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Background and Aims: In the roots of most vascular plants, the growth zone is small,
the meristem and the elongation zone are sharply separated, and only meristematic
cells divide. This statement is based almost entirely on studies with soil-rooted plants.
Whether aerial roots of structurally dependent (=epiphytic/hemiepiphytic) species differ
is virtually unexplored.

Methods: Growth of aerial roots in 20 structurally dependent plant species from eight
families was studied ex situ. In 12 species, we studied the anatomical structure and
distribution of cortex cell lengths and rhizoderm in the growth zone.

Key Results: All the studied aerial roots had an open apical meristem, and mitoses were
not restricted to the meristem. In contrast to belowground roots, relative growth rate did
not strongly increase upon transition to the elongation zone, while elongating growth was
often prolonged. Still, the relative growth rate was lower than in belowground roots in soil,
and in different species, it did not change considerably compared to each other.

Conclusions: A distinct elongation zone with rapid cell growth was missing in
the studied aerial roots. Rather, there was a growth zone in which division, growth,
and differentiation co-occurred. We observed a generally low relative growth rate in
aerial roots and a surprisingly similar initial growth pattern in spite of the diversity in
taxonomy and ecology, which resembled initial cellular growth in leaves, stems, and fleshy
dicotyledonous fruit.

Keywords: aerial roots, root growth, apical root meristem, epiphytes, hemiepiphytes, nomadic vines

INTRODUCTION

Sachs (1887), by direct observation, was apparently the first who have described three stages of plant
organ growth: (1) meristematic, during which new cells are formed and separated into tissues; (2)
elongation, with rapid cell growth until organs reach their final size; and (3) maturation, when
final features of different cell types develop. The vast majority of cellular root growth studies have
been performed on a limited number of species, mainly the roots of crop seedlings and Arabidopsis
thaliana, which have long been the primary models for the study of the root apical meristem
(RAM), its organization, ontogenesis, and growth regulation mechanisms. The apical meristem
of such roots is characterized by active proliferation, laying of cell rows with symplastic growth,
and rapid change in cellular organization. The Sachs descriptions are applicable to some cells and
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FIGURE 2 | Apical zones in selected species. Orchidaceae: (A) Cattleya skinneri, (B) Neofinetia falcata, (C) Cymbidium finlaysonianum, (D) Grammatophyllum
speciosum; Stanhopea tigrine. Lateral root catchers: (E) general root view, longitudinal section, (F) apical root part, clear that the meristem is absent, (G) stele cells in
the middle root part, it is clear that the walls are fibrous and thickened. Araceae: (H) Monstera deliciosa—general view of the thick root apical meristem, (I) M.
deliciosa—general view of the thin root apical meristem, (J) M. deliciosa— central meristem part, (K) Anthurium crassinervium. Bromeliaceae: (L) Tillandsia ionantha.
Moraceae: (M) Ficus formosana. Cactaceae: (N) Rhipsalis mesembryanthemoides —apical part, (O) Rhipsalis mesembryanthemoides —elongation zone, general view.
Sliced tissue: (*) protoderm and/or rhizoderm (in orchid velamen); (**) cortex; (***) pericycle; (ST) stele. Scale 100 wm; except (H)-—1,000 pwm.

distance from the tip was lower in the rhizoderm than in the
cortex, which is explained by the later division termination in the
rhizoderm than in the cortex (Figures 4, 5).

DISCUSSION

We showed that the aerial root growth rate is substantially lower
than that of substrate roots. This applies to both absolute and
relative values. Substrate roots are generally characterized by high
average and relative growth rates. For example, for corn grown
in a rhizotron, the root growth rate is 3 cm/d (Cahn et al,

1989). For a cucumber, it is 1.1 mm/h, which is comparable to
the hypocotyl growth rate of 1 mm/h (Shirokova and Ivanov,
1997), or leaf of 2.3 mm/h (Kavanovad et al., 2006). The few data
on the growth of aerial roots in nature are contradictory. The
difference in average growth rates between hemiepiphytic Aroids
Philodendron radiatum (29.6 mm/d) and Anthurium clavigerum
(9.6 mm/d) was more than three-fold. Only for A. clavigerum,
there was a significant effect of season on root growth. In this
species, aerial roots grew two times as fast in the rainy (12.5
mm/d) than in the dry season (6.3 mm/d) (Meyer and Zotz,
2004).
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FIGURE 3 | Cortex and adjacent tissues in selected species in the elongation zone. Orchidaceae: (A) Cattleyas skinneri, (B) Neofinetia falcata, (C) Cymbidium
finlaysonianum. Araceae: (D) Monstera deliciosa, (E) Philodendron scandens, (F) Anthurium crassinervium. Bromeliaceae: (G) Tillandsia ionantha. Moraceae: (H)
Ficus formosana. Cactaceae: (l) Rhipsalis mesembryanthemoides. Sliced tissues: (') protoderm and/or rhizoderm (in orchid velamen); () cortex; () pericycle. Scale

A comparison of the relative root growth rates (in h™!) more
accurately reflects the real cell growth rate in the elongation
zone: for cucumber, it is 0.38 (Shirokova and Ivanov, 1997), for
timothy grass, 1.27, for corn, 0.4, and horse beans, 0.1 (Silk,
1984). For other vegetative organs, the relative growth rates
are much lower: ryegrass leaf is 0.064 (Kavanova et al., 2006),
rough cocklebur, 0.013, cucumber, 0.01, grape, 0.004 (Silk, 1984);
cocklebur apex shoot, 0.009, buttercup, 0.006 (Silk, 1984); and the
cucumber hypocotyl, 0.06 (Shirokova and Ivanov, 1997). Thus,
the relative root growth rate, as a rule, is an order of magnitude
higher than that of the other plant vegetative organs, although
their average growth rate is comparable (Ivanov, 2011). The
length of root cells that completed growth in the substrate is
quite large (1 mm) (Silk et al., 1989); in general, these roots are

characterized by an acceleration of root growth rate in proportion
to the increase in dividing cells under ontogenesis (Beemster and
Baskin, 1998). As our data show, the relative growth rate of aerial
roots is closer to the growth of other vegetative organs than roots.
This is due to lower absolute velocities with a longer growth
zone. The length of the meristem in belowground roots in both
monocotyledonous and dicotyledonous taxa correlates positively
with root thickness (Bystrova et al., 2018). We observed the same
trends for aerial roots.

Cells that have completed growth in aerial roots were much
smaller than those which grew in substrate (Silk et al., 1989;
Ivanov, 2011). In roots of seedlings of agricultural crops and
Arabidopsis, the boundary between meristem and extension zone
is clearly visible, with a sharper change in average cell length
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FIGURE 4 | Changes in cortex cell length with distance from the apex (distal apical meristem border) in aerial roots. Blue lines are data for a single studied root section
of the root. The red line is the average value. The coefficient of determination is given to the average value, (n) is the number of sections examined. (A-E) Orchidaceae;
(F-1) Araceae; (J) Bromeliaceae; (K) Moraceae; (L) Cactaceae.

with increasing distance from the tip (Ivanov and Dubrovsky,
2013). In aerial roots, there is no such sharp change in average
cell length, neither in the cortex nor in the rhizoderm. In the
cortex, most mitoses are concentrated in the root apical portion;
however, in some cases, they spread much further. Features

of the cellular organization growth differ significantly between
aerial and belowground roots. In most studied roots, the growth
zone is small, the meristem and the extension zone are sharply
separated, and only meristematic cells divide (Bystrova et al,,
2018; Zhukovskaya et al., 2018). The relative growth rate is high,
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FIGURE 5 | Changes in rhizodermal cell length with distance from the apex (distal apical meristem border) of aerial roots. Gray lines are data for a single studied root
section of the root. The red line is the average value. The coefficient of determination are given to the average value, (n) is the number of sections examined. (A=E)
Orchidaceae; (F-1) Araceae; (J) Bromeliaceae; (K) Moraceae; (L) Cactaceae.

and in meristematic cells, it is even higher than in most elongated ~ 6-15h (Zhukovskaya et al., 2018). Cells remain in the meristem
cells of other organs. In growing root cells, the relative growth  for no more than a few days. Thus, the roots are characterized by
rate is several times higher than in meristematic cells. Mitotic  a rapid change of growing cells, and long-term maintenance of
cycles in most species last 10-15h, and cell stretching lasts for ~ growth is due to initial cell divisions. In other vegetative organs,
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in all cases, the scale is 100 wm.

FIGURE 6 | Direct and indirect evidence of continuing cell divisions in a single growth zone on the example of Monstera deliciosa: (A) general view of a large root at
minimum magnification—an accumulation of proliferating cells is visible as dark veins rising along the length of the root along the rhizoderm and pericycle with
separate accumulations in the stele and cortex; in the cortex at the pericycle boundary (B), growth and divisions (C) occur simultaneously (hereinafter, evidence of
divisions is marked by green circles); the rhizoderm (D) is characterized by numerous alternating areas of increase due to growth by extension and decrease in length
due to synchronous divisions (by E in the telophase stage); the same pattern is observed in areas of the rhizoderm much lower along the length of the root (F); in the
cortex, areas with longer cells are interspersed with recently divided short cells (G), dividing cells may occur in the anaphase stage (H), in addition, areas with longer
cells (marked in red) precede shorter cells (marked in green), which indicates change of the period of growth by periods of divisions (I). Excluding the overview image

(c)

the meristem passage and the extension zone by the cells are
much longer than in the roots. In different organs, there are the
differences in the organization of growth at the cellular level,
but these features of the root organization and vegetative organ
growth at the cellular level can be clearly identified (Ivanov,
2011).

There is a lot of interspecific variation in cellular growth
patterns among studied aerial roots. In the studied aerial roots,
growth at the cellular level occurs differently. The elongation
zone lengths varied greatly, but the relative growth rate remained
similar, which indicates the same growth pattern. Cells are
divided not only in the meristem but also over a significant part
of the elongation zone, especially in rhizodermal and pericycle
cells (Figure 6). In contrast to most roots of terrestrial plants,
there was no sharp increase in the relative growth rate of aerial
roots during the transition of meristematic cells to the extension
zone. Therefore, throughout this zone, the length of the dividing
cells grew in direct proportion to their distance from the root tip,

whereas in subterranean roots, the length of the cells grows much
faster than their distance from the root tip over the elongation
zone. The average relative growth rate of stretching cells in aerial
roots was 0.026 h~1, which is much lower than the relative growth
rate of both stretching and meristematic cells in subterranean
roots. It can be assumed that the low relative speed allows the
differentiation of stretching cells. Cell growth by stretching lasts
more than a week in aerial roots, several times longer than
in belowground roots. Thus, at the cellular level, aerial root
growth is similar to the growth of stem internodes, leaves of
dicotyledons, or succulent fruit, in which divisions can continue
during stretching and cells grow at much lower relative rates than
in the “typical” roots (Silk, 1984; Shirokova and Ivanov, 1997;
Kavanovi et al., 2006).

The low relative growth rate of cortical cells during stretching
allows simultaneous divisions in other tissues (rhizodermal) but
also, in some cases, among cortex and stele cells. This raises the
question of the regulatory mechanisms of such heterogeneous
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FIGURE 7 | The difference in the organization of the processes of growth of belowground roots (for example Arabidopsis) and aerial roots (for example Cattleya
skinneri). The subterranean root (A) is usually relatively thin (<1 mm), has a well-developed root cap and clearly localized zones of meristem, elongation and
differentiation, which wass diagnosed by the appearance of root hairs; (B) the average cell length increases exponentially from meristem to elongation zone,
rhizodermal cells are loner than cortex cells; (C) detail of closed meristem. In the aerial root (D), which is much thicker than the belowground subterranean root
(>1mm), the reduced cap, meristem, and elongation zones are merged into a single growth zone, which does not have a clear boundary with the differentiation zone.
Root hairs do not develop in the differentiation zone; (E) the average cell length increase linearly over a long distance, while cell growth can be accompanied by cell
divisions. Cortex cells that have completed growth are longer than rhizodermal cells; (F) detail of open meristem.

processes as growth and division in one and adjacent tissues.  (not yet studied for cells of other vessels). For example, in
Based on our data, we can identify the following trends  corn, onion, and wheat roots, along the meristem, the length
characterizing aerial root growth: (1) cortical and rhizodermal  of metaxylem cells after the end of mitoses (much closer to the
cell longitudinal length positively correlates with their distance  root tip than in other tissues) correlates with their distance to
to the root tip; (2) the length of the extension zone is  the root tip (Ivanov, 1974). After the beginning of stretching,
directly proportional to the growth rate, which is confirmed by  these cells begin to increase much faster in length. Thus,
direct correlations of the parameters characterizing root growth ~ metaxylem cells no longer divide within the basal two-thirds
(Table 3); and (3) the aerial roots of all studied species (except  of the meristem, but they are not stretched, as it was reported
the roots with a reduced meristem) exhibit essentially the same  before (Dello Ioio et al., 2007); they are growing at a very low
growth pattern, which lacks a sharp increase in relative growth  relative speed.
rate during the transition to elongation (Figure 7). With a finite cell length of the cortex and rhizoderm of,
Changes in cortical cell length in the elongation zone of  on average, 100-150 um, the root growth rate was equivalent
aerial roots differ fundamentally from those of subterranean  to an increase of <1 cell per row per hour in most species
roots (Figure 7). There, cortical cell length increases sharply = (Table2). This indicates the presence of a notable feature
in the elongation zone. In aerial roots, cortical cell length in slowly growing species (e.g., orchids): mitoses were not
increases in direct proportion to the distance from the tip,  visually fixed in sections, which indicates extremely slow mitotic
i.e., there is no sharp increase in the relative growth rate with  cycles. The conclusion about mitotic activity in the tissues
the transition to extension (Figure 7). A similar phenomenon  of the zone can be made based on the nuclei morphology.
is observed in the case of metaxylem cells in monocotyledons ~ The nuclei of proliferating cells are stained brighter with
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nucleic dyes and do not have nucleoli. In addition, in some
cases, cell lengths decreased, obviously associated with division
(Figure 5).

In contrast, in the more rapidly growing M. deliciosa,
many mitoses are found in the growing zone and rhizoderm,
including oblique divisions that lead to polycyte branching.
According to our data, mitoses in M. deliciosa occurred
at a considerable distance and the growth pattern may be
intermittent (Eskov et al., 2016). In addition, for some aerial
roots with negative geotropism, we described the reduction of the
meristem (Eskov et al., 2017). All these indicate the fundamental
inapplicability of the RCP method (Ivanov and Dubrovsky,
1997; Zhukovskaya et al., 2018) for the detection of mitotic
cycles in aerial roots, which also serves as arguments in favor
of a complete difference in the growth pattern of aerial and
substrate roots.

A characteristic feature of the aerial roots in the studied
species is the presence of large polycytes, which can branch.
In M. deliciosa roots, the number of polycytes increases with
increasing root thickness. It is also assumed that there is a gliding
(intrusive) growth in polycytes when proliferating cells and new
cell rows can invade intercellular spaces (Eskov et al., 2016). If
there exists the gliding type of growth in polycytes, then this is
a rather unexpected example of its manifestation because it is
traditionally believed that it is peculiar to individual cells: cambial
initials, primary and secondary fibers, tracheids, trichosclereids,
and some other cells (Snegireva et al., 2010).

We can consider aerial roots with a long elongation zone and
higher growth rate, and others with a short elongation zone,
and slow growth. Separately, it is necessary to consider aerial
roots with deterministic growth, in its extreme manifestation,
leading to a reduction in the meristem, which we described
in detail previously (Eskov et al., 2017). Using the example
of aerial roots of M. deliciosa, a special type of root growth
organization with a long elongation zone, which is not very
similar to the growth of substrate roots, is shown. Duration
of cell growth by stretching can last up to a month or more.
The distribution of growth along the axis of the aerial root
elongation zone is uneven. The contact of neighboring growing
polycytes (cell complexes) is accompanied by intrusive growth
(Eskov et al.,, 2016). All plants with long root growth zones
that we studied using M. deliciosa should have a similar
growth type. It can be assumed that a similar root growth
type is a characteristic of ecologically similar hemiepiphytes
from the aroid family: representatives of the genera Scindapsus,
Rhaphidophora, Philodendron, and plants of a number of
other eco-groups.

The ecological significance of this growth type is that a
rather high growth rate is maintained at a considerable distance
with high ecophysiological plasticity. In the growth zone,
both differentiation and cell division co-occur, photosynthesis
is active, and sclereids are present (Gill and Tomlinson,
1971; Benzing, 1996), which enhances the mechanical root
strength. Preserving divisions over a vast section, the roots
easily overcome the effects of mechanical damage and are
rearranged to form subterranean roots when reaching the
ground (Gill and Tomlinson, 1977). For another aerial root

type with a short elongation zone, a low growth rate is
also common. These are, as a rule, typical epiphytes. The
ecological role of slow growth, in this case, is a more
economical investment of photosynthetic metabolites, greater
independence from nitrogen deficiency, and economical use
of water.

The fact that plants with long and short elongation zones have
the same basic root structure is noteworthy. This is demonstrated
in similar relative growth rates and the absence of a pronounced
increase in the relative growth rate with the cessation of most
mitoses in the cortex. This demonstrates a special type of root
growth, quite different from that in substrate roots, but similar
to the leaf and stem growth of dicotyledons (Sinnott, 1960).
Having revealed a special type of root growth in aerial roots, we
assume that the primary reason for such an unusual growth zone
organization is the lack of resistance in air, so characteristic of
the root as an organ. Thus, in the course of evolution, the aerial
root growth became similar to that of other organs that do not
experience mechanical resistance.

Roots have evolved over ~400 million years, and if its
growth type has not become uncontested, it may be assumed
that the basic level of root growth cellular organization is
undoubtedly typical (and paleobotanical data most likely confirm
this (Hetherington et al., 2016), which can be implemented in two
significantly different models. It is too early to suggest that such
“dualism” of the root as an organ in general (i.e., all aerial roots
are subordinate) or the ability to grow in the air is idiosyncratic
to adventive roots (i.e., the primary, main root is not capable of
turning into the air in principle). If the second assumption is true,
then this can explain the dominance of monocotyledonous plants
among epiphytes that do not have a primary root, and among
the relatively few dicotyledonous epiphytes, almost complete
reduction of the primary root at the very early development
stages (e.g., in epiphytic cacti from the Rhipsalideae tribe).

CONCLUSIONS

In the studied aerial roots, there is no clearly defined apical
meristem. Instead, there is a single growth zone in which mitotic
divisions in the cortical parenchyma and rhizoderm continue
over a significant part of the elongation zone. The length of
the elongation zone is directly proportional to the growth rate.
Thus, the relative rate shows relatively less variation, in spite of
differences in ecomorphology and taxonomy.
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