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Abstract: Bougainvillea, a widely used ornamental plant, is mainly propagated by cuttings and
tissue culture. Still, large-scale production of Bougainvillea is often difficult because of rooting
issues. Therefore, based on an early establishment of the regeneration system for tissue culture
in Bougainvillea by our research team, we further studied its rooting mechanism. It was observed
that the morphology and anatomical structure of Bougainvillea buttiana ‘Miss Manila” contained
endogenous hormones, such as indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellic acid (GA3),
and zeatin-riboside (ZR), including peroxidase (POD), polyphenol oxidase (PPO), and IAA-oxidase
(IAAO) activities. Following the culture, Days 0-15 consisted of the induction and initiation stages,
while Days 15-25 included the expression stages. No latent root primordium was found in the
Bougainvillea plantlet, which belonged to the induced rooting type. The root primordium was derived
from callus cells generated by divisions of parenchyma cells in the basic tissues. It was found that the
changes in the POD, PPO, and IAAO activities were closely related to the formation of adventitious
roots (AR), in which the highest rooting values occurred during the transition from the initiation
stage to the expression stage, whereas the endogenous IAA and ABA contents had negative and
positive correlations during the induction, initiation, and expression stages.; The values of GA3 and
ZR also peaked during the transition from the initiation to the expression stage. ZR and GAj3 were
found to promote adventitious root formation, while ABA inhibited it. The IAA/ABA, ABA/ GA3,
and IAA /ZR ratios also shifted at the onset of the expression stage of AR, indicating these values
were closely related to their occurrence. Overall, this study provides the basis for further research
considering AR formation in Bougainvillea, and the propagation of various Bougainvillea varieties.

Keywords: Bougainvillea; endogenous hormones; biochemical changes; adventitious root formation

1. Introduction

Bougainvillea is a flowering plant, native to Brazil, and is one of the most important
perennial ornamental shrubs in tropical and subtropical gardens [1] owing to its bright
bract colors and wide range of adaptability to various soil and climate conditions, making
it suitable as a multi-purpose floriculture crop [2]. Hence, it is one of the most popular
flowering plants currently planted in major cities. It belongs to the family Nyctaginaceae
and, according to the “The Plant List”, includes approximately 18 species. However, as
it has a unique perianth tube structure, its pollen does not easily reach the stigma, which
results in low pollination and seed-setting rates. In turn, conventional sexual reproduction
is often difficult [3,4]. Further, it also has a slow breeding process, resulting in its failure to
meet the demand in local and international markets.

Current practice in Bougainvillea propagation primarily involves tissue and cutting
cultures. Here, the formation of adventitious roots (AR) is crucial for transplanting, cutting,
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and tissue culture, as it is responsible for water and inorganic salt uptake, assimilation,
and storage. It also plays an important role in improving the resistance of the plants to
stress [5,6]. Hence, successful root formation may not only enable the basic ornamental and
ecological functions of Bougainuvillea, but it can also support other medical and chemical
functions. For instance, previous studies have indicated that the root tissues of Bougainvillea
possess flavonoids [7], a rare hydroalcoholic glycerol phosphate composed of phytol,
unsaturated fatty acids [8], and antiviral proteins [9], as well as other herbal extracts, such
as ethanol [10], which may be used in treatments of hyperglycemia or diabetes [11]. Hence,
rooting studies of Bougainvillea are very important for medicinal treatments.

Previous cutting experiments on Bougainvillea found that its varieties had different
rooting abilities [12]. Using common plant growth regulators (PGRs) [13,14], alone or in
combination [15] with other biological growth regulator products [16] or biosolids [17], in-
cluding selecting the degree of lignification of the materials [18] and soil matrix formula [19],
are common measures to ensure AR formation in Bougainvillea cuttings. A simple cutting
propagation can be performed for some varieties, such as the ‘Mary Palmer” [20] and
‘Crimsonlake’ [21], while others, including ‘Mahatma Gandhi’, ‘Refulgens’ [22], ‘Los Banos
Variegata’, and ‘Mary Palmer Special’ [23], can have difficult rooting. It is very important to
note that, for these varieties, only tissue culture technology can be used for their easy, rapid,
and mass propagation [2]. B. buttiana is a flowering plant, a garden hybrid of B. glabra and
B. peruviana. Numerous cultivars of B. buttiana have been developed, several of which have
received the Royal Horticultural Society’s Award of Garden Merit: ‘Miss Manila’, ‘Mrs.
Butt’, and ‘Poulton’s Special’. In our previous study, we used indole-3-acetic acid (IAA),
indole-3-Butyric Acid (IBA), and 1-Naphthaleneacetic acid (NAA) as PGRs for the rooting
treatment of B. buttiana ‘Miss Manila’, which is difficult to root, and obtained a good rooting
effect (81.97%) with 2.0 mg/L IBA treatment, and a poor (20.28%) effect with 2.0 mg/L IAA
treatment [24]. Although a relatively efficient tissue culture propagation system of ‘Miss
Manila’ has been established, the rooting effect of this variety, depending on the types and
concentrations of PGRs, is very different, and the exact rooting mechanism is still unclear.

Previous studies have shown that the majority of Bougainvillea varieties have significant
differences in rooting and survival rates, growth, flowering, as well as total carbohydrate
and nitrogen concentration percentages. Specifically, the contents of carbon, water, and
nitrogen compounds were higher in the easy-to-root varieties than those in the difficult-to-
root varieties [25]. AR originate from the root primordium, the incisions under the buds,
and the effect of auxin on AR formation, particularly from the formed root primordium
induced by divisions of parenchyma cells [26]. The process of AR development consists
of three successive but interdependent physiological stages: induction, initiation, and
expression [27]. The dynamic changes of the endogenous hormone levels and enzyme
activities are closely related to AR induction and root primordium formation, as well as
further root development and growth [28,29]. The method of paraffin sections is widely
used to observe cell microstructure and histochemistry during spontaneous or induced AR
formation [30,31]. Generally, AR formation in Bougainvillea remains poorly understood;
hence, numerous varieties with difficulties in rooting remain unutilized. Leveraging from
the established tissue regeneration system for B. buttiana ‘Miss Manila’ in an early stage,
this study investigated AR formation processes by analyzing the morphology, histology,
physiology, and biochemistry to determine the AR formation mechanism of tissue culture
seedlings of Bougainvillea, thus contributing to better rooting and commercial production,
and further providing a reference for rooting difficult-to-root varieties of Bougainvillea.

2. Materials and Methods
2.1. Plant Material and Culture Conditions

The experiment was carried out in the Jiangsu Provincial Key Laboratory of Land-
scape Architecture, Nanjing Forestry University (118°49'12" E, 32°4/12"” N). The buds of
B. buttiana ‘Miss Manila” were used as the plant material. They had a height of 3-5 cm
and were obtained from regeneration systems in tissue cultures, particularly from induc-
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tion, proliferation, and control cultures. Nodal segments were selected as the primary
explants. The induction medium consisted of MS+6-BA (2.5 mg/L) + IBA (0.2 mg/L), with
a culture cycle of 30 days. Meanwhile, the proliferation medium consisted of MS+6-BA
(1.5 mg/L) + NAA (0.1 mg/L), with a subculture cycle of 30 days. The control medium
consisted of MS0 (without any PGRs), with a culture cycle of 30 days.

After 30 days, the buds were transferred to the rooting medium (1/2MS + 2.0 mg/L
IBA). All the cultured media were then inserted with the explants with the following condi-
tions maintained in the culture room: 3% sucrose concentration, 0.7% agar concentration,
pH 5.8-6.0, 12 h/d photoperiod, 25 & 2 °C temperature, and 2000 Lux light intensity.

Following the rooting culture, samples were randomly taken at five-day intervals until
the 25th day. Each treatment was repeated in triplicate, and thereafter washed with water
and dried. The bottom of the bud (approximately 0.5 cm) was used as the experimental
material, which was frozen with liquid nitrogen and stored at —80 °C for further analysis,
except for the materials used for the paraffin sections.

2.2. Morphological and Histological Observations

The paraffin sectioning was conducted based on the methods described by Liu [32],
with further improvements involving the following: (1) Fixing: the collected materials were
placed into an FAA fixative (70%). (2) Dehydration: the agent concentration was divided
into five levels (Table 1) and dehydrated. Prior to dehydration, the materials were softened
using a mixed solution of hydrogen peroxide-glacial acetic acid (1:1, v:v) and tert butyl
alcohol-glycerol (1:1, v:v) at 50 °C for 1 h and 48 h, respectively. (3) Transparency: the
materials were placed into the mixture of pure ethanol and xylene (1:1, v:v) for 2 h, and
were then transferred to pure xylene for 4 h. (4) Wax immersion: supersaturated wax was
added to the beaker containing the materials. The wax soaking time was then extended
from the initial 12 h to 16 h to prevent the material section from producing holes during
the sectioning process. Consequently, this allowed the paraffin wax to fully enter and fill
the materials during the soaking at 70 °C. The paraffin wax was replaced four times, with
each soak lasting for 4 h. (5) Embedding: the wax-impregnated materials were uniformly
embedded by the paraffin-embedding machine, with the node section downwards, and
slowly transferred to the cooling stage to solidify into a wax block. (6) Sectioning: the
embedded wax block was cut into a rectangle using a slicer. The thickness of the section
was set at 8-12 um. (7) Baking: a 1% aqueous solution of gelatin was dropped on a clean
glass slide, on which a selected wax ribbon was carefully placed. The slide was placed on
the exhibition stand at 40 °C. Upon complete drying of the gelatin, the wax ribbon was
uniformly heated. The slide was then incubated overnight at 37 °C. (8) Dewaxing and
rehydration: the dewaxing and rehydration agent concentrations were divided into eight
levels (Table 2). (9) Dyeing and sealing: the dried slides were taken out and dyed using
Safranin-O-Fast Green Staining. A neutral gum was then used as a sealant. (10) Section
observation and recording: an electron microscope was used to observe the processed
sections; the sections found to be at the stage of adventitious root differentiation and
development were selected for imaging.

Table 1. The specific ratios of concentration grades used as dehydrating agents preceding preparation
of paraffin sections of Bougainvillea.

Proportioning and
Dewatering Order

Distilled
water:ethanol 11 37 317 1:19 Only ethanol

Dehydration time/h 0.5 0.5 0.5 0.5 1.0

Level 1 Level 2 Level 3 Level 4 Level 5
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Table 2. The specific ratios of concentration grades used for dewaxing and rehydration of paraffin
sections of Bougainvillea.

Proportioning and

Dewatering Order Level 1 Level 2 Level 3 Level 4 Level 5
xylene:Distilled Only . Only . .
water:ethanol xylene 110 ethanol 0:1:19 0:3:17
Dehydration 60-90 5-10 5-10 5-10 5-10
time/min

2.3. Enzyme Assays

To measure the activity of the antioxidant enzymes, the samples with liquid nitrogen
were ground and a 0.1 g sample was obtained for each enzyme extraction.

The peroxidase (POD) activity was determined using the guaiacol chromogenic
method as described by Zhang [33]. Meanwhile, the polyphenol oxidase polyphenol
(PPO) activity was determined using the catechol colorimetry method as described by
Lu [34].

The IAA-oxidase (IAAO) activity was determined using the ELISA kit. The IAAO
activity in the specimens was also determined using the double antibody sandwich method,
in which the absorbance was measured at 450 nm using enzyme standardization. Finally, it
was calculated using the standard curve.

2.4. Extraction, Purification, and Quantification of Hormones

To determine the contents of the endogenous hormone, a 0.2 g sample was taken for
extraction. The extraction, purification, and quantification of four endogenous hormones
were conducted by the method described by Zhang et al. [35]. Here, the following steps
were involved: (1) a 2 mL sample of 80% (v/v) methanol supplemented with 1 mmol of
butylated hydroxytoluene (BHT) was ground on ice. The extract was transferred to a 10 mL
centrifuge tube, and the mortar was washed with 2 mL of the same extraction reagent.
It was then combined and mixed with the extract, and left at 4 °C for 4 h to extract the
hormone. The extract was then centrifuged at 5000 rpm for 15 min. The supernatant was
transferred to another 10 mL centrifuge tube and the pellet was further extracted with 1 mL
of 80% (v/v) methanol containing 1 mM of BHT for 1 h. The supernatants of the first and
second extractions were combined for analysis. The endogenous hormone contents were
determined using ELISA at the China Agricultural University (Beijing, China) [36].

2.5. Statistical Analysis

All the statistical analyses were conducted using Microsoft Excel 2020 and Statistical
Package for Social Sciences 20.0 (IBM, Armonk, New York, NY, USA). The one-way ANOVA
analysis was used to investigate the significant effect of the treatments. Duncan’s significant
difference tests were also performed for the significant differences. The means were
presented with standard errors. The graphs were prepared by using Origin 2022 software
(Northampton, MA, USA).

3. Results
3.1. Morphological and Histological Observations

In the process of the early rooting culture, morphological observations using photos
were taken weekly, and sampling was conducted at five-day intervals. It was found that the
bud grew relatively well at the beginning (Figure 1a), while its bottom portion gradually
expanded after one to two weeks of culture. At approximately three weeks, white roots
began to emerge (Figure 1c) and continued to elongate as the culture duration prolonged
(Figure 1d). It is inferred that the formation of root primordia occurred between one and
three weeks.
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Figure 1. Morphological observation of the in vitro rooting of B. buttiana "‘Miss Manila’. (a) Mor-
phological structure on Day 0. (b) Morphological structure on Day 7,14. The bottom of the bud
kept expanding. (c) Morphological structure on Day 21 in tissue culture. The white root protruded
from the bottom. (d) Morphological structure on Day 28 in tissue culture. Further elongation of
adventitious roots.

According to the observation of the external morphology and anatomy of Bougainvillea,
the overall shape is oval and consists of the epidermis, cortex, and vascular cylinder from
the outside to the inside (Figure 2a). The epidermal cells are closely arranged and the cell
volume is uniform, and the cuticle is relatively developed. The 3—4 layers of cells adjacent
to the epidermal cells in the cortex are collenchyma, with small and closely arranged cells,
while the cells close to the collenchyma are thin-walled, large, and irregularly arranged.
The outer tough collateral bundles are scattered in the basic tissues of the vascular cylinder.
The vascular bundles near the pith are arranged in a circle, and other vascular bundles are
irregularly arranged in the basic tissues. In general, the vascular bundle becomes larger
from the outside to the inside, indicating that the inner vascular bundles are more mature.
There are inconspicuous xylem and phloem in the vascular bundles. The vascular cylinder
has no obvious pith ray and interfascicular cambium, and the pith has no obvious divisions
(Figure 2b).
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Figure 2. Anatomical analysis of in vitro rooting of B. buttiana ‘Miss Manila’. (a) Histological structure
on Day 0. (b) Histological structure on Day 5. (c) Histological structure on Day 10. The parenchyma
cells of the basic tissue continuously proliferate and form callus tissue. (d) Histological structure on
Day 15. Root primordia were gradually formed in the callus (e) The differentiated root primordia
continuously pushed outward in the cortex. (f) Adventitious roots, formed from root primordia,
penetrated the cortex and callus. (g) The adventitious roots pass through the epidermis and form
roots vascularly connected with the stem. (h) Constant elongation of adventitious roots. The red
frame shows precursor cells of adventitious root primordia and root primordium, and the red arrow
shows growth direction of root primordium and adventitious root. Abbreviations: ep = epidermis;
co = cortex; col = collenchyma; par = parenchyma; vc = vascular cylinder; vb = vascular bundle;
prp = precursor of adventitious root primordia; cal = callus tissue; pi = pith.
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After the Bougainvillea buds were cultured in the rooting medium, it was found from
the continuous tissue slices that no latent root primordium was found, and the AR were
formed from the induced root primordium and belong to the callus rooting type. With
the prolongation of the tissue culture, the parenchyma cells continuously proliferated to
form callus cells, which had different shapes and were closely arranged (Figure 2c). With
the continuous divisions of the cells, a callus was induced, and a group of cells with a
small size, close arrangement, and strong meristem ability, namely root primordia, were
gradually formed in the callus (Figure 2d). With the development of the root primordium,
AR gradually formed and passed through the cortex and callus (Figure 2e,f). Finally,
the AR passed through the epidermis and formed roots vascularly connected with the
stem (Figure 2g). With continued culture, the adventitious roots were further elongated
(Figure 2h).

3.2. Metabolic Changes during Adventitious Root Formation

It can be noted that significant differences were observed between the POD, PPO, and
TAAO activities during the adventitious root formation. For instance, a fluctuating trend
was observed in the POD activities, initially increasing and reaching the peak value on
Day 15 (7966.22 U-mg~!-L~1!). Here, the peak periods were found to be consistent with
the initiation phase of the adventitious root formation, on Day 20 (4494.22 U-mg~!.L~1).
The POD level was also found to increase, with the peak levels achieved on Day 15
(6560.56 U-mg_1 L7 (Figure 3a). Meanwhile, compared with the POD activities, the PPO
activities followed an A-shaped trend, in which they initially increased and reached the peak
value on Day 15 (3.80 U-mg~!-L~!), which was also consistent with the extension phase,
until they rapidly decreased as they approached Day 20 (0.30 U-mg~!-L~1) (Figure 3b). For
the IAAO activities, they also followed an A-shaped trend, in which they initially increased
and reached the peak value on Day 10 (168.78 U-L~!). However, they rapidly decreased
towards the end of the culture duration (144.59U-L~1) (Figure 3c).
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Figure 3. Changes in enzymatic activities and soluble protein contents during rooting of B. buttiana
‘Miss Manila’. (a) POD activities. (b) PPO activities. (c) IAAO activities. Data present the means
of three replicates + SE. Letters on the top of each point show p < 0.05; the same letters show a
non-significant difference, while different letters show a significant difference between different days
after culture.

3.3. Endogenous Hormone Changes during Adventitious Root Formation

Significant differences were observed in the endogenous IAA, ABA, GA3, and ZR
levels during the adventitious root formation. In the initiation and expression phases, the
IAA contents continuously decreased to up to 0.391 ng-g~! on Day 15. Meanwhile, they
increased during the extension phase and peaked on the final day of the tissue culture
(0.503 ng-g’l) (Figure 4a).
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Figure 4. Changes in IAA, ABA, GA3, and ZR quantifications during rooting of B. buttiana “Miss
Manila’. (a) IAA contents. (b) ABA contents. (c) GA3 contents. (d) ZR contents. Data present the
means of three replicates & SE. Letters on the top of each point show p < 0.05; the same letters show
the non-significant difference, while different letters show a significant difference between different
days after culture.
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In the initiation and expression phase, the ABA levels showed a fluctuating trend, in
which they initially decreased until Day 5 (0.883 ng-g '), and then increased to 0.933 ng-g !
on Day 10. This was then followed by a rapid decrement approaching Day 15 (0.642 ng-g~1).
In the extension phase, the ABA levels continuously increased until the final day of the
tissue culture (1.015 ng-g 1) (Figure 4b).

Similarly, the GAj levels also showed fluctuating trends, in which they initially de-
creased until Day 5 (1.286 ng-g ') and peaked on Day 15 (1.337 ng-g~!). This was consistent
with the extension phase, and towards the final day of the tissue culture, the GAj3 levels
were continuously decreasing (1.300 ng-g~!) (Figure 4c).

Compared with the other endogenous hormones, the ZR levels showed a W-shaped
trend, in which they initially decreased in the initiation and expression phases approaching
Day 5 (1.108 ng-g~!) and peaked on Day 15 (1.197 ng-g~!). In the extension phase, they
decreased until Day 20 (1.147 ng-g~!) and peaked on the final day of the tissue culture
(1.202 ng~g’l) (Figure 4d).

The IAA /ABA ratio during the adventitious root formation showed significant differ-
ences. For instance, it demonstrated a double-A-shaped trend, in which it initially increased
and peaked on Day 5 (0.623) and rapidly decreased approaching Day 10 (0.501). Thereafter,
it increased and peaked on Day 15 (0.609) and rapidly decreased as it approached Day 20
(0.496). On the final day of the tissue culture, it was observed to be continuously increasing
(0.496) (Figure 5a). The ABA/GAj; ratio continuously decreased and reached 0.480 on
Day 15 in the initiation and expression phases. Further, this ratio increased during the
extension phase (0.780) (Figure 5b). Lastly, the IAA/ZR ratio was found to continuously
decrease up to 0.326 on Day 15. In the extension phase, it increased as it approached the
final day of the tissue culture (0.419) (Figure 5c¢).
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Figure 5. Changes in ratios of IAA/ABA, ABA/GA3, and IAA/ZR during rooting of B. buttiana
‘Miss Manila’. (a) IAA/ABA ratio. (b) ABA/GAj ratio. (c) IAA/ZR ratio. Data present the means
of three replicates =+ SE. Letters on the top of each point show p < 0.05; the same letters show the
non-significant difference, while different letters show a significant difference between different days
after culture.

4. Discussion
4.1. Anatomical Evaluation and Root Primordia Development during Adventitious Root Formation

The adventitious root primordia of plant cuttings can be divided into two types: latent
and induced root primordia [37]. They can also be divided into the cortex rooting type,
callus rooting type, and mixed rooting type, based on the extension part of the AR. Further,
the AR formation in tissue culture varies according to the plant species. For instance,
Populus tremula x P. tremuloides [38] and Albizia julibrissin [39], both belonging to the cortex
rooting type, have adventitious root primordia that can originate from the intersection
of the cambium and pith ray, or the vascular cambium between the xylem and phloem.
Carya illinoensis [40] forms a callus on the cambium and its root primordia are further
differentiated from the developed callus. As a mixed rooting type refers to the ability of
plants to simultaneously induce AR by the callus and cortex, the AR primordia, such as
those of Amygdalus persica, can be formed in the cortex, phloem, xylem, and callus [41]. In
Michelia figo [42], two types of mutual inhibition are exhibited. In Bougainvillea, it was found
that its induced root primordium may be similar to that of Torreya grandis [43], as they
both belong to the same callus rooting type. Most plant species” induced root primordia
originate from cells in the vascular cambium or parenchyma cells in the primary phloem
near the vascular cambium, such as those of chestnut [44]. The AR of Bougainvillea seedlings
also originate from the parenchyma, which has great potential to form root primordia [45].
Here, the formation of AR mainly involved the parenchyma cells located in the callus. With
the restoration of the meristem ability of these ray parenchyma cells, they differentiate into
root primordial cells, and then form root primordia, thus forming AR. These ARs can pass
through the cortex and then develop into roots.

As the formation stage of AR involves induction, initiation, and expression [27,46], the
AR formation in Bougainvillea is divided into the same three stages, based on the culture
date and duration. Days 0-15 consist of the induction and initiation stages, while Days
15-25 represent the expression stage.

In the previous research on the tissue culture system of Nyctaginaceae, the AR that
often emerged from the callus achieved a very low survival rate in the transplanting stage,
which can be attributed to the growth of induced root primordia through the surrounding
tissue layers, including the connection of the vascular bundle system with the stem, which
is a pre-requisite for its expression [47]. However, the callus rooting type often lacks this
process; hence, the reduction of the callus in the tissue culture system of Bougainuvillea is
beneficial for their post-transplanting survival as it is regulated by PGRs [48]. It is worth
mentioning that, in our tissue culture system for ‘Miss Manila’, we achieved a high survival
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rate (93.33%) [24], which once again indicates that it is crucial to form a vascular bundle
system connected to the stem in the expression stage. The auxin activity modulates the
hydraulic properties, including the cell walls of the surrounding root primordia through
its control of the expression of its own transporters [49]. In this study, it is inferred that
the difference in rooting difficulty between varieties is attributed to their sensitivities to
auxin. We reported, for the first time, that the AR induction of tissue-cultured seedlings of
Bougainvillea belongs to the type of callus rooting. However, in previous reports considering
the rooting of Bougainvillea cuttings, it was found that it belongs to the type of cortex
rooting [50]. We speculated that the cuttings had a high degree of lignification and had
formed a complete cambium, which can be induced to extend AR. As Bougainvillea is a vine
plant, we assume the rooting type is related to the material status, and the microstructure
of the material difference of Bougainvillea was also confirmed in Hu [51]. In short, it must
be noted that AR formation is complex, as it is influenced by numerous interconnecting
external and internal factors [52].

It was found that, in the experimental steps of the paraffin sections in the first ex-
periment, the material tissue fell off during the section process. Generally, many woody
plants also exhibit this phenomenon [53]. In this study, this was addressed by softening
and increasing the wax soaking time as additional operational steps. Although there were
still structural defects in the material when slicing, this test observed that the amount
of tissue loss was lower, and the overall slicing effect was more accurate. The results
showed that these additional steps were crucial to the slicing of Bougainvillea. Therefore, it
is recommended that the paraffin sectioning is improved in future studies.

4.2. Changes of Metabolic Process during Adventitious Root Formation

POD is one of the primary enzymes related to the formation of adventitious roots, as
it acts on the cell wall lignification [54] and catabolism of IAA and H,O, during the rooting
period [55]. The PPO participates in the regulation of phenolic precursor synthesis during
lignin biosynthesis [56]; hence, it plays an important role during root differentiation and
root primordia formation and development. In Bougainvillea, the POD activity was observed
to increase on Day 15, which can be attributed to the analogous behavior of low activity
at the early stage of rooting, and it regularly increases as the rooting progresses [57], as is
also observed in Mucuna pruriens. It is inferred that the low POD activity is an indication of
the start of the root induction stage, as this enzyme regulates endogenous IAA catabolism.
As it increases and peaks, it signifies the rooting and rooting expression towards the end
of the rooting stage [58]. Similarly, this was also exhibited during a cutting experiment
in Berberis thunbergia [59], where a similar trend was shown. Generally, the PPO activity
during the formation of AR in Bougainvillea continuously increased in the induction and
initiation stages, and slowly decreased in the expression stage, which is consistent with the
results obtained by Zhang [60].

The TAAO is the key enzyme of IAA catabolism and is closely related to IAA lev-
els [61,62]. In this study, it was found that the IAAO activity increased continuously within
10 days of culture. Hence, it can be considered that the IAA was oxidized, owing to the role
of oxidase. The increment can also be attributed to the high content of endogenous IAA and
the presence of its derivatives, which stimulated the induction and development of the root
primordium [63]. However, this simultaneously reduced the endogenous IAA levels, result-
ing in the inhibition of root development [64,65], Specifically, the IAAO activity decreased
sharply in Days 10-15 to ensure the formation of AR. A positive correlation was found
between the rooting and IAAO activity, specifically in the root cuttings of Populus [66].
Hence, it is inferred that the induction and initiation of AR through a dynamic balance
results in the initial increment followed by the decrement in the IAAQO activity. Studies
have shown that the IAAO activity can be high in some plants in which it is difficult to
develop roots, which consequently reduces the amount of IAA transferred to the base of
cuttings, and such conditions may not be conducive for the induction of AR [67]. In this
study, the IAAO activity was relatively high during rooting, hence, not conducive for AR
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formation. This indicates that the variety is difficult for rooting, which is consistent with
the results of previous studies.

Oxidase has the function of oxidizing and decomposing auxin; hence, any change to its
levels predominates the process of AR formation [68,69]. Here, the maximum value is often
obtained during the root primordium formation. In this study, it was found that oxidase
exhibited the same characteristics. The increment of POD and PPO as oxidase resulted
in the further oxidation of auxin, which consequently led to the continuous increment of
the IAAQO levels and decrement of the IAA levels. Through the decreased oxidase content,
the JAAO and IAA levels simultaneously decreased and increased, respectively. It was
observed that the activity of oxidase can be an indicator of different stages during AR
formation [70]. For instance, when the oxidase content was increasing in Days 10-15, the
IAA and IAAO were also decreasing, which may be attributed to the regulation of the plant
itself by increasing the SOD activity [71] to reach the appropriate IAA content and ensure
root formation.

4.3. Changes of Endogenous Hormones during Adventitious Root Formation

In the three stages of AR formation, the induction stage has opposite hormone require-
ments compared with the subsequent initiation and expression stages [72]. Usually, the
induction phase occurs during the first few hours following the cutting removal, without
visible cell divisions, and it involves the reprogramming of the target cells. At the stage
of AR expression, the cell structure undergoes a qualitative change, in which the cells
differentiate from the root primordia into complete root bodies, followed by the emergence
of roots.

Auxins are intimately involved in the formation of adventitious roots [73], and in-
terdependent physiological stages in the rooting process are associated with the changes
in endogenous auxin concentrations [74]. Indole-3-acetic acid (IAA), the main form of
plant auxin, moves between plant cells, either in protonated form (IAAH) by membrane
diffusion, or anionic form (IAA—) by carrier-mediated transport [75]. In the process of
the AR induction and initiation of Bougainvillea, the IAA content decreased continuously,
which was consistent with tree peony cuttings during AR formation [62]. Considering
that the IAA content increased during the expression stages, this can be related to the
changed oxidase activity. The increased oxidase content decreased the IAA content, and the
decreased oxidase content increased the IAA content. It is worth noting that, in previous
studies, the increment of the IAA content symbolized rooting [76]; however, on the 15th day
after culture, the content of IAA oxidase was very low. At this time, the root primordium
might be produced because the oxidation of IAA could promote rooting [63].

Abscisic acid (ABA) is a stress-related hormone, which has been proven to inhibit
the AR formation and lateral root development of rice [77] and peanut [78]. During
the formation of AR, Bougainvillea promoted rooting by reducing the ABA content to
the appropriate level during the induction and initiation stages, and the ABA content
kept rising to promote the elongation of AR in the expression stage [79]. This result was
consistent with that of Armeniaca sibirica [80].

Gibberellin (GAs) is a complex family of tetracyclic diterpenoid plant growth regu-
lators; some of them, such as GA;, GA3 and GAy, are believed to have the function of
bioactive hormones [81]. GAj is generally considered an inhibitor of AR formation in
cutting propagation [82]. However, in our study, we found that GAj3 decreased first during
AR development, then increased in the induction and initiation stage, and finally decreased
in the expression stage. We considered that high GA content could inhibit cell divisions at
the initial stage of rooting culture, thereby inhibiting the differentiation and formation of
AR, and then completing the differentiation of AR, or that GA could promote the elongation
and growth of AR [83].

It can be noted that ABA may interfere with ethylene (ET) and gibberellin (GAs) signal
pathways and block cell cycle progression [77], in that it forms an antagonistic effect with
GA, as is also shown in this study. It was found that the ABA levels continuously decreased
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during the induction and initiation stages. The GAj3 content also increased following the
previous decrement. During the expression stage, the ABA levels increased, whereas the
GAj levels decreased. Therefore, this demonstrates that the interaction between ABA and
GAj affects the occurrence of AR.

Cytokinin plays a key role in the regulation of root development [84], and trans-Zeatin-
riboside (ZR) has been identified as an important cytokinin in root exudates [85]. In this
study, during the induction and initiation stages, we found that the ZR content decreased
slightly 0-5 days after culture. This can be the consequence of transferring the explants to
the rooting medium without cytokinin, which made it undergo a dedifferentiation process
at the initial stage [72]. The constant increment of ZR content in the 10-15 days after culture
indicated the promoted formation and growth of the root primordium, as well as lateral
growth by the increased number of cells. We believe that the ZR content does not exceed
the threshold value for rooting inhibition. The specific process includes a continuous
division of the parenchyma to form a callus, and the gradual formation of cells with a
strong ability for differentiation in the callus. During the expression stage, the reduction
of the ZR content to an appropriate value made the root primordium further differentiate
during the 15-20th days after culture [83]. The increased ZR content in the last stage was
speculated to be the result of the continuous elongation of AR after the newly formed
vascular bundle reconnection between the roots and stems, and the cell differentiation and
proliferation in the phloem, xylem, and cambium areas [86].

Due to the interaction of multiple hormones in plants, a single hormone has a minimal
correlation with the production of adventitious roots. Although the concentration of a
single hormone meets the requirements for rooting, it may not necessarily result in the
production of AR or inhibition of the rooting [87]. The ratio of endogenous hormones is also
often used to signify the formation of adventitious roots [88]. The ratios of IAA/ABA and
IAA/ZR were used to predict the formation of AR, in which they had a stable correlation
with the formation of adventitious roots [62,83,89,90]. In this study, the IAA/ABA ratio
peaked at Days 5 and 15, from which it can be inferred that the induction stage began
on Day 5 and AR began to differentiate gradually on Day 15, indicating that the ratio
was closely related to the formation of the AR, as was also confirmed in the rooting of
Pinus bungeana cuttings [91]. In this experiment, the IAA/ZR ratio was the lowest at the
initial expression stage of AR on Day 15. However, numerous experiments have proved
that endogenous hormonal balances play an important role in plant rooting, in which
higher IAA ratios are beneficial for the initiation of rooting [92,93]. As the cytokinins
regulate a stage-specific formation of AR, low levels of cytokinins, combined with high
auxin levels, are major processes involved in AR induction [86]. In tissue culture, the
ratio of auxins and cytokinins is often controlled to regulate the rooting or budding of
plant materials [94]. Therefore, the decreased and increased IAA/ZR ratios during AR
formation in Bougainvillea were attributed to the high IAAO and low IAA levels in difficult-
to-root varieties. Meanwhile, the increased ZR content resulted in the increment of the
IAA/ZR ratio following the root primordium differentiation to ensure the growth and
further elongation of the AR. The ABA and GAs have similar synthetic precursors, in
which they can produce antagonistic effects. Studies have shown that higher ABA/GA;
ratios can promote the formation of AR during the formation of the root primordium and
differentiation of adventitious roots [95]. However, in the study of Rhododendron hybridum,
a relatively stable ABA/GAj; ratio was consistently demonstrated [90]. In this experiment,
it was found that the ABA/GAj; ratio was lowest at the beginning of AR expression. Hence,
it is inferred that differences exist between different plant species; in Bougainvillea, the low
level was conducive for transformation from the AR initiation stage to expression stage.
This finding was also consistent with the study on a root cutting of Malus hupehensis [35].

5. Conclusions

In order to provide an optimal breeding system for healthier and denser roots of
B. buttiana ‘Miss Manila’, the morphology, as well as the anatomical, physiology, and bio-
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chemistry, of AR formation were investigated. We consider that, during the AR formation
of Bougainvillea, the activities of PPO, POD, and IAAO generally increased during the AR
induction and initiation stages, and the IAA content decreased with the increase of oxidase
content. At the same time, the content of ZR increased continuously, and the callus was
produced continuously. The content of ABA decreased, accompanied by the increment of
GA content, and finally led to the differentiation of the callus into root primordial cells.
In the expression stage, the activities of PPO, POD, and IAAO were generally reduced,
which promoted the increment of IAA content, and the increment of ABA content and
the decrement of GA content. The comprehensive regulation made the root primordium
further grow and develop. This study revealed that the origin of AR formation and its
spatial behavior in difficult-to-root varieties of Bougainvillea have rhythmic relationships
between the rooting process and physiological and biochemical changes.
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