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Abstract

Epiphytic Tillandsia mainly uses its leaves to absorb water and nutrients from the air, so its root structure and function is rare
studied. In this study, 7. ionantha was used as the material to study the structure changes from the primary root to mature root, and to
assess whether the roots have retention capacity of the heavy metals like the leaves. Results showed that the basic structure of the
mature root system is the same as that of the primary root, composing of epidermal cells, the cortex, and vascular columns. With the
maturity of the root system, these root structures change significantly. The epidermis thickens, the epidermal cells are broken, the
cortical tissue begins to harden, the vascular column and the cortical cells are broken, an obvious hollow appears, and the inside of the
cell changes from containing many organelles to having almost no organelles. These phenomena indicate that there is a gradual
degradation process from vital to non-vital during the root growth of 7. ionantha. The root surface of the mature roots of 7. ionantha
showed a certain degree of adsorption of the four metals, whereas the metal element content in the roots was not significantly different
from the control. The results indicated that the root system of 7illandsia had an obvious exclusion capacity for the four metals, which

was closely related to the degradation of the root system and the loss of its ability to transport nutrients.
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Introduction

Tillandsia is native to Central and South America, has
high ornamental value, and does not need soil to grow
(Benzing, 2000). It has been widely introduced and
cultivated all over the world. As a special epiphyte group,
Tillandsia mainly uses its leaves to absorb water and
nutrients from the air (Pierce et al., 2001; Raux et al., 2020),
so the leaves have a strong absorption capacity. It has
strong leaf absorption efficiency for many pollutants in the
atmosphere, especially heavy metals (Markert et al., 2001;
Figueiredo et al., 2004), thus becoming an "indicator plant"
for the sensitive detection of atmospheric heavy metal
contamination (Schreck et al., 2020; Falsini et al., 2022).
Calasans & Malm (1997) found that 7. usneoides can
quickly and efficiently accumulate mercury ions that float
in air. Sun ef al., (2021) demonstrated that the majority of
Hg particles were predominantly adsorbed by leaf
trichomes with limited translocation to internal tissues,
establishing trichomes as the principal sites for heavy metal
adsorption in epiphytic Tillandsia species. Wannaz et al.,
(2006) demonstrated that 7. capillaris and T. tricholepis
can effectively absorb Pb, Ni, Fe, Zn, Cu, S, and other
atmospheric elements. Subsequent experiments have
shown that other common heavy metal elements in the
atmosphere, such as Mn, Cd, Co, and the nuclides Cs, Sr,
and Rn, as well as organic pollutants such as formaldehyde,
polycyclic aromatic hydrocarbons, and polychlorinated
biphenyls, can also be monitored using the absorption
mechanisms of different Tillandsia leaves (Vianna et al.,
2011; Zheng et al., 2017; Li et al., 2019).
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Compared to powerful leaves, the Tillandsia root
system is thought to be fixed, and its original absorption
function is degraded (Benzing, 2000). In other words, the
root system of 7illandsia does not absorb water, nutrients
and heavy metals. However, owing to the degradation of
root function, little attention has been paid to the root
structure of Tillandsia. Brighigna (1990) compared the
structure of both free and anchoring roots and found the
presence in the rootcap of mucopolysaccharidic material,
whose hydrophilic nature is well suited for contact with
the support. Benzing (2000) argued that in the
evolutionary history of the Tillandsia, when foliar
trichomes acquired the function of absorbing water and
nutrients, the function of anchoring the plant to the
substrate fell to the roots. Segecin & Scatena (2004)
described the rhizomes of a number of Tillandsia and
argued that they may be an adaptation to the epiphytic
habit. Males (2016) proved that in some epiphytic
Tillandsia, the roots are severely hardened, a feature that
precludes any significant absorptive role, exerts a fixative
effect and maintains an association with the plant.

However, the root structure and function in
Tillandsia is only investigated in the mature root system.
Whether the primary root has vitality and absorption
ability, and the change of root structure during the
growth process has rarely been studied. Therefore, in
this study, 7. ionantha was used as the material to study
the structure changes from the primary root to mature,
and to assess whether they have retention capacity of the
heavy metals like the leaves.
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Material and Methods

Experimental materials: 7. ionantha is a perennial herb
of the genus 7illandsia in the family Bromeliaceae and is
distributed in the United States, Mexico, and southern
Argentina (Till & Vitek, 1985; Pinto et al., 2006). This
unique plant possesses leaves that are densely covered with
white scales that help absorb water and nutrients from the
air (Benzing et al., 1976).

Root structure analysis of the T. ionantha

SEM analysis: A group of roots from the primary and
mature roots of Tillandsia was cleaned, fixed with 4%
glutaraldehyde for 48 h, and then dehydrated with 30%,
50%, 70%, 80%, 90%, and 100% (2 times) gradient
volume fractions of alcohol for 10 min. Immediately after
dehydration, the sample was fixed to a carrier fragment and
placed in an airtight container for natural drying (Rudrappa
et al., 2008). The surface and internal structure of the
primary and mature roots were observed by SEM (JSM-
7500F, JEOL Ltd., Japan), and the images were observed
under the field of view of the electron microscope. The
length and width of 10 epidermal cells, diameter of 10 outer
cortices, endothelial and mid-column cells, and density of
bacilli and cocci per unit area of five units were measured.

TEM analysis: A group of Tillandsia primary and mature
roots were washed and placed in phosphate buffer for 2 h.
These were rinsed thrice with 0.1 M phosphoric acid rinse
solution for 15 min, fixed with 1% osmium acid fixative
solution for 2-3 h, and rinsed three times with 0.1 M
phosphoric acid rinse solution for 15 min. After that, they
were dehydrated with 50%, 70%, 90% ethanol, and 90%
acetone (1:1), 90% acetone, and 100% acetone gradients.
Except for the last set which was performed at room
temperature, all experiments were performed at 4°C,
embedded and cured in an oven, sectioned with an
ultramicrotome for 70 nm, and the internal organelle
structure of air brometon root cells was observed under
the field of transmission electron microscopy (HT7700,
Hitachi, Japan).

Absorption of heavy metals by the root system of
Tillandsia

Treatment method: Four heavy metals-Al, Pb, Cu, and
Ni-were selected for treatment; the solutions used were
AICl3-6H,0, lead nitrate, copper sulfate, and nickel
standard solutions. Three strains of 7. ionantha with similar
growth and developmental conditions were used for each
metal solution treatment, and their roots were soaked in the
metal solution. The concentration of the metal solution was
set at 1 mM, the pH was adjusted to 4.8 with dilute
hydrochloric acid, and the treatment time was 6 h. In
addition, three plants without the metal solution stress
treatment were used as controls.

Determination of the heavy metal content adsorbed on
root surface: After the metal stress treatment of T
ionantha, the root surface was cleaned with deionized
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water, the wash was fixed and stored, and the
concentrations of the four metals in the wash were
determined by the atomic absorption method (AA-7000F,
Shimadzu, Japan).

Measurement conditions: Al: wavelength 324.8 nm, lamp
current 3.0 mA, slit 0.5 nm, burner height 6.0 mm,
acetylene flow rate 1.8 L/min, air pressure 0.25 Mpa.

Pb: wavelength 283.3 nm, drying temperature 100—
120°C, lasting 20 seconds; Ashing temperature 400-750°C
for 20-25 seconds; Atomization temperature 1700-2000°C
for 4-5 seconds.

Cu: Measurement conditions: detection wavelength of
324.7 nm, air-acetylene flame with background correction,
if necessary.

Ni: Flame atomic absorption spectrophotometry for Ni
determination in soil. Using the 232.0 nm line as the
absorption line, there were three Ni wires with very close
wavelength distances, which should be overcome using a
narrow spectral passband.

Determination of heavy metal content in the roots:
Washed roots were weighed to 2.0 g, placed in a constant
temperature drying oven at 45°C, and crushed. Then, 0.2 g
of the sample was weighed into a digester, and 8 mL of
nitric acid and 2 mL of perchloric acid were added, shaken
well, sealed with a surface dish, and left overnight. The
next day, it was heated and digested at a constant
temperature of 70 °C in the digester. The samples were
shaken well every half hour until they were clarified,
digested, and allowed to cool to room temperature.
Deionized water was added to a final volume of 25 mL,
shaken well, and allowed to wait for testing. Three blank
test solutions were prepared using the same procedure.
Finally, the atomic absorption method was used to
determine the content of the four metals in the sample.

Statistical methods: Photoshop 7.0 (Adobe, USA) was used
to measure and annotate the cell size observed by SEM, and
Excel and SPSS 26.0 (IBM, USA) were used to process the
data and analyze the significance of the differences.

Results and Discussion

Primary root structure: SEM observations showed that
the roots of 7. ionantha were round and composed of
epidermal cells, cortical tissues (including the outer cortex
and endothelial cortex), and a vascular column (including
the stele and pericycle) (Fig. 1A). Various types of root
surface microorganisms were also found on the root
surface. TEM microscopy revealed that the cells contained
various organelles.

Epidermal cells: SEM analysis showed that the root
surface was smooth and without root hairs and that the
epidermal cells were monolayer cells with an obvious
shape and regular distribution, mostly pentagonal or
hexagonal (Fig. 1B, C); the measured epidermal cell length
was 41.24 + 7.41 pm and the width was 22.38 + 2.77 pm
(n=10), which showed that the difference in epidermal cell
length was large, while the difference in the width of
individual cells was relatively small.
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Fig. 1. SEM observation of primary roots in 7. ionantha.
A, T ionantha root cross-section; B, T. ionantha primary root epidermal cells; C, Enlarged epidermal cells; D, Cortical tissue cross-
sectional detail; E, Vascular column section detail; F, Rhizosphere microorganisms attached to the root surface

Note: a, epidermis; b, integular; c, center column; d, middle column sheath; e, endothelial layer.

Cortical tissue: The cortical tissue consisted of an outer
cortex and an endodermis, both of which were formed by
round thin-walled cells of varying sizes and regular shapes,
with a clear distinction between the inner and outer cortex;
the outer cortex consisted of 5-6 layers of larger thin-
walled cells that were not tightly packed, and the

endodermis cells were smaller and tightly packed (Fig. 1D).

Compared to the endodermal cells the outer cortex cells
were much more regular in shape, with an outer cortex cell
diameter of 25.37 + 4.60 pm (n = 10) and an inner cortex
cell diameter of 13.04 + 2.45 um (n = 10). That is, the
endodermal cells were roughly half the size of the
exodermal cells. The endodermis was lignified and the cell
walls were significantly thickened with large thin-walled
cells in the middle.The endothelial layer was lignified, and
the cell wall was markedly thickened, with large
parenchymal cells in between. The cells were tightly
arranged with no intercellular space and rings with thick-
walled histiocytes were observed (Fig. 1D), blocking the
cortex and dividing it into two regions with thickened
secondary walls and reduced lumens (Proenga ef al., 2008).

Vascular column: There is a clear boundary between
the vascular area and the cortex, the vascular column
contains the stele, which is defined by the pericycle
formed by parenchyma cells, and the stele cells are
composed of thick-walled cells with small and compact
arrangement (Fig. 1E), and 10 stele cells were randomly
selected and measured to be 8.03 + 1.26 pm in diameter,
which is different from the diameter of the parenchyma
cells in the cortex, but the size is more uniform. The lack
of ductal differentiation in the stele and limited transport
function also reflects the characteristics of Tillandsia
root degradation.

In the Tillandsia root system, the mid-column is
limited by lignified cell loops, which in the current study
are interpreted as a mid-column sheath. The pericycle is
partially hollow because of dry cracking, and the
connection with the cortical cells is not tight. The pericycle
is relatively scattered, and the part of the pericycle cells
closer to the endothelial layer is larger, and many even
cause rupture, which is also a characteristic of the
Tillandsia root system in the degradation process.

Root surface microorganisms: Colonies appeared on the
surface of the root system of the empty phoenix; the spores
were assessed by observing the morphology and size of the
colonies, measuring the colony density, and observing the
characteristics of spores, spore peduncle morphology, and
size. It was evident that the spores were produced, and the
spore peduncles were vertically symmetrical and numerous,
and the spores were solitary or clustered, spherical, or
ovate (Fig. 1F). The densities of bacilli and cocci were
0.012 + 0.006 cells/um? and 0.031 + 0.016 cells/um?,
respectively. Cocci are small, dense, and tend to cluster
near bacilli; some bacilli are longer, some even reaching up
to 57.22 um in length.

Internal structure of the cell: In the internal structure of
the cells, a large number of organelles were observed using
TEM (Fig. 2A). There were clusters of vesicles with many
vacuoles and some without boundaries. Some vacuoles
were fused together. Clusters or isolated electron-
transparent vesicles were visible, which were not bound by
any membrane but were surrounded by a partially black
substance; some of these vesicles appeared to merge with
the vacuoles (Fig. 2C, D). They became larger as they
moved closer to the vacuolar body. The endoplasmic
reticulum (ER) is abundant with rough surface elements
often parallel to the cell wall (Fig. 2B).



Fig. 2. Intracellular structure of TEM in primary root system of 7. ionantha.
A, Intact cell structure; B, Small vesicles; C, More pronounced
organelles; D, Amplified organelles.

Note: p- cytoplasm; n- nucleolus; v- vacuole; c-vesicle; w-cell
wall; m-mitochondria; rer-rough endoplasmic reticulum

Fig. 4. Internal cell structure of TEM of mature roots in 7.
ionantha.
A, Partial degraded cells; B, Schematic diagram of intercellular
filaments

The free mitochondria and nucleoli of the nucleus
were distinct, but the whole nucleus was not clear in this
TEM. Part of the cell wall was thin (Fig. 2B); in the thick
segment of the cell wall, the outer layer was elevated (Fig.
2A). In living cells, the endoplasmic reticulum surrounded
part of the cytoplasm.

Mature root structure: SEM analysis of mature root
structure showed that the nascent yellow roots and mature
roots were both similar and significantly different. The
root structure is composed of epidermal cells, the cortex,
and vascular columns (Figs. 1 and 3). However, these
three root structures change significantly with the
maturity of the root system.

Epidermal cells: The surface of the root system of T.
ionantha had many dry cracks, and the surface was no
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longer flat and smooth but became uneven (Fig. 3A). The
epidermis of mature roots becomes thicker, the epidermal
cells have different degrees of degradation, their contours
are no longer obvious, there are many broken cells, and the
cell area also becomes larger (because the epidermal cell
boundaries are no longer evident and cannot be measured
concretely) (Fig. 3B).

Cortical tissue: Overall, the cortical tissue thinned,
leaving the cell wall to thicken as the epidermis ages (Fig.
3C). The inner layer had parenchyma cells, the outer cortex
exhibited sclerosis, and the cells of the endothelial layer
had thickened vertical and peripheral walls. The shape of
the cells in the outer cortex changed from the regular round
shape of the primary root system to an irregular square.

The diameters of 10 outer cortex and endothelial cells
were measured and compared with the sizes of the inner
and outer epidermal cells of the primary root system.
Analysis of the changes in degenerated cortical histiocytes.
The cell size of the inner and outer cortices of mature roots
did not change considerably from those of the primary
roots, but the cell size did change (Table 1).

The endothelial layer was lignified, the cell wall was
significantly thickened, the intercellular space became
smaller, the cells were smaller, and some cells degenerated
into thick cell walls.

Vascular column: The vascular column is composed of a
stele and a pericycle; however, the stele gradually becomes
smaller and disappears during the development of mature
roots, and the stele cells become significantly larger than
those of the primary roots, changing from thick-walled
cells to parenchyma cells. There were fewer and more
fragmented cells in the pericycle (Fig. 3E). The column
sheath and endothelial cells in the primary root system
were also partially hollow, which may be a characteristic
of the gradual degradation of the 7. ionantha root system.

Root surface microorganisms: In general, the number of
root surface microorganisms in mature roots increased, and
the number of microbial species increased significantly
compared with that in the primary roots. Various
microorganisms with few or no microorganisms in the
primary root system were added, and the number of
flattened strains increased significantly. Without a large
number of accumulated bacilli, the spores were no longer
distinct; there were still a large number of cocci distributed
in the clusters, and a large number of cocci were present
around the bacilli (Fig. 3F).

Compared with that in the primary roots, the density
of surface bacilli and cocci in mature roots decreased and
were unevenly distributed, and there were no larger bacilli.
(Table 2) It can be observed that cocci are clustered around
other fungi, similar to the primary root system.

The types and densities of microorganisms on the
surface of mature roots and primary roots are different, and
these microorganisms may promote plant growth, prevent
the erosion and poisoning of plant roots by other molds,
and improve plant resistance to stress (Wei et al., 2015;
Pimentel et al., 2020).
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Table 1. Diameters of different root cells in 7. ionantha.

Cell type Diameter (um)

(n=10)
Primary root epidermal cell length 41.24 + 741
Primary root epidermal cell width 22.38+2.77
Primary root outer cortical cells 25.37+4.60
Primary root endothelial cells 13.04 £2.45
Mature root outer epidermal cells 27.29+17.15
Mature root inner epidermal cells 10.10 £ 7.93
Primary root mid-column cells 8.03+1.26

Table 2. Comparison of microbial density on root
surface in 7. ionantha.

Category of bacteria (clzﬁ:/s;:zn

Primary root surface cocci 0.031+£0.016
Primary root surface bacillus 0.012 £ 0.006
Mature root surface cocci 0.019 £ 0.009
Mature root surface bacillus 0.009 £+ 0.004

Internal structure of the cell: Within the internal structure
of the root cell, a large cell cavity can be seen in the
vestigial cells, and some cells show extensive cytoplasmic
vacuolization, with only few organelles and a large number
of amorphous vesicular substances in the cavity. Part of the
plasmodesmata runs through two adjacent cell walls,
between which the cytoplasm flows, making it a symplast
(Fig. 4B). It is important to note that dead cells are present
in Tillandsia and are left to form a covering consisting of
highly compressed cell walls. Many studies have shown
that the cell wall prevents harmful substances, such as
heavy metals, from entering the cell, thereby improving
plant tolerance to heavy metals (Huckelhoven, 2007;
Roberts, 2001; Chen et al., 2003). These dead cells may
reduce the ability of Tillandsia root systems to absorb
nutrients and heavy metals.

In summary, compared with that of the primary roots,
the epidermis of the mature roots of 7. ionantha was thick,
the epidermal cells were broken, the cortical tissue began
to harden, the vascular column and the cortical cells were
broken, an obvious hollowing phenomenon appeared, and
the inside of the cell changed from containing many
organelles to having almost no organelles. These
phenomena indicate that the root system of 7. ionantha

underwent obvious degeneration, from a viable organ to a
non-viable degenerative organ, with only an attachment
effect. Meanwhile, it also shows that the root cells of
Tillandsia are not inactive at the beginning but have an
obvious degeneration process.

Absorption of heavy metals by mature roots of Zillandsia:
Analysis of adsorption metal content on the root surface of
the T ionantha: The data of atomic absorption experiment
showed that the contents of Al, Cu, Ni, and Pb on the root
surface of the aqueous solution-treated 7. ionantha were 2.83,
3.47, 0.55 and 12.14 ng/g, respectively, indicating that the
metal elements in the air are adsorbed to varying degrees by
the roots of 7. ionantha. After treating the roots of T
ionantha with a single metal solution, the corresponding
metal element content on the root surface increased
significantly (p<0.05), and the contents of other metal
elements did not change significantly compared with the
control (Table 3). This indicates that the root epidermis had
a certain degree of adsorption of the corresponding metal
elements. This may be related to the number and density of
fungi on the root surface, and studies have shown that the
mycelium on the root surface has a strong ability to absorb
heavy metals and has the ability to prevent heavy metals
from entering the plant (Chen et al., 2003).

Analysis of metal content in the root system of the
Tillandsia: The contents of Al, Cu, Ni, and Pb in the roots
of Tillandsia treated with aqueous solution were 2.60, 3.34,
0.53, and 11.92 pg/g, respectively. After treatment with the
four metals, there was no significant increase in the
corresponding metal element content in the root system
(»>0.05), and the contents of other metal elements did not
change significantly compared with the control (p>0.05)
(Table 4). This indicated that these four metals did not enter
the root system of T. ionantha when the plant was treated
with a single metal solution.

In other words, the surface of the 7. ionantha root
system will have different degrees of surface adsorption of
metal elements but will not absorb metal elements into the
root. The evidence further verifies the existence of root
degradation in Tillandsia and the loss of the ability to
transport nutrients from the side of the characteristics,
coinciding with our previous observation of the 7. ionantha
root system structure changes (Figs. 2, 3).

Table 3. Concentrations of adsorbed metals on the surface of Tillandsia roots

Metal concentration | Al (pg/g) | Cu (ng/g) | Ni (ug/g) | Pb (ng/g)

Control 2.83+£0.31° 3.47+0.41° 0.55+0.28° 12.14 £ 0.29°
Al treatment 7.98 £0.67* 3.48 +0.43° 0.53+£0.28° 12.26 +0.30°
Cu treatment 2.83+£0.36° 23.13 £0.70? 0.57 £ 0.29% 1221 +0.31°
Ni treatment 2.82+£0.35° 3.47+£0.42° 14.65 £ 0.542 12.19+0.34%
Pb treatment 2.83+£0.30° 3.47 £ 0.44° 0.55+0.35% 15.89 + 0.422

Note: The different letters a and b indicate that there is a significant difference in the content of the same element between different
treatments, and there is no significant difference between the same letters

Table 4. Metal concentrations in Zillandsia roots.

Metal concentration | Al (ng/g) Cu (ng/g) | Ni (pg/g) | Pb (ng/g)

Contrast 2.60 £ 0.64* 3.34+£0.32° 0.53 £0.02° 11.92+£0.322
Al treatment 2.63 +0.37% 3.35+0.35° 0.53 £0.02° 11.94 £ 0.35%
Cu treatment 2.61 £0.28° 3.43+0.38?2 0.52 £0.04* 11.93 £0.45°
Ni treatment 2.61 +£0.34* 3.35+0.32¢° 0.54 +0.04* 11.95 + 0.46*
Pb treatment 2.61 +0.39° 3.35+0.352 0.53 +0.03* 12.10£0.472

Note: a indicates that there is no significant difference in the content of the same heavy metal between different treatments in the same column
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Fig. 3. SEM structure of mature roots in 7. ionantha.
A, Mature root surface; B, Mature root epidermal cells; C, Partial detail of mature root cortex; D, Incompletely degraded middle
column; E, Fully degenerated middle column; F, Root surface microorganisms of degenerated roots.

Conclusion

SEM, TEM analysis show that, with the maturation of
the root system, the root structure of 7. ionantha has a
series of distinct changes, including that the root epidermis
becomes thicker, the epidermal cells appear broken
phenomenon, the cortical tissues begin to harden, the
vascular column and the cortical cells fracture, the cell
interior changes from containing a lot of organelles to
almost no organelles. These phenomena indicate that the
root system of the 7. ionantha has a growth process from
vitality to lifelessness, and gradually degraded, although
the 7. ionantha mature root system and the primary root
system have the same basic structure. The absorption
experiment of four kinds of heavy metals further verified
this point. When the T. ionantha root system grows to
maturity, only surface adsorption of heavy metals is
retained, while the function of the absorption of elements
into the internal root is lost. As an epiphytic plant relying
on the leaves to absorb water and nutrients, the root system
of Tillandsia mainly plays the role of fixation, which
produces a special adaptation to the specific environment.
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