Ownamental Howtieulture

ISSN 2447-536X | H'I'I'F‘SZ//ORNAMENTALHCIF(TICULTURE.EMNLIVENS.CDM.BH/HBHD

Sociedade Brasileira de Floricultura e Plantas Ornamentais

SCIENTIFIC ARTICLE

Modulation of the anatomical and physiological responses
of in vitro grown Alcantarea imperialis induced by NAA
and residual effects of BAP

Jodo Paulo Rodrigues Martins!'*, Luiz Carlos de Almeida Rodrigues?, Thayna dos Santos Silva!,
Andreia Barcelos Passos Lima Gontijo', Antelmo Ralph Falqueto!

Abstract

During in vitro propagation, cytokinins (CKs) and auxins (AUXs), such as 6-benzylaminopurine (BAP) and 1-naphthaleneacetic
acid (NAA), are often used to induce adventitious shoots and roots, respectively. However, it is not clear how CKs affect plants
over a long period of in vitro propagation as well as the synergy of direct exposure to AUX with previous CK treatments. The aim
was to assess the physiological and anatomical responses of Alcantarea imperialis in function of the interaction of both previous
BAP treatments and direct NAA exposure during in vitro propagation. Plants previously grown in vitro were transferred to media
containing 0, 5, 10 or 15 uM BAP. After 60 days, the adventitious shoots from each previous BAP treatment were subcultured in
media with 0, 2 or 4 uM NAA. Pigment content, anatomical and growth traits were assessed in the plants from each treatment. Both
previous BAP treatments and direct NAA exposure altered the anatomy and pigment contents of plants as well as their growth traits.
BAP induced negative effects over the long term on physiological status as well as changed the plants’ anatomy. NAA supplementa-
tion in the medium can partially reverse the negative effects induced by BAP. The application of 2 uM NAA during in vitro rooting
improved the plants’ quality.

Keywords: bromeliad, auxin, cytokinin, physiological disorders, plant anatomy.

Resumo
Modulaciio das respostas anatomicas e fisiologicas de Alcantarea imperialis cultivadas in vitro
induzidas por ANA e efeitos residuais de BAP

Durante a propagacao in vitro, citocininas (CKs) e auxinas (AUXs), como a 6-benzilaminopurina (BAP) e o 4cido 1-naftalenacético
(ANA), sdo frequentemente utilizadas para induzir brotos e raizes adventicias. No entanto, ndo esta claro como as CKs afetam as
plantas ao longo do periodo de propagacao in vitro, bem como a sinergia da exposi¢ao direta 8 AUX com tratamentos prévios com
CK. O objetivo foi avaliar as respostas fisioldgicas e anatdmicas de Alcantarea imperialis em funcao da interagdo dos tratamen-
tos prévios com BAP e da exposi¢do direta 8 ANA durante a propagacdo in vitro. Plantas previamente cultivadas in vitro foram
transferidas para meios contendo 0, 5, 10 ou 15 pM de BAP. Apds 60 dias, as brotagdes adventicias de cada tratamento prévio com
BAP foram subcultivadas em meios com ANA 0, 2 ou 4 puM. O contetido de pigmentos, as caracteristicas anatdmicas e de cresci-
mento foram avaliados nas plantas de cada tratamento. Os tratamentos anteriores com BAP e a exposicao direta a ANA alteraram a
anatomia e o contetdo pigmentos das plantas, bem como o crescimento. O BAP induziu efeitos negativos a longo prazo no status
fisioldgico, bem como mudou a anatomia das plantas. A suplementacdo de ANA no meio pode reverter parcialmente os efeitos
negativos induzidos pelo BAP. A aplicagdo de 2 uM de ANA durante o enraizamento in vitro melhorou a qualidade das plantas.
Palavras-chave: bromélia, auxina, citocinina, distirbios fisioldgicos, anatomia vegetal.
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Introduction

Techniques of in vitro culture allow the large-scale
multiplication of several plant species, including bromeliads
(Martins et al., 2018a, b; Rosa et al., 2018). Bromeliads
have commercial value to the horticultural industry due
to their use in landscaping and interior decoration (Silva
et al., 2017). Alcantarea imperialis (Carriére) Harms
(subfamily Tillandsioideae) is a bromeliad species of
ornamental interest. Usually, A. imperialis is propagated
by seeds; however, the plants of this species need several
decades to reach adulthood. Thus, in vitro propagation can
be an important method for large-scale propagation of this
bromeliad species.

The in vitro culture of bromeliads normally is divided
into steps, such as establishment, multiplication, rooting
and acclimatization phases. Two phases are carried out
with plant growth regulators (PGRs) such as cytokinins
(CKs) and auxins (AUXs), each one performing different
physiological functions. CKs are frequently employed
during in vitro multiplication and are an important group
of PGRs that can modulate several biotechnological
processes due to their ability to influence almost all stages
of plant development and growth (Bekircan et al., 2018).
The most common synthetic CKs used during the in vitro
multiplication phase are 6-benzylaminopurine (BAP)
and o6-furfurylaminopurine (kinetin - KIN). To induce
adventitious shoots in vitro of bromeliad species, the use
of BAP has already been documented as the most efficient
(Viechmannova et al., 2016; Rosa et al., 2018).

In in vitro culture of bromeliads, the supplementation of
AUXs in the medium is also frequently reported (Martins
et al., 2018a; Resende et al., 2016). For bromeliads, the
employment of AUXs has been combined with CKs during
in vitro multiplication or isolated during in vitro rooting
(Faria et al., 2018; Martins et al., 2018a). The synergy
between the endogenous and exogenous CKs and AUXs
is the key for the metabolic activity and cell division,
which are later involved in inducing the differentiation of
competent cells to promote the growth of new adventitious
shoots (Faria et al., 2018). Although exogenous AUX,
applied as an isolated PGR, is not often a limiting factor for
in vitro rooting of bromeliads, it may have positive effects
on their growth traits (Martins et al., 2018a; Viehmannova
et al,, 2016). In vitro rooting is an essential step in
the vegetative propagation of economically important
horticultural herbaceous and woody plant species (Mao et
al., 2019). Of the exogenous AUXs applied for the in vitro
culture of bromeliads, 1-naphthaleneacetic acid (NAA) is
the most frequently used (Viehmannova et al., 2016).

During in vitro multiplication of the bromeliad
Aechmea blanchetiana, Rosa et al. (2018) verified that
BAP supplemented in the medium induced physiological
disorders as well as anatomical changes in the plants’
leaves. Likewise, use of BAP during in vitro propagation of
A. blanchetiana induced long-term physiological defects,
even after 120 days without direct exposure to this CK
(Martins et al., 2018b). In contrast, direct NAA exposure,
applied as an isolated PGR during in vitro rooting,
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improved the anatomical and physiological quality of A.
blanchetiana plants, as well as improving their growth rate
after the ex vitro transfer (Martins et al., 2018a). Therefore,
those studies brought some questions related to how the
interaction of BAP and NAA, applied separately during the
in vitro multiplication and rooting phases respectively, can
influence the anatomical and physiological status of plants.
In fact, little is known about the absorption of PGRs in
plant tissues and how they affect plants at a deeper level
(Koike et al., 2017).

Anatomical studies can be used to assess the effect
of in vitro conditions on the success of the transfer to ex
vitro conditions (Martins et al., 2016; Martins et al., 2018a,
2018b; Faria et al.,, 2018). Analyses of photosynthetic
pigment content are also useful to verify the physiological
status of plants (Martins et al., 2018b; JaneCkova et al.,
2019). In this respect, chlorophyll content is a good first
indicator of photosynthetic potential, and it can be directly
related to photosynthetic apparatus performance of in vitro
bromeliads (Martins et al., 2018b).

In view of the foregoing, we hypothesized that: (1)
the supplementation of BAP can improve the number
of adventitious shoots but at the same time can induce
anatomical and physiological disorders over a long
period of in vitro propagation of 4. imperialis; and (2)
the employment of NAA can reverse the negative effects
induced by BAP. Therefore, the aim of this study was to
analyze the residual effects of BAP after 120 days without
its direct exposure, besides to assess physiological and
anatomical responses of A. imperialis in function of
interaction of both previous BAP treatments and direct
NAA exposure during in vitro propagation.

Materials and methods

In vitro multiplication

Alcantarea imperialis plants previously established in
vitro and with age of 80 days, length of 2 = 0.5 cm and
obtained from germination of seeds, were used as explants.
The plants were transferred to test tubes containing 5 ml
stationary liquid MS medium (Murashige and Skoog,
1962) supplemented with 30 g L' sucrose and BAP
(Sigma-Aldrich, St. Louis, USA) at concentration of 0, 5,
10 or 15 uM. The experiment was conducted with one plant
per test tube. The medium’s pH was adjusted to 5.8 before
autoclaving at 120 °C for 20 min. After inoculation in the
laminar flow chamber, the plant material was kept in a
growth room, for 60 days, at 25 £ 2 °C and 16:8 h light:dark
photoperiod under fluorescent tube lamps (Empalux
FT8 HO, 36W/6400K, Empalux, Parand, Brazil), which
provided 90 pmol m2s™! of PAR.

To ascertain the multiplication rate, 60 plants with their
shoot buds per treatment were collected at random and
divided into six groups. The number of adventitious shoots
per plant and the budding percentage were evaluated.

In vitro rooting of previously multiplied plants

In order to evaluate the residual effects of the BAP during
in vitro rooting, a second experiment was conducted. After
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60 days in the medium with various BAP concentrations,
the explants from each treatment were subcultivated into
268 ml glass containers containing 50 ml of the MS culture
medium supplemented with 30 g L' sucrose and without
any PGR. The subculture was performed in a stationary
liquid medium for 60 days. This step was carried out with
five buds per glass container.

At 60 days of subcultivation, the microshoots
obtained from each previous BAP treatment, with
approximate length of 3 £ 1 c¢m, were individualized
with the aid of a scalpel. Then the adventitious shoots
were transferred to 280 ml glass containers containing
50 ml of the MS culture medium supplemented with 30
g L' sucrose, NAA (Sigma-Aldrich, St. Louis, USA)
at concentration of 0, 2 or 4 puM and solidified with 6
g L' agar (Vetec®, Darmstadt, Germany). The second
experiment was conducted with five shoots per glass
container. The pH of all the media was adjusted to 5.8
before autoclaving at 120 °C for 20 min. After sterile
inoculation, the material was kept in a growth room
under the conditions mentioned above. At 60 days of
growth, 25 plants from each treatment were sampled
randomly and divided into five parcels. The fresh weight
of roots and aerial part (g plant') were determined.

Anatomical analysis of in vitro rooted plants

Anatomical characterization of the roots and leaves was
performed on five plants from each treatment (4 BAP X 3
NAA concentrations). Samples were randomly collected at
60 days of growth and fixed in formaldehyde, acetic acid,
and ethanol (FAA; 50%, 0.5/0.5/9, v v'') for 48 h, followed
by storage in 70% ethanol (Johansen, 1940). In the leaves,
cross-sections were obtained in the median region of the
first completely expanded leaf in the rosette central region
with the aid of a double edge razor. Cross-sections were
also taken at the root base (0.5 cm from the shoot). Sections
were cleared using 10% (v v') sodium hypochlorite,
followed by staining with safranin and astra-blue solutions,
and assembled on slides using 50% (v v') glycerin. The
sections were viewed using a light microscope (Bioval,
L-2000A-Fluor combined with a Leica ICC50 HD camera;
Leica, Wetzlar, Germany), and two cross-sections from
each slide were photographed. The photomicrographs
were used to measure the anatomical characteristics using
the UTHSCSA-Imagetool® software calibrated with a
microscopy ruler. For the roots, root diameter (um) and
number of metaxylem vessels were measured. For the
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leaves, measurements were taken of the thickness of the
hydrenchyma (um), chlorenchyma (pum), hypodermis (pum)
as well as the number and diameter (um) of xylem vessels.

Extraction and analysis of photosynthetic pigments
of in vitro rooted plants

The photosynthetic pigments were quantified in seven
plants for each treatment, collected at random. The pigments
were extracted from 0.04 g of fresh matter obtained from
the third completely expanded leaf from the central rosette.
The material was placed in test tubes containing 5 ml 80%
(v v!) acetone and maintained for 72 hours in the dark at a
constant temperature of 4 °C. Then the absorbances were
read with a spectrophotometer (Genesys™ 10S UV-Vis/
Thermo Fisher Scientific) at A = 470, 645 and 663 nm for
carotenoids (Car), chlorophyll b (Chl b) and chlorophyll a
(Chl a) respectively. The readings were used to calculate
the contents as proposed by Arnon (1949). The contents
were expressed as micrograms of pigment per gram of
fresh weight (ug g' FW).

Statistical analysis

The first experiment was performed with four different
BAP concentrations (0, 5, 10, and 15 uM) using a
completely randomized design. The second experiment was
conducted in a completely randomized design in a factorial
arrangement with four previous BAP treatments (0, 5, 10 or
15 uM) and three NAA concentrations (0, 2 or 4 pM), for a
total of 12 treatments. The resulting data were submitted to
an analysis of variance (ANOVA), and the significance of
differences between mean values was determined using the
Tukey test at 5% probability. Besides, to verify significant
adjustments to trend models, the data were subjected to
regression analysis. All statistical analyses were performed
using the SISVAR® software.

Results

In vitro multiplication

Allplants presented the formation of adventitious shoots,
independent of BAP concentration used (100% budding).
However, the number of adventitious shoots per plant
was influenced by the treatments. BAP supplementation
showed a clear positive effect of increasing the number
of adventitious shoots. Conversely, the number decreased
at concentrations higher than 10 uM BAP (R?=0.95; § =
-0.1003x* + 1.7212x + 3.5253) (Figure 1).
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Figure 1. Number of adventitious shoots of Alcantarea imperialis plants during in vitro multiplication in function
of 6-benzylaminopurine (BAP) concentrations (uM). Means (+SE) followed by the same letter are not significantly
different according to the Tukey test at 5%.

In vitro rooting by the NAA concentrations and the previous BAP

After 120 days of growth without direct BAP exposure, treatments. The lowest fresh weights of roots were
root formation was observed in all shoots (Figure 2). verified in shoots cultured in all treatments without
Nevertheless, the rooting responses were modulated exogenous AUX.
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Figure 2. Visual aspects of Alcantarea imperialis plants grown in a medium with different
I-naphthaleneacetic acid (NAA) concentrations (0, 2 or 4 uM) and previous 6-benzylaminopurine
(BAP) treatments (0, 5, 10 or 15 uM). Bars = 1 cm.
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Plants cultured with 2 uM NAA supplementation
presented a positive increase of the root fresh weight,
but when the shoots were previously grown with BAP
concentrations higher than 5 uM, a decrease of root fresh

287

weight was observed. With 4 uM NAA, the fresh weight was
similar, irrespective of previous BAP treatments. The highest
values were verified in shoots previously grown with 0 and
5 uM BAP and then cultured with 2 uM NAA (Figure 3).
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Figure 3. Fresh weight (g plant") of roots of Alcantarea imperialis plants after in vitro rooting
in function of 1-naphthaleneacetic acid (NAA) concentration (0, 2 or 4 uM) and previous
6-benzylaminopurine (BAP) treatment (0, 5, 10 or 15 uM). Means (£SE) followed by the same
letter (uppercase for each NAA concentration - comparing the previous BAP exposure at each NAA
concentration; and lowercase for each previous BAP exposure - comparing the NAA concentration after
each previous BAP concentration) are not significantly different according to the Tukey test at 5%.

In the aerial part of plants, visual morphological
differences were verified. Plants cultured without NAA
supplementation were smaller, while plants grown
with 4 uM NAA presented longer leaves with visible
physiological disturbances such as leaf discoloration
(Figure 2). With respect to growth trait of the aerial part,
both previous BAP treatments and NAA concentrations
influenced the growth, expressed as fresh weight
accumulation. However, these variation factors (previous
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BAP concentrations and NAA concentrations) did not
present a significant interaction. When A. imperialis
plants were grown without NAA, they presented the
lowest biomass accumulation of aerial part. On the other
hand, the highest fresh weight of aerial part occurred in
plants cultured under 2 uM NAA. A linear decrease of
the fresh weight of aerial part (R* = 0.87; y = -0.013x +
0.711) was verified as a function of the previous treatments
with BAP concentrations (Figure 4).
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Figure 4. Fresh weight (g plant') of aerial part of Alcantarea imperialis plants after in vitro rooting in function of

I-naphthaleneacetic acid (NAA) concentration (0, 2 or 4 uM) or previous 6-benzylaminopurine (BAP) treatment (0,

5,10 or 15 uM). For each NAA concentration (M) or previous BAP concentration (uM) employed, means (+SE)
followed by the same letter are not significantly different according to the Tukey test at 5%.

Under in vitro conditions, the transversal root sections of
A. imperialis plants presented a uniseriate epidermal layer with
unicellular hairs, velamen with multiseriate cell layers, and an
outer and inner cortex. Both inner and outer cortexes were
parenchymatous, with multiseriate cell layers, but the outer
cortex (also known as exodermis) presented thicker cell walls.
The last cell layer of the cortex is known as the endodermis,
which also presented thicker cell walls (Figure 5).

The treatments had an impact on modulation of root
anatomy of A4. imperialis. The proliferation of the cells
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was higher with 4 uM NAA, which induced roots with
the largest diameter when the shoots were previously
grown with 0, 5 and 10 pM BAP (Figure 5 and 6A).
The exodermis was also influenced by these conditions.
Adventitious shoots previously formed with 0, 5 and 10
pM BAP and subsequently cultured in medium with 4 uM
NAA presented a thinner exodermis and many cell walls
of this tissue did not show thickening (Figure 5). The
roots grown in the others treatment conditions presented
similar diameter (Figure 6A).
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OuMNAA 2uMNAA 4 uMNAA

10 uM BAP 5 uM BAP 0 uM BAP

15 uM BAP

Figure 5. Root cross-sections of Alcantarea imperialis plants grown in medium with different concentrations of
1-naphthaleneacetic acid (NAA) (0, 2 or 4 uM) and previous 6-benzylaminopurine (BAP) treatments (0, 5, 10 or 15
puM). ic - inner cortex, ex - exodermis, ed - endodermis, and xI — xylem. Bars = 200 pm.
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Figure 6. (A) Root transverse diameter (um) and (B) number of metaxylem vessels of Alcantarea imperialis plants in
function of 1-naphthaleneacetic acid (NAA) concentrations (LM) and previous 6-benzylaminopurine (BAP) treatments
(uUM). Means (+SE) followed by the same letter (uppercase for each NAA concentration - comparing the previous
BAP exposure at each NAA concentration; and lowercase for each previous BAP exposure - comparing the NAA
concentration after each previous BAP concentration) are not significantly different according to the Tukey test at 5%.

In addition, these plants’ roots had exodermis with thickened
cell walls as well as regular circular shape (Figure 5).

The number of metaxylem vessels of roots was also
influenced by both variation factors. The NA A supplementation
increased the number of metaxylem vessels. With 2 ptM NAA,
shoots previously formed with 0 and 5 uM BAP issued roots
that presented a higher number of vessels in relation to those
cultured with 10 and 15 pM BAP. Roots grown in medium
supplemented with 4 pM NAA presented a similar number
of metaxylem vessels, independently of the previous BAP
treatments. When analyzing the number of vessels in each
previous BAP treatments, roots cultured without NAA had the
lowest number of metaxylem vessels (Figure 6B).

The leaf anatomical traits of A. imperialis plants
also showed differences in function of the treatments.

Ownam. Houtic. (Campinas)

Adventitious shoots formed in medium supplemented
with BAP (5, 10 and 15 uM) and then cultured with 4 pM
NAA in general presented the thickest hydrenchyma and
chlorenchyma. In the shoots grown previously without
BAP, the hydrenchyma presented similar thickness,
irrespective of NAA treatments. The hydrenchyma
presented a linear decrease (R? = 0.86; § = -5.332x +
322.6) and linear increase (R*> = 0.80; y = 4.127x +
320.3) in function of previous BAP treatments with 0
and 4 uM NAA, respectively. The chlorenchyma also
presented a linear decrease (R? = 0.92; § = -1.558x +
106.6) in function of previous BAP treatments with 0
pM NAA. The thickest chlorenchymas were found in
adventitious shoots previously cultured without BAP
and then with 2 uM NAA (Figure 7 and Table 1).
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Figure 7. Cross-sections of leaves of Alcantarea imperialis plants grown in medium with different
concentrations of 1-naphthaleneacetic acid (NAA) (0, 2 or 4 uM) and previous 6-benzylaminopurine (BAP)
treatments (0, 5, 10 or 15 uM). ad - adaxial epidermis, ab — abaxial epidermis, ah - aquifer hypodermis, hy -

hydrenchyma, chl - chlorenchyma, and xI — xylem. Bars = 200 pm.

Table 1. Anatomical structures of leaves of Alcantarea imperialis plants after in vitro rooting in function of 1-naphthale-
neacetic acid (NAA) concentrations (uM) and previous 6-benzylaminopurine (BAP) treatments (uM).

hydrenchyma (um)
BAP
(uM)
0 2 4 0
0 314+£13*4  352+13% 308£17°4  109+3
5 300£18*®  298+11%° 360+25%A  95+2:B
10 286+13%8 319488 360+£10*  89+2°8
15 230+6°¢ 316+14% 377£29* 85+2°¢

chlorenchyma (pm)

number of xylem vessels

NAA (pM)
2 4 0 2 4
148+94 1294428 3.240.2%8 4.54+0.34 4.0+0.2%4
108+1°8 1272 3.540.2%8 4.840.14 4.7+0.104
115+£3b4 1234624 3.0+0.2%8 4.9+0.24 5.4+0.1*4
11028 112725 3.740.1**  4.440.34 4.440.2%

Means (+SE) followed by the same letter, lowercase in the column and uppercase in the row, are not significantly different according to the Tukey test at 5%.

The aquifer hypodermis did not change as a function of
treatments and showed thickness of 64 um =+ 3.2. On the
other hand, the number and diameter of xylem vessels were
influenced by the treatments.

In general, adventitious shoots grown without NAA
had leaves with lower number and diameter of vessels.

Gnam. Houtic. (Campinas)

In contrast, the supplementation of NAA (2 and 4 puM)
induced leaves with higher number and diameter of xylem
vessels (Table 1 and Figures 7 and 8). Plants cultured
previously with 15 uM BAP produced leaves with thinner
(smaller diameter) xylem vessels, independent of NAA
concentration applied (Figures 7 and 8).
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Figure 8. Xylem vessel diameter of leaves of Alcantarea imperialis plants after in vitro rooting in function of
I-naphthaleneacetic acid (NAA) concentration (0, 2 or 4 uM) or previous 6-benzylaminopurine (BAP) treatment (0,
5, 10 or 15 uM). For each NAA concentration (uM) or previous BAP concentration (uM) employed, means (+SE)

followed by the same letter are not significantly different according to the Tukey test at 5%.

The photosynthetic pigment contents of A. imperialis
plants showed differences in function of the treatments.
However, the variation factors did not present a significant
interaction. Plants cultured in media with 2 uM NAA added
had higher photosynthetic pigment contents (Chl total, Chl
a, Chl b and Car), irrespective of previous BAP treatments.

On the other hand, plants grown with 4 uM NAA presented
the lowest contents of all pigments as well as Chl a/b ratio
(3.75). Adventitious shoots formed earlier without BAP
presented the highest content of Chl total, Chl @, Chl b, Car,
and Chl a/b ratio during the in vitro rooting, independent of
NAA concentrations (Figure 9).
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Figure 9. Photosynthetic pigment contents (ug g FW) of Alcantarea imperialis plants after in vitro rooting in function
of 1-naphthaleneacetic acid (NAA) concentration (0, 2 or 4 uM) or previous 6-benzylaminopurine (BAP) treatment
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Discussion

For in vitro culture of bromeliads, normally exogenous
CK supplementation is necessary to induce adventitious
shoots at the plants’ base (Viehmannova et al., 2016;
Rosa et al., 2018). However, the exposure to exogenous
CKs was not a limiting factor for inducing adventitious
shoots in A. imperialis. Side shoot formation without
supplementation of PGRs in culture media has already
been reported in species of the subfamily Tillandsioideae
(Resende et al., 2016; Martins et al., 2020). Bromeliads can
produce adventitious shoots under abiotic stress during in
vitro growth (Martins et al., 2020). In fact, the process of
adventitious shoot formation of bromeliads grown in vitro
is correlated to physiological responses to stress (Rosa et
al., 2018). Exogenous stress factors can activate genes that
alter the endogenous hormonal balance of CKs (Mackova
et al.,, 2013), which can promote the development of
adventitious shoots. The induction of side shoots could
also be related to ethylene, produced by the plants and
accumulated inside containers. The internal atmosphere of
conventional in vitro containers is a potential accumulator
of ethylene (Ozudogru et al., 2017), which can affect plant
regeneration and inducing side shoots in bromeliads (Van
Dijck et al., 1988). Furthermore, these conventional in
vitro environmental conditions may have induced some
alterations of hormonal balance of A. imperialis, leading
to formation of adventitious shoots in plants cultured in
medium with free exogenous CK. Nevertheless, in our
study, we verified a considerable increment of adventitious
shoots with BAP supplementation. The reason for the
increase in the number of shoots is because CKs promote
the growth of axillary shoots and end apical dominance
(Singh et al., 2016). On the other hand, with high CK
concentrations, plants may face a higher level of stress,
which can activate genes related to synthesis of cytokinin
oxidases/dehydrogenases, which in turn bind to specific
sites of the substrate, causing CK catalysis (Kopeény et
al., 2016). The decrease of adventitious shoots with 15
uM BAP could be related to the cleaving activity of these
enzyme systems. This enzymatic action can reduce or
inhibit the action of exogenous CKs in breaking the apical
dominance, impeding the formation of new shoots (Rosa
et al., 2018).

Besides the effects of BAP during in vitro multiplication,
this exogenous CK also presented clear residual effects on
plants over a long period. Changes of anatomy, physiology
and growth traits of A. imperialis were observed in
plants even after 120 days without direct BAP exposure.
After in vitro plants have been treated with exogenous
CK, they may show a reduced rooting response (Martins
et al., 2018b). This is because CKs are plant hormones
that influence a wide range of developmental processes,
including inhibition of rooting at higher concentrations
(Bekircan et al., 2018). In our work, A. imperialis shoots
did not require exogenous AUX to ensure the rooting
response. This can be attributed to the fact that endogenous
AUX ensures the in vitro rooting of some plant species
(Martins et al., 2018a). The generation of adventitious

Gnam. Houtic. (Campinas)

293

roots is dependent on endogenous AUX level, which
plays an essential role in the reprogramming process of
cell fate (Sang et al., 2016). However, NAA increased the
root fresh weight (higher number of roots) during in vitro
rooting of 4. imperialis. Satisfactory rates of induction of
adventitious roots of bromeliads from in vitro shoots are
usually promoted by AUX supplementation in the culture
medium (Martins et al., 2018a). The ratio of endogenous
AUX to CK concentrations plays as an important key for
adventitious root formation (Bernula et al., 2020). This
study demonstrates that alterations in hormone homeostasis
induced by earlier exposure to BAP and then direct exposure
to NAA can significantly change the rooting response.
We suggest that high BAP concentrations applied during
the in vitro multiplication may need exogenous AUXs to
compensate the hormone balance and ensure the induction
of a larger root system, since CK can inhibit the early stages
of adventitious root primordium initiation and formation
via the suppression of AUX synthesis and transport related
genes (Mao et al., 2019).

The anatomy of 4. imperialis is in accordance with
the previous description of this species (Martins et al.,
2020). The changes observed in the root anatomy of A.
imperialis plants in function of the treatments can alter
the transport of water and mineral compounds from the
medium. The employment of AUX had a positive impact
on number of metaxylem vessels of roots. This is because
AUX plays a vital role in controlling plant growth and
development via promotion of cell division (proliferation),
growth (expansion, elongation) and differentiation (Majda
and Robert, 2018). An increased number metaxylem
vessels promoted by exogenous AUX can improve the
translocation of water, sucrose, and all nutrients (Martins
et al., 2018a). Therefore, higher translocation of nutrients
and water from the medium can increase plant biomass,
including the formation of new roots.

Plants previously grown with 0, 5 and 10 uM BAP
and then 4 uM NAA presented anatomical disorders in
the roots. Under these in vitro conditions, alterations of
root transverse diameter as well as thickness of exodermis
were related to higher cell division induced by a hormonal
imbalance. Higher AUX levels can increase meristem size
and promote cell division in the proximal meristem of
roots (Mambro et al., 2017). In addition, AUXSs participate
in the regulation of cell wall properties by inducing wall
loosening (Majda and Robert, 2018). On the other hand, a
CK application reduces the size of meristems and promotes
cell differentiation in the roots’ transition zone (Dello-Ioio
et al., 2007). In our work, shoots previously cultured with
15 uM BAP and then 4 uM NAA had similar morphology
as those from the other treatments (0 or 2 uM NAA
combined with any previous BAP concentration). Thus, we
suggest that under these in vitro conditions, at least partial
hormonal balance was re-established.

In the regular root development of bromeliads, the
exodermis tissue is characterized by secondary cell walls,
forming an apoplastic barrier around of inner cortex. The
process of lignification and suberization of cell walls of the
exodermis occurs naturally in bromeliads and has already
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been reported in in vitro-cultured bromeliads (Martins et
al., 2018b; Martins et al., 2020). The cells with lignified
and suberized walls of the exodermis also assume an
import role, in conjunction with the velamen, offering
mechanical protection and preventing water from returning
from the cortex to the external environment, a fundamental
strategy of plants with those tissues (Joca et al., 2017). The
exodermis works as a barrier to apoplastic flow, thereby
regulating the movement of water and mineral elements
between the cell layers (Martins et al., 2020). In a recently
published work, Martins et al. (2018a) reported that cell
walls of the exodermis were thinner with rising NAA
concentrations, but the tissue still presented regular shape,
with secondary walls in all cells around the inner cortex.
However, during in vitro culture of A. imperialis, the direct
exposure to 4 pM NAA combined with low endogenous
CK (treatments with low previous BAP concentrations)
may induce alteration in the formation of secondary cells
due to modifications of the ratio of endogenous AUX to
CK, which can result in anatomical disorders of roots.
According to Mamedes-Rodrigues et al. (2019), CKs like
BAP seem to be involved in the accumulation of lignin
of in vitro plants, since it positively regulates some genes
related to secondary cell wall biosynthesis.

A functional root system during the in vitro culture of
bromeliads is essential for an improved growth rate, and is
reflected in higher bioaccumulation of the aerial part (Martins
et al., 2018a). This can explain why plants cultured without
NAA supplementation had the lowest growth trait values.
The increase of plant growth with 2 uM NAA was associated
with the formation of roots with enhanced functionality. In
contrast, the effect of previous BAP exposure last over a long
period of in vitro propagation, mainly regarding root system
formation (Martins et al., 2018b), which can directly affect
the growth of the entire plant.

Changes in the anatomical traits of leaves of 4. imperialis
plants were linked to CK and NAA synergy. Plants cultured
without NAA presented clear residual effects of previous
BAP treatments. In our study, even though we did not
measure cell size, the reduction in the hydrenchyma and
chlorenchyma thickness seemed to be due to the lower
number of cell layers, related to a lower cell division rate.
This lower cell division rate also interfered with growth of
those plants, since they had shorter leaves (Figure 2). High
endogenous CK can modify the whole morphogenesis of
plants, including reduction of root and stem growth as
well as reduced leaf expansion (Martins et al., 2018b).
Leaf growth is controlled by close coordination of cell
division and cell expansion. AUXs promote cell division
and expansion and can be transported actively through
vascular bundles (Bennett et al., 2016). In monocots, the
AUX concentration may have an impact on leaf elongation,
since leaf bases contain the highest auxin content, which
contributes to the high rates of cell division and elongation
of leaf bases (Avramova et al., 2015). Therefore, NAA may
have been transported from the culture medium to the aerial
parts by vascular bundles at the base of the explant cut,
thereby contributing to the increased growth and inducing
thicker leaf tissues in A. imperialis.
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Still regarding leaf anatomy, the diameter and number
of xylem vessels are normally used to calculate the
theoretical hydraulic conductivity based on the Hagen-
Poiscuille equation (Jupa et al., 2015). Thus, the variation
in these anatomical traits strongly affects axial water
conductance. Improved hydraulic conductivity can result
in water accumulation in the vacuoles, which induces
high turgor pressure, driving the growth of newly formed
cells (Majda and Robert, 2018). In our study, the NAA
supplementation promoted an increment in the number and
diameter of xylem vessels. In contrast, plants previously
cultured with 15 uM BAP presented smaller diameter
of leaf xylem vessels. The increment in the number and
diameter of xylem vessels (leaves as well as roots) induced
by NAA in A. imperialis probably allowed an increase of
the mineral and water conductivity from the medium to
aerial part, resulting in greater growth of plants.

Residual effects of previous BAP treatments were also
clear in the photosynthetic pigment contents. Similar results
have been verified in the bromeliad A. blanchetiana (Martins
et al., 2018b). The chlorophyll (Chl) content is usually
correlated to photosynthetic apparatus efficiency of in vitro
plants(Martinsetal.,2016; Martins etal.,2020). Apronounced
decrease in Chl content may correspond to pronounced
impairment of photosystem II (PSII) function (Janeckova et
al., 2019). In fact, lower Chl content induced by previous
BAP exposure can reduce the photosynthetic performance
during in vitro culture of plants (Martins et al., 2018b).
High endogenous CK content can cause hyperaccumulation
of phenolic compounds and increase the activity of some
enzymes of the antioxidant system (Mamedes-Rodrigues
et al., 2019). Plants with high antioxidant system activity
may present low photosynthetic pigment content due to
the action of reactive oxygen species (ROS) (Gentile et al.,
2017; Rodrigues et al., 2017). Likewise, high concentrations
of exogenous AUX supplemented in the culture medium
can increase the antioxidant system’s activity (peroxidase)
(Larraburu et al., 2016). Under oxidative stress, plants also
grow slowly (Rodrigues et al., 2017).

Carotenoids (Car) have several functions in the
metabolism processes of plants, such as photosynthesis and
oxidative stress defense. Under oxidative stress, Car act as
direct scavenging ROS, thus contributing cellular protection
against membrane degradation and ROS mediated Chl
degradation (Mostofa et al., 2017). Our results indicate that
previous BAP treatments as well as NAA in concentrations
higher than the ideal can reduce Car content, and this might
contribute to Chl degradation, which may lead to a reduced
efficiency of the photosynthetic apparatus.

The hormonal imbalance induced by previous BAP
treatments and direct exposure to NAA changed the Chl
a/b balance. The Chl content is regulated by the balance
between Chl biosynthesis and degradation. Thus, the
synthesis and degradation activities should be examined
to evaluate the controls of Chl accumulation (Sato et al.,
2015). Chl synthesis is based in the Chl cycle, in which the
Chl @ and Chl b are interconverted by enzyme activities
to regulate the Chl a/b ratio (Lim et al., 2019). The low
Chl a/b ratio observed in plants cultured in previous

V. 26, N°. 2, 2020 p. 283-297



JOAO PAULO RODRIGUES MARTINS et al.

BAP treatments or under 4 uM NAA indicates that the
proportion of Chl » was higher than that of Chl a. Since
Chl b occurs mainly in light-harvesting complexes of PSII
(LHCII), the decrease in the Chl a/b ratio reflects a relative
decrease in reaction centers (RC) of PSII abundance
(Leong and Anderson, 1984). Therefore, a decrease in the
Chl a/b ratio can indicate that the RCs of PSII are damaged
to a greater extent than LHCII (JaneCkova et al., 2019).
We suggest that this imbalance of Chl a/b could be related
to the level of leaf senescence induced by the hormonal
imbalance. During leaf senescence, Chl degradation occurs
due to accumulation of ROS, increasing electrolyte leakage
(Janeckova et al., 2019). A reduction in Chl a/b ratio as
a signal of leaf senescence has been reported (Jane¢kova
et al., 2019; Yang et al., 2019). This may explain why the
plants cultured with 4 uM NAA presented leaf discoloration
(chlorosis).

Conclusions

In conclusion, during in vitro propagation of A.
imperialis, the synergy of both previous BAP treatments
and direct NAA exposure can change the physiology and
anatomy of plants. The employment of BAP during the in
vitro multiplication can increase the number of adventitious
shoots per plant, but can induce negative effects over a
long period on physiological status as well as change the
anatomy of A. imperialis (120 days without BAP direct
exposure). The supplementation with NAA in the culture
medium can partially reverse the negative effects induced
by the previous BAP exposure. Under the conditions set
out, the application of 2 uM NAA during in vitro rooting
improved the quality of A. imperialis plants. Nevertheless,
with 4 uM NAA, the plants presented anatomical and
physiological disorders. The results of the present study
demonstrate that the rational application of CKs and AUXs
is essential to improve the anatomical and physiological
status of micropropagated plants.
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