); D — uniseriate ray with vessel-ray pits restricted to marginal ray cells (white arrows) (SEM, TLS); E — exclusively uniseriate rays
(LM, TLS); F — procumbent and squate ray cells, vessel-ray pits restricted to marginal rows (LM, RLS). Scale bars = 100 um (A), 50 pm (E,

B), 20 pm (D), 10 um (B), 5 um (C)

Cortex is narrow, with about 9-10 layers of isodiametric
very thin-walled parenchyma cells of 10-22 um in tangential
diameter. Prismatic crystals found in some of the cortical
parenchyma cells. Pericyclic fibers are thin-walled, in clus-
ters of 2-10, arranged into interrupted band (Fig. 2A).

Mature bark gray to dark brownish, non-peeling, with
shallow long parallel fissures, without scaling. The initiation
of first-formed periderm is subepidermal. The phellem is
composed of 812 layers of more or less radially flattened
cells with thin cell walls. The phelloderm comprises of 4-7
layers of radially flattened thin- walled cells. Prismatic cells
are found in the phellem. Subsequent periderms not found

(Figs 2B, C).

Dilated cortex (Fig. 2B) is narrow (10-12 cells wide, i.c.
200-250 um in width) and well-delimited from outer regions
of secondary phloem by the continuous band of peryciclic
fibres and sclereids; therefore, the term “pseudocortex” is
not appropriate for this zone. Dilation of the cortical tissue
is effected mostly by tangential stretching of cells and by
anticlinal divisions of the cortical parenchyma cell, thus for-
ming strands of 2-10 cells. Small (21-35 pum in tangential
size) isodiametric sclereids rarely occur in dilated cortex.
Crystals not found.

Secondary phloem (Figs 2B, D; 3A, B) consists of
8—15-seriate conductive elements and axial parenchyma
alternating with 3—5-seriate tangentially elongated clusters
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Figure 2 Bark structure of Androstachys jobnsonii Prain [A.Oskolski 258-18], transverse sections (LM): A — juvenile stem: epidermis with

Wood and bark anatomy of South African Picrodendraceae
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abundat trichomes, cortex, ring of pericyclic fibres and phloem, secondary xylem; B — mature bark: conducting (cph) and non-conducting
(ncph) secondary phloem, clusters of secondary phloem fibres and sclereids (asterisks), band of pericyclic fibres and sclereids (pfs); dilated
cortex (co), periderm; C — periderm: phelloderm, thin-walled phellem cells; D — conducting secondary phloem: band of sieve tubes and axial
parenchyma, cluster of sclereids (arrowheads), sclerified axial parenchyma strands with prismatic crystals (arrows), and secondary phloem

fibres. Scale bars = 200 pm (B), 50 um (A, C, D)

of secondary phloem fibers associated with sclereids and
partially sclerified axial parenchyma strands with prismatic
crystals in chambered cells. Sieve tubes are 20-33 pm wide,
solitary and in radial groups of 2-4. The sieve tube members
are 326 um (198—402 um) in length. Sieve plates are simple
and compound with 2—4 sieve areas, located on vertical or
slightly oblique cross walls. Axial parenchyma in strands of
2—4 cells, occasionally with chambered cells containing small
prismatic crystals (Figs 2D, 3A). Secondary phloem fibers
are very thick-walled, 889 wm (328-1223 um) in length.
Sclereids rectangle-shaped, isodiametric to somewhat verti-

cally elongated of 18—63 um in tangential size, very thick-
walled, occasionally with prominent layers in cell walls.
Transition from non-collapsed to collapsed secondary
phloem is gradual. Dilation of secondary phloem effected
mostly by tangential stretching and anticlinal divisions of
axial parenchyma forming tangential strands of 2-9 cells, as
well as by sclerification of additional parenchymatous cells
making their walls much thicker. In non-conducting secon-
dary phloem, the clusters of sclerenchyma tend to coalesce
into continuous tangential bands.
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Figure 3 Bark structure of Awdrostachys johnsonii Prain [A. Oskolski
258-18], tangential longitudinal sections (ILM): A — conducting se-
condary phloem: sieve tube members, crystaliferous (arrows) and
non-crystaliferous axial parenchyma strands, uniseriate rays, secon-
dary phloem fibres (asterisk); B — non-conducting secondary phloem:
sclereids (arrowheads), secondary phloem fibres, sclerified axial
patenchyma strands with prismatic crystals (arrows), dilated axial
parenchyma. Scale bars = 100 um

Secondary phloem rays are uniseriate, composed of mostly
square cells, occasionally also with and procumbent cells in
its central portions (Fig. 3A). Dilated rays associated with
parenchyma cells are enlarged by tangential expansion, but
without anticlinal divisions; sometimes with sclerified cell
walls (Fig. 3B). No crystals are found in ray cells.

Anatomy of Hyaenanche globosa
Examined sample: A. Oskolski 258-18

Wood structure

Growth ring boundaries are indistinct, marked by dif-
ference in abundance of vessels and axial parenchyma bet-
ween latewood and earlywood (Fig. 4A). Vessels are roun-
ded, rarely angular in outline, narrow (tangential diameter
17-51 pm), predominantly solitary, occasionally also radial
multiplies of up to 4 vessels, moderately numerous (47-66
vessels per mm?). Vessel walls of 2.2-5.6 um thick. Ves-
sel elements are 480 pm (207-860 pum) long (Table 1).
Perforation plates are simple (Fig. 4B). Intervessel pits
are alternate, minute, 2.1-4.0 um in vertical size (Fig. 4C).
Vessels-ray and vessel-axial parenchyma pits are similar to
intervessel pits in size and shape, with distinct borders,

sometimes unilateral compound, not restricted to marginal
ray cells (Figs 4B, F). Helical thickenings were not found.
Vascular tracheids were not found. Tyloses were not found.

Ground tissue fibres are very thick-walled, occasionally
thin- to thick-walled (fibre walls 3.2-9.8 um thick), relatively
short (407-1125 pum in length, average 745 pm). Distinctly
bordered pits of 3.2-5.0 um in vertical diameter with slit-
like apertures are common on radial walls, whereas simple to
minutely bordered pits found on tangential walls, and occa-
sionally occurring also on radial walls of fibres (Figs 4D, E).
Septate fibres not found.

Axial parenchyma is diffuse-in-aggregates, in strands
of 4-7 cells. Prismatic crystals occur in chambered and
non-chambered cells of axial parenchyma.

Rays 15.6 per mm (11-19 per mm), uni- and 2—3-seriate.
Ray height commonly 175-1068 um. Both uniseriate and
multiseriate rays composed mostly of squate cells and
procumbent cells (occasionally also upright cells) mixed
throughout the rays (Figs 4E, IF). Radial canals absent. Crys-
tals in ray cells not found.

Bark structure

Juvenile stems circular in outline, with eight-point star
shaped conductive cylinder and square pith (Fig. 5A). Epi-
dermis on young parts of stems is composed of a layer of
column-like to isodiametric rectangular cells of 10-23 um
in tangential size with thin walls and very thick (5-9 pm)
outer walls covered by thin cuticle. Trichomes not found.

Cortexis 2025 cellsin width, composed of collenchyma
and parenchyma. Cortical collenchyma is angular-lamellar
in 2-3 layers of cells which are 20—40 pum in tangential
diameter, containing no crystals. Cortical parenchyma
is of 18-23 layers of isodiametric to thin-walled cells of
30-70 um in tangential diameter, occasionally containing
druses. Pericyclic fibers are thick-walled, solitary and in
clusters of 2—15 (Fig, 5B).

Mature bark (Fig. 5C) gray, non-peeling, brittle, without
fissures and scales. The initiation of first -formed periderm
is in subepidermal layer. The phellem is composed of 8—12
layers of more or less radially flattened cells with thin cell
walls (2.5-3.0 um thick). The phelloderm comprises of 710
layers of radially flattened thin-walled cells. No crystallife-
rous cells found in periderm. Subsequent periderms not
found (Figs 5C, D).

Pseudocortex found between periderm and dilated
secondary phloem as a prominent parenchymatous zone of
1.2-1.4 mm in width. This bulk of parenchyma is apparently
derived from phelloderm, dilated cortical parenchyma, and
outer regions of dilated secondary phloem. Dilation of
pseudocortex is affected mostly by tangential stretching and
by anticlinal divisions of parenchyma cells, thus forming
strands of two to ten cells. Large (90-170 um in tangential
size) solitary isodiametric sclereids with very thick walls
occur in pseudocortex. Crystals not found (Fig. 5C).

Secondary phloem consists of conductive elements,
axial parenchyma and small clusters of 3-8 fibres and iso-
diametric sclereids associated with the strands of cham-
bered axial parenchyma cells containing prismatic crystals
(Figs 5C, E). These clusters of sclerenchyma are scattered
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Figure 4 Wood structure of Hyaenanche globosa (Gaertn.) Lamb. & Vahl: [A.Oskolski 324-19]: A — indistinct growth rings boundaries, axial
parenchyma diffuse-in-aggregates (LM, TS); B — vessel element with simple perforation plates, vessel-ray pits with distinct borders (SEM;
RLS); C — alternate intervessel pits (SEM, TLS); D — bordered pits on fibre wall (SEM, RLS); E — square and procumbent ray cells, vessel-ray
pits not restricted to marginal rows of ray cells (LM, RLS); F — uni- and 2—3-seriate rays, prismatic crystals (arrowheads) in axial parenchyma
cells (LM, TLS). Scale bars = 100 um (A, E, F), 50 um (B),10 pm (D), 5 pm (C)

within the zones of conductive elements and axial parenchy-
ma without prominent pattern. Sieve tubes are 20-30 pm
wide, in radial groups of 2—7. The sieve tube members are
217 wm (167-295 pum) in length. Sieve plates are compound
with 2—6 sieve areas, located on vertical or slightly oblique
cross walls. Axial parenchyma in strands of 2—4 cells,
occasionally with chambered cells containing small prismatic
crystals. Secondary phloem fibers are very thick-walled, 868
um (359-1353 um) in length. Sclereids rectangle-shaped,
isodiametric to somewhat vertically elongated of 15—45 pm
in tangential size, very thick-walled, ococcasionally with pro-

minent layers in cell walls. Transition from non-collapsed
to collapsed secondary phloem is gradual. In collapsed
secondary phloem, the axial parenchyma cells are tangentially
stretched, and the sclerenchyma clusters are more large (up
to 20 cells) and numerous. Dilation of secondary phloem
effected mostly by tangential stretching and anticlinal
divisions of ray cells (Figs 5 C, E, G).

Secondary phloem rays are uniseriate and 2-3 seriate
(Fig. 5F). Uniseriate rays are composed of mostly square
cells while 2- and 3- seriate rays have procumbent cells in its
central portions. Dilated rays are extensively enlarged, most-
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Figure 5 Bark structure of Hyaenanche globosa (Gaertn.) Lamb. & Vahl [A. Oskolski 324-19], (LM): A — juvenile stem: eight-pointed star shape
of conductive cylinder, square pith (IS): B — juvenile stem: epidermis without trichomes, cortex with collenchyma and parenchyma, band
of pericyclic fibres and phloem, secondary xylem (TS); C — mature bark: conducting (cph) and non-conducting (ncph) secondary phloem,
dilated rays (asterisks), clusters of secondary phloem fibres and sclereids, pseudcortex (pco) with sclereids (arrowheads), periderm (TS);
D — periderm: phelloderm, thin-walled phellem cells (TS); E — conducting secondary phloem: sieve tubes and axial parenchyma, clusters
of secondary phloem fibres and sclereids (arrows) (IS); F — conducting secondary phloem: sieve tube members, crystaliferous (arrowhead)
and non-crystaliferous axial parenchyma strands, uni- and 2-3-seriate rays, secondary phloem fibres (asterisks) (TLS); G — non-conducting
secondary phloem: secondary phloem fibres, sclerified axial parenchyma strands with prismatic crystals, dilated rays and axial parenchyma
(TLS). Scale bars = 500 um (A), 200 um (C), 100 um (B, D, E, F, G)
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ly by tangential expansion and also by anticlinal division of
ray cells resulting in rays of up to 12 cells wide. Many of
the ray cells contain starch grains. Prismatic crystals occur
in the cells of dilated rays (Fig. 5G).

Evolution of some wood traits
within Picrodendraceae

Both our observations on Androstachys and Hyaenanche,
and the published wood anatomical data on other
Picrodendraceae genera (Hayden, 1994; InsideWood,
2004-onwards) have been used to reconstruct the patterns
of evolution for the presence of bordered pits on the
fibre walls, the prominence of borders at the vessel-ray
pits, the occurrence of multiseriate rays, and the types of
axial parenchyma (Figs 6A-D). The mapping of this trait
on a subset of the Maximum Clade Credibility consensus
timetree of Picrodendraceae of the combined analysis of 3
nuclear, 5 mitochondrial and 4 plastid regions (Grimsson et
al. 2019) shows that the lack of bordered pits on fibre walls,
the vessel-ray pits with distinct borders, the presence of
multiseriate rays, and exclusively apotracheal (diffuse and/
or diffuse-in-aggregates) axial parenchyma are ancestral

_l—- Austrobuxus paucifiorus

Bordered pits on fibre walls

[ - absent Austrobuxus nitidus
- present —‘ ————————————m Dissiliaria baloghioides
——————————————a Mischodon zeylanicus
[:"‘ Petalostigma sp.
Androstachys johnsonii

Aristogeitonia lophirifolia

Hyaenanche globosa

1 Oldfieldia africana
‘I—L;Z Aristogeitonia perrieri

A E Piranhea trifoliata
Piranhea longepedunculata

Ray width
[1- rays exclusively uniseriate
B - rays uni- and multiseriate

{l Austrobuxus paucifiorus
| ® Austrobuxus nitidus

—— Dissiliaria baloghioides

® Mischodon zeylanicus
® Petalostigma sp.

[—————————— 0 Androstachys johnsoni

Oldfieldia africana

. ® Aristogeitonia perrieri
{l Aristogeitonia lophirifolia

Hyaenanche globosa

' P' Piranhea trifoliata

l:lﬂ Piranhea longepedunculata

Vessel-ray pits
[ - with reduced borders or simple
Ml - with distinct borders
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conditions for this group. The gains of bordered pits
occurred in Austrobuxus and, independently, in Hyaenanche
and Awndrostachys, i.e. in the basal lineages of the African
clade, with the secondary loss in O/dfieldia and Aristogeitonia
(Fig. 6A). Two shifts from distinctly bordered vessel-ray pits
to indistinctly bordered or simple ones found in Awustrobuxus
and Piranhea (Fig. 6B). The multiseriate rays were lost in
Abndrostachys and, independently, in one species of Piranbea
(Fig. 6C). The gains of banded axial parenchyma shown
in Dissiliaria, Aristogeitonia and Piranhea; the shift from
apotracheal axial parenchyma to scanty paratracheal one
found only in Androstachys (Fig. 6D).

DISCUSSION

Abndrostachys jobnsonii and Hyaenanche globosa share a suite
of wood traits (exclusively simple perforation plates, minute
to small intervessel pits, nonseptate thick-walled imperforate
elements, the occurrence of prismatic crystals in axial paren-
chyma cells) found in most genera of Picrodendraceae
explored to date (Hayden 1994, InsideWood 2004-onwards).
H. globosa also shows such typical features of this family as
apotracheal (mostly diffuse-in-aggregates) axial parenchyma

4]|:“3 Austrobuxus paucifiorus

O Austrobuxus nitidus

Dissiliaria baloghioides

Mischodon zeylanicus

Petalostigma sp.

Androstachys johnsoni

Axial parenchyma

[ - only apotracheal
I3 - apotracheal and banded
Il - only scanty paratracheal

p— O|dfieldia africana

® Aristogeitonia perrieri

m Aristogeitonia lophirifolia

Hyaenanche globosa
B En Piranhea trifoliata
L O Piranhea longepedunculata
Austrobuxus pauciflorus
_,:llz Austrobuxus nitidus
) Dissiliaria baloghioides
Mischodon zeylanicus
Z Petalostigma sp.

—— Androstachys johnsonii

—————— 0 Oldfieldia africana

lmDAriswgeIronia perrieri

exeenn Aristogeitonia lophirifolia

30 Hyaenanche globosa

D [=====0 Pjranhea trifoliata

ot Piranhea longepedunculata

Figure 6 Distribution of the wood character states within the Picrodendraceae mapped onto a subsample of the Maximum Clade Credibility
consensus timetree of the combined analysis of 3 nuclear, 5 mitochondrial and 4 plastid regions (Grimsson et al. 2019). A — the presence
of distinctly bordered pits on fibre walls (white — absent, black — present); B — the prominence of borders at the vessel-ray pits (white — pits
with reduced borders or simple, black — pits with distinct borders); C — the occurrence of multiseriate rays (white — rays exclusively uniseriate,
black — uni- and multiseriate rays); D — the type of axial parenchyma (white — only apotracheal, hatch — apotracheal and banded, black — only

scanty paratracheal)
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and numerous mostly multiseriate rays (11-19 rays per mm).
Unlike that, A. jobnsonii has scanty paratracheal axial paren-
chyma and relatively sparse (413 per mm) exclusively uni-
seriate rays. Although these traits are uncommon within
Picrodendraceae (Figs 6C—D), Androstachys shares those with
two species of a Malagassy genus Stachyandra (InsideWood
2004-onwards). Such a similarity in wood structute confirms
close relationships between these two genera sharing also
some unique morphological features of their male flowers
(Radcliffe-Smith 1990, Webster 2014, Sokoloff et al. 2018).
The position of Stachyandra has not yet been examined, how-
ever, by molecular phylogenetic analysis.

Androstachys is also distinctive from Hyaenanche in having
vessel-ray pits restricted to marginal rows. This feature ma-
nifests the differentiation between the contact ray cells and
the isolation ones (Braun 1970). The loss of vessel-associa-
ted parenchyma cells in the rays of Androstachys is thought
to be recouped by the shift from apotracheal axial paren-
chyma to scanty paratracheal one (Fig. 6D) in this genus
(Braun 1984, Mortis et al.,, 2018). Although the vessel-ray
pits restricted to marginal rows occur in Phyllanthaceae,
Peraceae, Euphorbiaceae, and the majority of other woody
families belonging to the order Malpighiales (InsideWood
2004-onwards), this trait has never been reported in
Picrodendraceac.

The presence of bordered pits on fibre walls in Andro-
stachys and Hyaenanche is seemingly an ancestral condition for
the African clade of Picrodendraceae with its secondarily
loss in Oldffieldia and Aristogeitonia (Fig, 6A). This trait has also
been reported for the Malagasy genera Stachyandra and 1oa-
tamalo (InsideWood 2004-onwards), that also presumably
belong to this clade. Following Sano’s et al. (2011) data, the
bordered pits on fibre walls in both studied species could
be able to conduct water due to their large size (> 4 ym in
diameter). These pits are confined, however, only to radial
walls of mostly thick-walled fibers with narrow lumina.
These fibers are hardly involved, therefore, in the water
conductance in Androstachys and Hyaenanche.

Hayden (1994) suggested great significance of the
shape of vessel-ray pits for systematics of Picrodendraceae.
This author considered the occurrence of “irregular” (i.c.
scalariform or palisade) vessel-ray pits as an ancestral condi-
tion reporting the presence of such pits in all Australasian
genera of this family as well as in Paradrypetes and Podocalyx,
two Neotropical genera. The published reliable information
on the variation of shape of vessel-ray pits within Picro-
dendraceae (Araujo & Filho 1984, Hayden 1994, Inside-
Wood 2004-onwards) is not sufficient, however, to test
this hypothesis. Instead, the mapping of available data on
the prominence of borders at the vessel-ray pits (Fig, 6B)
suggests that this trait is also of certain value for systematics
of some genera, e.g. Austrobuxus and Piranbea.

Abndrostachys  jobnsonii  shows much higher vessel
frequency (average 273.5 per mm?) and grouping (43.3 % of
solitary vessels) than H. globosa (37.0 per mm? and 85.2 %,
respectively) coupled with nearly equal figures of vessel dia-
meter in both species (average 28.3 um in A. johnsoniz, and
31.4 um in H. globosa). These differences in vessel traits are
thought to be associated with contrating climatic conditions
influencing those species. While H. globosa is confined to
the Mediterranean-type climate with hot dry summer and
rainy mild winter (Csa type sensu Képpen & Geiger’s clas-
sification; Peel et al. 2007), A. johnsonii is distributed in the
regions of hot semi-arid climate with wet summer and dry
winter (Bsh type). Although the annual precipitation within
the distribution area of the latter species (average 644 mm)
is more than twice as high as within that of the former
one (average 266 mm, Table 2), this rainfall is timed to
hot season with high evaporation. Presumably, 4. jobnsonii
has much higher transpiration rate during wet season
than H. globosa, and more numerous vessels are required
for sufficient supply of water to its leaves. If that is the
case, the higher vessel grouping in A. johnsonii can be a way
of increasing safety of water conductance by providing
subsidiary conduits whereby water can be carried in case of
air embolisms of some vessels in a group (Carlquist 1984,

Table 2. Average values of bioclimatic variables for distribution ranges of _Androstachys johnsonii and Hyaenanche globosa

(temperature in °C, precipitation in mm)

Abbreviations  Bioclimatic vatiables Andprostachys jobnsonii Hyaenanche globosa
BIO1 Annual mean temperature 22.3 17.3
BIO2 Mean diurnal range 12.9 15.2
BIO3 Isotermality (BIO2/BIO7) (X100) 59.5 58.7
BIO4 Temperature Seasonality (standard deviation X100) 2941 3914
BIO5 Max Temperature of Warmest Month 31.6 31.0
BIOG6 Min Temperature of Coldest Month 10.0 5.1
BIO7 Temperature Annual Range (BIO5-BIOOG) 21.6 259
BIOS8 Mean Temperature of Wettest Quarter 25.4 12.9
BIOY Mean Temperature of Driest Quarter 18.1 22.1
BIO10 Mean Temperature of Warmest Quarter 25.4 22.2
BIO11 Mean Temperature of Coldest Quarter 18.0 12.2
BIO12 Annual Precipitation 644.5 265.9
BIO13 Precipitation of Wettest Month; 126.6 48.2
BIO14 Precipitation of Driest Month 6.8 4.0
BIO15 Precipitation Seasonality (Coefficient of Variation) 81.1 66.1
BIO16 Precipitation of Wettest Quarter 351.0 129.4
BIO17 Precipitation of Driest Quarter 26.9 19.1
BIO18 Precipitation of Warmest Quarter 347.0 22.2
BIO19 Precipitation of Coldest Quarter 27.8 128.2
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Lens et al. 2011). Physiological evidence for transpiration
rates and hydraulic conductivity of wood in two species is
required, however, to confirm or reject this explanation.

The available information on the bark structure in
Picrodendraceae and its related families (Phyllanthaceae,
Euphorbiaceae, Peraceae etc) is insufficient to recognize
any taxonomic or evolutionaty patterns in its diversity. Both
A. jobnsonii and H. globosa show subepidermal initiation of
phellogen, the presence of thick-walled fibers and sclereids
as well as of axial parenchyma strands with prismatic crystals
in secondary phloem. The sieve tube members in these spe-
cies are also much shorter than the vessel elements that
indicates the common occurrence of transverse anticlinal
divisions in the differentiation of the phloem conductive
elements (their secondary separation sensu Zahur (1959)).
These features have also been reported in most genera of
Phyllanthaceae and Euphorbiaceae examined by bark ana-
tomists to date (Moeller 1882, Pax 1884, Zahur 1959, Roth
1981, 2005, Farias et al. 2009). At the same time, the bark
of A. johnsonii and H. globosa seemingly lacks any secretory
structures which are characteristic for many members of
these plant families.

Piranbea longepedunculata Jabl., the only species of Picro-
dendraceae whose bark structure has been explored to date
(Roth 1981, 2005), differs from _A. jobnsonii and H. globosa
in having phelloderm cells with sclerified walls, tannini-
ferous (“secretory”) cells in secondary phloem, the pre-
sence of two types of axial parenchyma (with the strands
of vertically elongated cells containing few starch grains,
and those made of nearly isodiametric cells filled with
starch), and also the lack of secondary phloem fibers and
crystaliferous axial patenchyma. The co-occurrence of two
latter traits in the species under study coupled with their
loss in P. longepedunculata confirm Roth’s (1981) suggestion
about close association in formation of phloem fibers and
crystaliferous strands of axial parenchyma.

The bark of A. johnsonii is conspicuous in the presence
of abundant sclereids and secondary phloem fibers arranged
into extended clusters or in continuous bands, and in the
lack of ray dilatation. Unlike that, H. globosa shows only small
clusters of sclereids and fibers coupled with prominent ray
dilatation. Obviously, these features are associated with
different ways of bark dilatation in two species. In H. globo-
sa, the expansion of bark in girth is achieved by tangential
stretching and anticlinal divisions of cells in radial, axial
and cortical parenchyma. As a result, a vast pseudocortex
as a parenchymatous zone of mixed origin (derived from
cortex and secondary phloem) is formed in outer region of
its bark. Contrastingly, the presence of continuous bands of
sclereids and fibers in secondary phloem of A. jobnsonii is
hardly compatible with ray dilatation. Instead, the formation
of very thick walls in those sclerenchyma cells is thought
to make substantial contribution in bark expansion in this
species. Similar way of batk dilatation has been reported by
Mashimbye et al. (2020) in Searsia (Anacardiaceae). The con-
tinuous bands of sclereids and fibers can also perform an
additional protection for the conducting secondary phloem
that can be suffered otherwise by fissuring of bark due to
its dilatation. The protective role of sclerified secondary

Wood and bark anatomy of South African Picrodendraceae

phloem has been shown, for instance, in the bark of Buddleja,
a genus of Scrophulariaceae (Frankiewicz et al. 2021).

Androstachys johnsonii differs from H. globosa also in ha-
ving abundant long trichomes on epidermis of young
shoots. Those are very similar to two-celled trichomes from
the dense indumentum on abaxial side of the leaves of
this species (Alvin 1987). Unlike .A. jobusonii, H. globosa has
glabrous leaves (Hayden 1994) and juvenile stems (Fig, 5A,
B). Alvin (1987) suggested that the trichomes on leaves of
A. jobnsonii are involved in the water uptake from the aerial
environment, particularly during the dry season when the
water is available mostly from drizzle or mists. This function
of indumentum on the juvenile stems of this species can be
explained in the same way.
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