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CELLULAR AND MOLECULAR BIOLOGY

Vessel element morphology of
Allagoptera campestris (Mart.) Kuntze
(Arecaceae) belowground organs
affected by growing conditions
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SOUZA, GABRIELA S. DA SILVA & LUCAS HENRIQUE S. BARBOSA

Abstract: Allagoptera campestris is an acaulescent, rhizomatous palm tree that occurs
in grassland and savanna areas (Cerrado). In the Santa Barbara Ecological Station (Aguas
de Santa Barbara, Sao Paulo, Brazil) the species is found growing in three distinct
conditions: 1) in the understory of Pinus species plantations introduced in the 1970s
in formerly open savanna, 2) in an area where Pinus species cultivated in the 1970s
were later removed and the remaining material burned, and 3) in an open, undisturbed
savanna area without the interference of pines. Anatomical studies carried out with
A. campestris leaves collected in the same three areas indicated leaf plasticity in
response to growth conditions. To verify whether there are differences in vessel element
morphology in belowground organs, light, and scanning electron microscopy analyses
were conducted on portions just below the crown, in the middle of the rhizome, and
the median portions of three longer adventitious roots sampled from three plants in
each area. The study reveals significant variations in vessel element characteristics
of A. campestris, with roots consistently displaying longer and larger elements than
rhizomes, and environmental conditions, especially in pine understory, influence vessel
dimensions, and hydraulic conductivity in a negative manner.

Key words: acaulescent palm, adaptation, rhizome, roots, tracheary elements.

District (Moraes & Martins 2019). The leaves of
this palm tree are widely used in handicrafts by
native-Brazilian communities and its fruits are

Kuntze

(Arecaceae), popularly known in its natural
range as buri-do-campo, imburi, pissando, and
ariri, is a slow-growing palm tree with a single
underground stem (rhizome) or sometimes an
underground stem with a small aerial portion,
which occurs in grasslands and savannas
(Durigan et al. 2018). The species has a wide
distribution covering a large part of the south,
southeast, central and northeastern Brazil,
being registered in the states of Maranhao,
Bahia, Goias, Mato Grosso, Mato Grosso do Sul,
Minas Gerais, Sao Paulo, Parana, and the Federal

used in cooking and consumed fresh, as is its
palm heart (Martins et al. 2014). Its fruits are also
of invaluable importance as a food resource
for numerous animal species in the Cerrado
(Andreazzi et al. 2009).

At the Santa Barbara Ecological Station
(SBES), located in Sdo Paulo state, Southeast
Region of Brazil, the species is found growing
in three distinct conditions: 1) in the understory
of Pinus sp. plantations introduced in the 70s in
formerly open savanna, 2) in an area where Pinus
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sp. cultivated in the 70s was removed and the
remaining material burned, and 3) in an open
savanna area without the interference of pine.
A study carried out by our group showed that
long-term pine cultivation in areas previously
occupied by open savannas caused a drastic
reduction in the bud bank and subterranean
structures, affecting the survival of several
native species (Ferraro et al. 2021). Allagoptera
campestris is one of the few species that still
occurs on those pine understory areas and
presents good performance probably due to
the plasticity of its leaves (Barbosa et al. 2022).
According to the authors, in pine understory, the
leaves have a lower stomatal index and lower
values of net CO, assimilation, while in the area
under regeneration, plants fully exposed to
sunlight form leaves with a thicker leaf blade
and a higher stomatal index. Nevertheless, it is
unknown whether anatomic variations in organs
otherthan leaves occurs,and how their hydraulic
conductivity responds to different ecological
regimes (e.g., soil and water degradation) such
as the ones found in the studied Cerrado area.
Water transport capacity through the xylem
is an important functional trait closely linked
to the plant water-use strategy and net primary
productivity in a given environment (Fonti &
Jansen 2012). Transport efficiency is associated
with vessel elements whose morphology (i.e.,
vessel elements of larger diameter with simple
perforation plates) compromises safety in
cases of embolism (Carlquist 1975, 1989, Baas
et al. 1983, 2004, Hacke et al. 2023) although
this statement is a matter of debate (Lens
et al. 2022, 2023, Isasa et al. 2023, Olson et al.
2023). Carlquist (1975) suggests that in aquatic
or mesic environments, monocots tend to have
longer, narrower conductive elements with
multiple perforation plates, while those growing
in seasonal environments, with a well-marked
dry season, generally shorter and wider vessel
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elements with simple plates are present. Baas
et al. (1983) also demonstrated in a broad
study of the flora of Israel and surrounding
areas that vessel elements tend to reduce in
dimensions (length and width) from mesic to
xeric environments, a pattern mirrored across
the globe (Olson et al. 2023). Nevertheless, the
correlation between vessel dimensions and
embolism remains a subject of ongoing debate
(Isasa et al. 2023). The authors used data from
20 temperate broad-leaved tree species and
concluded that there can be variations in the
values of the traits analyzed and in the way the
data were grouped and examined. But they also
observed that embolism-resistant species had
thick pit membranes and narrow vessels.
Concerning the diameter of vessel elements
in the xylem, which is associated with the
plant’s hydraulic capacity ensuring the supply
of water from roots to leaves, it was shown
that the vessel elements have a high degree
of phenotypic plasticity in direct response to
environmental stimuli (Schreiber et al. 2015).
In monocotyledons, the morphology of the
xylem conductive cells is an interesting point
to be analyzed, as differences exist according
to the organ where they occur, and in general
the vessels are shorter and wider in the roots,
intermediate in the stems, and very long and
narrow on leaves, with multiple plates with
many bars (Cheadle 1942, 1943a, b, 1944, 1956).
Identical patterns of diameter and type of plate
were found in palm trees of the genus Syagrus,
the first being wider on the roots, intermediate
on the stems, and very narrow on the leaves,
with simple plates on the roots, multiple plates
with few bars on the stems, and multiple plates
with many bars on the leaves (Pace et al. 2011).
However, the data on the length of the vessel
elements were inconsistent, as these were as
long or longer in the roots than those in the
stems and leaves (Pace et al. 2011). Particularly
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in the species Syagrus petraea, which has
an underground rhizomatous stem like A.
campestris, much shorter vessel elements were
observed in the rhizomes than in the other
organs, something that was related by the
authors to the organ’s reserve function (Pace et
al. 2011).

Analysis of Sansevieria species (currently
included in Dracaena, Asparagaceae) showed
the absence of vessel elements in the rhizomes
and leaves, which are only present in the roots
(Carlquist & Schneider 2007). In Orchidaceae,
tiny vessel elements were found in rhizomes
and pseudobulbs (Carlquist & Schneider 2006).
Shorter vessel elements in storage organs have
been associated with the apparent slowness in
their rate of conduction when compared to the
faster flow in roots (Carlquist & Schneider 2006).

As plant hydraulic capacity is closely
associated with adaptation to the environment
and xylem morphology, conductive cells can
exhibit a high degree of phenotypic plasticity.
Therefore, our objective was to elucidate
whether vessel elements show structural and
ultrastructural variations in the roots and
rhizome of A. campestris growing in three
distinct conditions in the Cerrado.

MATERIALS AND METHODS
Plant material and studied area

ThespeciesAllagopteracampestris(Mart.) Kuntze
(Arecaceae) is a palm tree with a belowground
rhizome-type stem (Fig. 1) that grows in three
different sites in the SBES (22°48'59" S; 49°14'12"
W): a) a natural Cerrado area (NCE) characterized
as an open savanna, excluded from fire for at
least 15 years; b) a formerly open savanna under
the cultivation of different pine species (UPI)
since the 1970s and excluded from fire since then;
and c) an area where Cerrado is regenerating
(CER) after 40 years of pine cultivation that
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underwent the clear-cutting of the pine trees in
2012, followed by a fire treatment in 2014 for the
removal of the remaining material. In the three
studied areas, three whole plants were collected
with the aid of a backhoe for morphological and
anatomical analyses. The predominant soils
of the SBES are deep and sandy Oxisols (Melo
& Durigan 2011). At the UPI site, a substantial
layer of needles (approximately 14 cm thick)
covers the soil surface, effectively shading
it. In contrast, the soil in the other two areas
experiences greater exposure to sunlight. The
humidity of the soil (%) in the region of 0-20
cm were 5 £ 0.02 in the NCE, 6 = 0.01 in the CER,
and 10 £ 0.02 in the UPI, that is, soil humidity
was significantly higher in UPI than in the two
other areas. The soil temperature was lower in
UPI area (Supplementary Material - Figure S1)
and clay content (w/dispersant) (Teixeira et al.
2017) was slightly higher in the UPI (138 g/kg)
than in the NCE (100 g/kg) and in the CER (125
g/kg). Species identification was confirmed by
specialists and the material was deposited at
the ESA herbarium under accession number
140303.

Structural analyses

For structural analyses, the median portion
of the rhizome was sampled from each plant,
as well as the median portions of the three
longest adventitious roots. The rhizome and
root samples were fixed separately in FAA 50
(Johansen 1940) for 48h, conserved in 70% ethyl
alcohol where they were stored until processing.
The methodology for observing the vessel
elements of the rhizome and roots was based
on the method proposed by Pace et al. (2011).
Samples were macerated in a solution of 50%
aceticacid and 50% hydrogen peroxide overnight
(Franklin 1945), with subsequent staining in 1%
Safranin and 50% ethanol, and mounted on
semipermanent slides with glycerin.
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For quantitative analyses under a light
microscope, part of the macerated material was
usedtoassembleslidesoftherootsand rhizomes
of the three plants from each area studied. The
length and diameter of 50 vessel elements per
organ and per plant were measured, totaling 450
measurements per organ and 150 measurements
per study area. Measurements were performed
using the Image) Software (Rasband 2006) after
capturing images of the slides using a Leica® DC
300F video camera coupled to the Leica® DM LB
microscope and Leica M205C stereomicroscope
coupled to the Leica DFC295 camera.

VESSEL MORPHOLOGY VARIATION OF AN ACAULESCENT PALM

Figure 1. Adult plant of
Allagoptera campestris
is composed of a
belowground rhizome
(a) with plenty of
adventitious roots

(b). Dashed line in (a)
represents the soil
level; Arrow in (b)
indicates the crown.

For ultrastructural analyses, the other
part of the macerated material was fixed to
an adhesive tape on aluminum supports and,
after drying at room temperature, covered
with a thin gold layer (30-40 nm) in a Sputter
Coater (Balzers SCD 050). The analyses and
digitalization of the images were carried out in
a JSM-IT300 scanning electron microscope (JEOL,
Tokyo, Japan), operated at 20 kV with the scales
printed directly on the electron micrographs.
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Potential hydraulic conductivity

The calculation of potential hydraulic
conductivity (KD; kg m™ MPa™ s™) was based on
the method described in Elaeis guineenses Jacq
(Waite et al. 2019) using the Hagen-Poiseuille
equation: K = ((( * 2 D) / 128n) * p) / (A,). In
the equation, n is the viscosity of water (1.002
10 MPa s™) and p is water density (998.2 kg m™),
both at 20 °C, D is the diameter of metaxylem
vessels (um) (n = 50), and Atot is the cross-
sectional area of the xylem (m?).

Data analyses

The quantitative results were analyzed and
statistically compared among the three areas,
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being subjected to analysis of variance (ANOVA)
and Tukey's test at 5% probability to compare
means, using the R program (R Core Team 2019).

RESULTS

Ultrastructural analyses of metaxylem vessel
elements

Ultrastructural analyses of the root vessel
elements (Fig. 2) and the rhizome (Fig. 3) showed
simple (Fig. 2a and 3a) and multiple perforation
plates (Figs. 2b, 3b, 3¢) in both rhizomes and
roots. Concerning multiple perforation plates,
the number of bars can vary from 1to 7 in the
root and from 11to 8 in the rhizome, with multiple

Figure 2. Metaxylem vessel
elements of Allagoptera
campestris root. a) Vessel
element with simple
perforation plate. b) Vessel
element with multiple
perforation plates with
six bars. c) Vessel element
with perforation plate
with seven thick bars on
the lateral wall. d) Detail
of the area delimited in c.
e) Vessel element with a
simple perforation plate
atits ends. Scale bars: a, b
=20 pm, ¢ =200 pm, d, e =
100 pm.
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perforation plates with 1to 3 bars predominating
in all three areas. Vessel elements with the same
type of perforation plate at both ends (Fig. 2e, 3d,
3f) or with perforation plates of different types
(Fig. 3e) were found. In the root, a perforation
plate was observed on the lateral wall of the
vessel element (Fig. 2¢, d). In the rhizome, short
vessel elements predominate (Figs. 3g), but
intermediate (Fig. 3f) and long (Fig. 3h) vessel
elements also occur, while in the roots they are
always long (Fig. 2¢, e).
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Quantitative analysis of length and diameter
of vessel elements

In the three studied areas, the length and
diameter of the vessel elements were higher in
the roots than in the rhizomes (Table ). Plants
from the Pinus sp. understory had shorter
and narrower vessel elements in both root
and rhizome when compared to plants from
the natural Cerrado (NCE). The plants in the
regenerating area also presented shorter vessel
elements compared to the NCE plants for both

Figure 3. Rhizome metaxylem
vessel elements of
Allagoptera campestris with
simple perforation plate (a),
multiple perforation plates
with one (b) and five bars
(c). d) Vessel element with
simple perforation plates
at both ends. e) Vessel
element with simple and
multiple perforation plates
at opposite ends (arrows).
f) Medium-sized vessel
element showing multiple
perforation plates at both
ends (arrows). g) Short
vessel element, note the
presence of two spherical
silica bodies (arrow). h) Long
vessel elements showing
multiple perforation plates
at both ends (arrows). Scale
bars: a, b =10 pm, c-e = 20
pum, f, g =50 um, h =100 pm.
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organs, with the diameter being greater only in
the root, not differing in the rhizome (Table 1).

Potential hydraulic conductivity analysis

In the three areas studied, the rhizome with
shorter and narrower vessel elements presented
the lowest values of potential hydraulic
conductivity (Fig. 4). In the understory of Pinus
sp., where A. campestris is subjected to shading
and lower soil temperature and higher humidity,
the values of potential hydraulic conductivity
and the dimensions of the vessel elements were
smaller than in the other areas (Fig. 4).

DISCUSSION

Vessel elements are extremely morphologically
variable, ranging from wide (700 pm) to narrow
(20 um), and long (2 mm) to short (50 um) (Baas
et al. 2003, 2004, Olson et al. 2023). Perforation
plates can vary from multiple (with 100+ bars) to
simple plates (Baas et al. 2004). Or, as seen in this
study, one side of the vessel element can have a
simple perforation plate, while the opposite side
has multiple perforation plates. Initially, this
enormous variation had been related to phyletic
evolution and were considered unidirectional
(Bailey & Tupper 1918), while later an ongrowing
number of studies showed the contribution
of natural selection allowing the evolution of
vessel element’'s morphologies towards any
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possible morphology (Carlquist 1975, Maherali
et al. 2004) and strongly influenced by allometry
(Kocillari et al. 2021, Olson et al. 2021), and
climate (Jacobsen & Pratt 2023, Hacke et al.
2023, Olson et al. 2023). A series of trade-offs
has been proposed to explain these diverse
morphologies and how they derive from plants
growing under different conditions or selective
pressures (Baas et al. 2003, 2004). For instance,
wider vessel elements conduct more water, but
are more prone to embolisms both by freezing
(Carlquist 2001, Baas et al. 2004) and drought
(Jacobsen & Pratt 2023), although the latter
is still a matter of debate (Lens et al. 2022,
2023, Olson et al. 2023). Here, we show how A.
campestris, a palm species of broad distribution
growing in the Brazilian Cerrado, varies in vessel
element anatomy in both its underground
organs, rhizomes and roots. Moreover, we show
how these organs respond to three different
ecological regimes within a single area, and to
what extent this phenotypic plasticity responds
to known selective pressures.

Some features of Allagoptera, regardless
of the environment they were growing in, were
consistentwith previous data in monocotyledons
asawhole and specifically in palms. For instance,
the longer, wider vessels with more frequent
simple perforation plates in roots than in stems
are common in other palms (Cheadle 1943a, b,
Pace et al. 2011) and have been associated with

Table I. Length (LE) and diameter (DI) in micrometers (mean * standard error) of vessel elements in the root and
rhizome of Allagoptera campestris in the areas of natural Cerrado (NCE), Cerrado under regeneration (CER), and

pine understory (UPI).

NCE
LE 16731 +139.3 Aa
Root
DI 1419 + 35 Ab
. LE 3239 + 251 Ba
Rhizome
DI 451+ 4.6 Ba

AREAS
CER UPI
14144 £ 1321 Ab 12749 £ 2979 Ab
1651+ 4.8 Aa 110.6 £+ 2.5 Ac
2619 £ 124 Bb 2683 + 316 Bb
459 + 34 Ba 348 3.7 Bb

Significant differences (ANOVA followed by Tukey’s post hoc test, p<0.05) are indicated by letters. Capital letters (in each column)
compare each variable between organs in the same area and lowercase letters (in each line) compare each variable of each
organ among different areas. When capital and lowercase letters are the same, the values are not statistically different.
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the provision of high positive root pressures
during the night that can help revert embolisms
in the stems (Davis 1961, Ewers et al. 1997).

Vessel element morphology is also
influenced by the growth habit. In a
comparative study of simple stemmed (Syagrus
romanzoffiana), suckering (S. flexuosa), and
rhizomatous (S. petraea) palms, the first two
species had longer vessel elements when
compared to the subterranean stem of S. petraea
(Pace et al. 2011), whose length values were
similar to those of the A. campestris rhizome.
The presence of much shorter vessel elements
in the rhizome has been associated with its
storage function and slower water transport
(Pace et al. 2011). The absence of vessels or the
presence of shorter vessel elements that are
supposedly less efficient in water conduction
has already been described for other storage
organs of monocotyledons, such as rhizomes,
bulbs, and pseudobulbs (Cheadle 1942, Carlquist
& Schneider 2006).

We observed no qualitative differences
among the vessel elements, their morphology
varied equally under the three areas studied.
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However, we found statistically significant
differences at the quantitative level. The vessel
elements were always longer in the undisturbed
Cerrado (NCE) for both subterranean stems and
roots, and their diameters were wider in the
stems of NCE and regenerating Cerrado (CER)
areas, but only wider in CER roots.

We found slight differences in the soil
clay contents between the three areas. These
differences were not enough to explain the
higher moisture percentage of the pine
understory soil. Conversely, the thick layer of
pine needles renders higher moisture and lower
temperature in the soil compared to the other
two areas, where the soil is more exposed to
sunlight and, therefore, more subjected to soil
water evaporation.

Although higher soil moisture in the
pine understory could potentially lead to
organ elongation, this phenomenon was not
observed in the present study. We believe that
the considerably lower length and diameter in
plants growing under the pine trees is related
to an allelopathic negative effect of pine,
which occurs in many understory communities,

18 Figure 4. Potential hydraulic
[ Roots conductivity (Kp) in the roots
16 - Aa I Rhizome and rhizome of Allagoptera
e campestris from the natural
141 Ab Cerrado (NCE), Cerrado under
s ] regeneration (CER), and
- 124 pine understory (UPI) areas.
E Significant differences (ANOVA
= - followed by Tukey’s post hoc
‘TE test, p<0.05) between organs
o 8- Ba in each area are indicated by
:‘ = letters. Capital letters compare
°© ¢ Kp between organs in the
< Ba same area and lowercase
N 4] letters compare Kp of each
organ among different areas.
2 Bb
0 T T T i
NCE CER UPI
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lowering understory plant performance in
general and not only hydraulic conductance
(Lodhi & Killingbeck 1982, Kato-Noguchi et al.
2009, Zhang et al. 2021). Nevertheless, pine
species have volatile organic compounds
such as linalool (Halarewicz et al. 2021, Park
& Lee 2011), capable of damaging the cortical
parenchyma and inhibiting the development of
root hairs and metaxylem cells, which affects
the water transport (Jiang et al. 2021). Thus, it
is plausible to speculate that this allelopathic
effect can also affect the length and width of
vessel elements. Potential hydraulic conductivity
values were lower in plants growing in the
pine understory (Fig. 4) as verified in Psidium
grandifolium by Faleiro et al. (2022) in the same
studied area. In these plants growing in the pine
understory, where soil humidity is higher and
soil temperature is lower, transpiration would
be lower as compared to areas with higher
light exposure (Fig. S1). Barbosa et al. (2022)
demonstrated that A. campestris presents lower
rates of net CO, assimilation almost throughout
the day in this pine understory area.

We can conclude that vessel elements, like
otherplantelements, havesignificant phenotypic
plasticity, as previously proposed by Schreiber
et al. (2015), but here tested for the first time in
disturbed and undisturbed areas. The lower and
narrower sizes of vessel elements and the lower
potential hydraulic conductivity in A. campestris
plants growing under pine trees are probably
due to the allelopathic effect of pine. Our results
suggest that studies of pit membrane structure
and porosity among the three populations could
advance our understanding of how this species
avoids embolisms (Lens et al. 2022).
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