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Abstract

Objective: Poplars (Populus sp.) are the most industrially important woody
plants, garnering significant global attention for the introduction of new traits
using genetic engineering and gene/genome editing approaches. However, the
efficacy of genetic transformation and regeneration response of plant explants
remains challenging among Populus species due to high variation in their genetic
background. This work aimed to identify an optimal explant source to enhance
high-frequency genetic transformation and genome editing capabilities in white
poplar.

Methods: Transverse and longitudinal thin cell layer (t/ITCL) explants from
Populus alba L. pulvinus and stem tissues were cultured on the shoot induction
media with varying concentrations of BAP (0, 0.25, 0.5, 0.75, and 1.0 mg/L) in
combination with IBA/NAA (0, 0.25, 0.5, and 0.75 mg/L) to evaluate their
regeneration potential. The effect of node position on pulvini-tTCL regeneration
was assessed, and histological analysis was performed on highly responsive
explants. The root induction was examined using media with graded levels of
IBA (0, 0.1, 0.2, 0.3 mg/L) and NAA (0, 0.05, 0.1, 0.15, and 0.2 mg/L).
Results: We obtained the fast and highly responsive tTCL-mediated shoot
regeneration from the parenchyma cell layers (400-500 pm thickness) of the
pulvinus basis of the 4th node cultured on shoot induction medium containing
BAP 0.75 mg/L and IBA 0.5 mg/L, with a mean of 43.59 + 0.22 shoots per
explant. The regenerated shoots were well-rooted in root induction medium
containing IBA 0.2 mg/L and NAA 0.1 mg/L. The well-hardened plants were
transferred to greenhouse conditions.

Conclusion: The superior capacity of pulvini-tTCL tissue provides an
opportunity to achieve high-frequency transgenic white poplar in genetic
engineering and genome editing approaches.
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Introduction

White poplar (Populus alba L.) from the willow/poplar family (Salicaceae) is widely distributed
through a vast variety of climates around the globe (FAO 1979; Hamzeh and Dayanandan 2004;
Yousefzadeh et al. 2019). The unique properties of white poplar, including vegetative propagation
ability, fast growth rate, and high biomass production (about 299 oven-dry t ha™ year?), satisfy an
increasing worldwide demand for wood, timber, paper and pulp, biofuel, and cellulose-based future
industries. Moreover, it is widely cultivated to manage reforestation and afforestation of lowlands as
well as phytoremediation approaches (Balatinecz et al. 2001; Confalonieri et al. 2003; Norris et al.
2008; Chen et al. 2009; Porth and El-Kassaby 2015). Furthermore, poplar is used for genome editing,
genomics, metabolomics, and forest biotechnology approaches due to its whole sequenced small
genome, efficient potential in genetic transformation and regeneration (Confalonieri et al. 2003; Fan
et al. 2015; Nayeri and Tohidfar 2017; Muhr et al. 2018; Nayeri et al. 2019; Movahedi et al. 2021;
Nayeri et al. 2022a,b; Mahna and Nayeri 2024).

Several previous reports have emphasized the undeniable impacts of genetic background
variation, and tissue and explant type, on the regeneration response of selected tissue explants and
their genetic transformation efficiency in Populus species (Confalonieri et al. 2000; Han et al. 2000;
Confalonieri et al. 2003). In several reports, the plant tissues such as lateral buds, leaf, internodal
stem, and petiole were used as a regenerative explant for micropropagation and (in)direct regeneration
in white poplar (P. alba L.) and its hybrid clones (Park and Son 1988; Son and Hall 1990; Son et al.
1993; Qiao et al. 1998; Jafari Mofidabadi and Modir-Rahmati 2000; Kang et al. 2000; Pintari¢ 2008;
Wang et al. 2008; Bae et al. 2011; Wang et al. 2011; Tavassoli Asgari et al. 2013; Ziauka and
Kuusiené 2014; Khosravan et al. 2017; Zeng et al. 2019; Li et al. 2023). Russin and Evert (1984)
reported swollen tissues known as pulvinus at the base of petioles of Populus tremula using LM
microscopy analysis, which is probably a species-specific tissue among Populus species. According
to literature reviews, no report covers the regeneration response, the effects of explant type and
position, and tissue maturity of pulvini tissue at the base of the petiole under different auxin and
cytokinin plant growth regulators (PGRs) treatments.

The thin cell layer (TCL) culture method is an efficient and effective technique in plant tissue
culture that has been introduced to enhance in vitro regeneration and micropropagation of a high
number of plantlets in various plant species, including both crops and woody plants. The TCL
explants with 0.5-1 mm in size are divided into two types, including transversally (tTCL) or

longitudinally (ITCL) sliced explants from the tissue of interest (Klimaszewska and Keller 1985;
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Detrez et al. 1988; Heylen and Vendrig 1988; Carimi et al. 1999; de Carvalho et al. 2000; Nhut et
al. 2000; Tran Thanh Van and Van Lé 2000; Nhut et al. 2001; Zhao et al. 2007; Scherwinski-Pereira
et al. 2010). Only Lee-Stadelmann et al. (1989) showed that the transverse thin slices (100-500um in
size) of leaf mid-vein explants from poplar have been regenerated with low efficiency.

Here, we focused on the investigation of a high-capacity explant from pulvinus tissue at the base
of the petiole of P. alba L. using the TCL culture technigue for in vitro shoot regeneration without

callus induction.

Materials and Methods

Plant material, surface sterilization, and TCL explant type

The young branches (45-50 cm in length and 0.2-0.5 cm in diameter) with fresh internodal stems and
pulvini of petioles were isolated from a >10 years-old white poplar tree as the field-grown donor plant
(Supplementary Figure 1A). The plant material was obtained from the Botanical Garden of the
University of Tabriz, Tabriz, Iran (38° 03' 30.4" N latitude and 46° 20' 07.8" E longitude with an
average rainfall of 330 mm). The cut branches (45-50 cm long and 0.2-0.5 cm diameter) were surface
sterilized as described in Supplementary Method 1. The sampling was performed during mid-spring
to early summer (May-August). The sterilized stem segments were divided into two tissue sources of
explants: 1 cm pulvini bases of 15-7" petioles (Supplementary Figure 1B), and the adjacent tissues
of internodal stem segments close to the axillary buds (1 cm in length) (Supplementary Figure 1C).
Each of the internodal stem and pulvini explants was split into slices longitudinally (with 0.5-1 mm
thickness) and transversely (250-500 pum thickness) to be used as ITCL (Supplementary Figure 1D)
and tTCL explants (Supplementary Figure 1E), respectively.

The effect of TCL explant type and PGR combination on shoot regeneration

Due to the unmanageably large-scale experiments, the four TCL explant types were examined in
separate experiments using benzyl-amino-purine (BAP) in combinations with indole-3-butyric acid
(IBA) and 1-naphthalene acetic acid (NAA) for shoot regeneration (Supplementary Tables 1 and 2).
The shoot induction medium (SIM) was Murashige and Skoog (MS) (Murashige and Skoog 1962)
supplemented with BAP at five concentrations (0, 0.25, 0.5, 0.75, and 1.0 mg/L) and IBA or NAA at
four concentration each (0, 0.25, 0.5, and 0.75 mg/L), 3% sucrose, solidified by 0.6% agar (extra
pure Agar CAS 9002-18-0, Merck, Germany) and autoclaved at 121 °C for 20 min. Finally, four TCL
explants were compared under the best PGR combination (BAP, 0.75 mg/L; IBA, 0.5 mg/L) to obtain
the high-capacity shoot regeneration on SIM. All experiments were carried out through eight factorial
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treatments based on a completely randomized design (CRD) with three replicates. Each experimental
unit (plate) contained either 100 tTCL or 40 ITCL explants. The cultures were maintained in the
growth chamber at 26 °C and 16/8 hrs light/dark photoperiod. The light condition was set up at 4500
Lux light intensity using a cool white and yellow fluorescent lamp. The explants were subcultured
every two weeks. The frequency of total shooting explants and the number of shoots per explant were

determined after eight weeks and used for statistical analysis.

The effect of node position and pulvini tissue maturity on shoot regeneration capacity of pulvini-
tTCL explant

To investigate whether node position affects the shoot regeneration capacity of pulvini-tTCL explants
from P. alba L., the pulvini-tTCL explants from the bases of petioles 1% - 71" close to the apical bud
were cultured on the SIM supplemented with BAP 0.75 mg/L and IBA 0.5 mg/L. The effect of pulvini
maturity on the shoot regeneration capacity of the tTCL explant was evaluated by dividing pulvinus
tissue (1 cm long) into five equal sections each ~2 mm long, including A-E sections (Supplementary
Figure 1C). Each section was sliced into five pulvini-tTCL explants with ~400-500 um thickness and
cultured on the SIM supplemented by BAP 0.75 mg/L and IBA 0.5 mg/L. All experiments were
carried out based on a CRD with three replicates. Each experimental unit (plate) for node position
and pulvini maturity analysis contained 30 and 20 tTCL explants, respectively. The in vitro culture

conditions were mentioned in the previous section.

Histological analysis

The two-week-old tTCL explants from region A of pulvini of the 4™ petiole cultured on SIM were
used for light microscopy analysis. The uncultured tTCL explant from region A of the pulvinus tissue
of the 4™ petiole was used as a control sample. The samples for light microscopy were fixed and
sectioned as described in the Supplementary Method 2. The sections were dried for observation under
a light microscope (BX41, Olympus, Tokyo, Japan) at x100 and x400 magnifications.

The root induction of the shoots

The regenerated shoots were cultured on shoot elongation medium containing MS medium
supplemented with 0.15 mg/L BAP and 0.1 mg/L IBA for two weeks. The elongated shoots with 1-2
cm in length were transferred to the root induction medium (RIM) containing MS medium
supplemented with IBA at four concentrations (0, 0.1, 0.2, and 0.3 mg/L) in combination with NAA

at five concentrations (0, 0.05, 0.1, 0.15, and 0.2 mg/L). The experiment was carried out as a factorial
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arrangement based on a CRD with three replicates. The samples were maintained in the growth
chamber as described in previous sections. Each replicate contained five plantlets per 450-ml jar. The
explants were sub-cultured every two weeks and the rooting rate (% of rooted plantlets per
experimental unit), the number of roots per shoot, and the mean of root length per shoot were
determined after eight weeks.

Acclimatization and hardening

The regenerated plantlets were gently washed under running tap water and acclimatized by
transplanting into the pots. They were filled with a mixture of sterile sand: peat moss: perlite (3:2:1)
and maintained in the growth chamber. The pots were covered with plastic bags to maintain a stable
relative humidity of 70-85% for three weeks. Then, the hardened plants were planted into the pots

with garden soil and transferred into a greenhouse.

Statistical analysis

The data normality was confirmed using the Kolmogorov-Smirnov test. After analysis of variance,
means were compared by Tukey’s test at p < 0.05. The statistical analysis was performed using IBM
SPSS software (SPSS Inc., Chicago, IL, USA).

Results

Effect of tissue source and TCL explant type on shoot regeneration

The shoot regeneration efficiencies of the TCL explants from both pulvini and internodal stem tissues
were examined by culturing on the SIM. As a result, the pulvini at the base of the petioles showed a
better regeneration response than those from the internodal stem. Furthermore, a significant increase
in the size of the TCL explants following 10-12 days, and protrusions were observed within 15-20
days of culture of both internodal stems and pulvini of petioles. The tTCL explants from the internodal
stem and pulvini of petioles further developed into shoots within 50-60 days, while the shoot
development of ITCL explants from both tissues occurred within 70-80 days. Therefore, the results
indicate that the source and type of explants could significantly affect the shoot regeneration

capability in P. alba L.

The effect of PGRs combinations and concentrations on shoot regeneration of the t/ITCL explants
The shoot regeneration results related to the four explant types with two different PGR combinations

were summarized in Supplementary Tables 1-4. Increasing BAP concentration (0.25-1.0 mg/L)
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resulted in 100% shooting frequency in samples, regardless of the IBA concentration. However, the
same and higher concentrations of IBA compared with BAP showed a callus induction without any
shoot regeneration in all samples (Supplementary Table 1). The highest number of shoots was
observed for pulvini-tTCL (26.3 £ 0.064), pulvini-ITCL (24.90 £ 0.071), internodal stem-tTCL (21.52
+ 0.065), and internodal stem-ITCL (14.77 = 0.07) explants cultured on SIM containing 0.75mg/L
BAP and 0.5mg/L IBA (Supplementary Table 2). However, in the presence of NAA in combination
with BAP, the highest shooting frequency of 100% was obtained from SIM containing 0.5-1.0 mg/L
BAP for all explant types (Supplementary Table 3). The highest number of shoots per explant was
observed for pulvini-tTCL (7.8 £ 0.022), pulvini-ITCL (8.1 = 0.023), internodal-stem tTCL (7.9 =
0.022), and internodal stem-ITCL (7.88 £ 0.022) explants cultured on SIM containing 0.75mg/L BAP
(Supplementary Table 4).

The mean comparison of TCL explants cultured on the best responsive PGR combination of BAP
0.75 mg/L and IBA 0.5 mg/L showed the highest shoot regeneration in the pulvinus-tTCL explant
with the mean + SE of 28.54 + 0.006 shoots per explant with 2.49 £ 0.17 cm in length (Table 1).

The step-by-step shoot regeneration of pulvini-tTCL explant cultured on SIM during eight weeks
was illustrated in Figures 1A-1D. The shortened procedure in regeneration from the pulvinus-derived
tTCL explants on this medium resulted in the formation of multiple shoots without callus induction
(Figure 1D).

Table 1. Comparing the shoot regeneration of internodal stems and pulvini in the t/ITCL explants,
cultured on the shoot induction medium with 0.75mg/L BAP and 0.5mg/L IBA.

Internodal stem Pulvinus of the petiole
Transverse  Longitudinal Transverse Longitudinal
TCL TCL TCL TCL

2157 +

No. of shoots per explant 15.04 £0.07¢  28.54 + 0.0062 24.75 +0.01°

0.07¢

Means + SE; Means with different letters are statistically significant at p < 0.05 based on Tuckey’s test; t/ITCL:
Transverse and longitudinal thin cell layer; Measurements were taken after eight weeks of culture.

High shoot regeneration response in pulvini-tTCL explants from intermediate node position

In the previous experiment, we observed a significantly high number of regenerated micro-shoots
above the mean in some pulvini-tTCL explants cultured on SIM supplemented with BAP 0.75 mg/L
and IBA 0.5 mg/L. With regards to the result, this hypothesis has arisen as to whether the regeneration
response of the pulvini-tTCL explant is influenced by the pulvinus tissue maturity associated with the
pulvinus of the petiole from related node positions along the shoot axis and the explant region in the
pulvinus tissue. Therefore, we first designed an independent experiment to evaluate the regeneration
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Figure 1. Plant regeneration from the highly responsive pulvinus-tTCL explants of white poplar (Populus alba L.) without
callus induction. A-D) Shoot induction and regeneration after 2 (A), 4 (B), 6 (C), and 8 (D) weeks from the tTCL explants
of pulvini basis at node 4 of one-year-old shoots of P. alba L. cultured on the shoot induction medium with BAP (0.75
mg/L), IBA (0.5 mg/L), sucrose (3%), and agar (0.6%) at day 25; E) Root development in the root induction medium
with IBA (0.2 mg/L), NAA (0.1 mg/L), sucrose (2%), and agar (0.6%) after four months; F) Plantlets with well-
established roots after 5 months; G) A hardened P. alba plant growing in soil mixture (sand, peat moss, and perlite in the
3:2:1 ratio) after 10 months. Bars indicate 1 cm; tTCL: Transverse thin cell layer.

pulvinus tissue. Therefore, we first designed an independent experiment to evaluate the regeneration

capacity of pulvini tissues along the shoot axis based on node positions from the apical bud



24 Nayeri and Baghban Kohnehrouz 2025, 14(2): 17-36

(Supplementary Figure 1A). The mean comparison of pulvini-tTCL explants among node positions
showed the highest shoot regeneration in the pulvinus tissue of the petiole at the 4" node with a mean
+ SE of 37.95 + 0.098 shoots per explant (Table 2). There was a strong association between node
position and the regeneration response of the pulvinus tissue. The results indicated that the
regeneration response of the pulvinus tissues from the intermediate position of shoots is higher than
that of young nodes (Nodes 1-3) or old nodes (5-7), which is highly dependent on tissue maturity.

Table 2. The effect of node position on shoot regeneration of pulvini-tTCL explants cultured
on the shoot induction medium with 0.75mg/L BAP and 0.5mg/L IBA.

Node position No. of shoots per explant
Node 1 19.54 + 0.056¢
Node 2 26.95 +0.077°
Node 3 31.74 £ 0.091°
Node 4 37.95 + 0.0982
Node 5 26.58 + 0.076°
Node 6 24.23 + 0.069¢
Node 7 17.15 + 0.049

Means + SE; Means with different letters are statistically significant at p < 0.05 based on Tuckey’s test;
tTCL: Transverse thin cell layer; Measurements were taken after eight weeks of culture.

The high-capacity regenerative cell layers from the base of the pulvini tissue

To examine the regeneration response of different cell layers in the pulvinus tissue from the petiole
of the fourth node, we defined five sections in the pulvinus tissue (1 cm long), including sections of
(A), (B), (C), (D), and (E) with equal size of about 2 mm. Each section contained five pulvini tTCL
explants with ~400-500 pm thickness cultured on the SIM with BAP 0.75 mg/L and IBA 0.5 mg/L.
The result showed a significantly high shoot regeneration response in the section (A) from the
pulvinus tissue of the petiole at the 4™ node with a mean + SE of 43.59 + 0.22 shoots per explant
(Table 3). Thus the cell layers close to the base of the pulvinus from mature intermediate nodes (Node

4) of the shoots are the most highly regenerative cell layers in P. alba L.

Histological analysis of the morphogenesis in the pulvini-tTCL explants

The light microscopy analysis of the methylene blue-stained 8-pum cross-sections from the base of
pulvini tissue (region A) of the fourth petiole (Figure 2A) showed the arrangement of cell layers,
including a layer of epidermal, collenchyma, parenchyma, and vascular cambium cells. The thickness

and diameter of the tTCL explants were significantly increased after two weeks of culturing on the
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SIM (Figure 2B). Followed by swelling around the cut-off area, the formation of putative adventitious
bud primordia was observed from the pulvini-tTCL explant with compact and smaller parenchyma
cells (Figure 2C), which are known as motor cells in the pulvinus tissue (Moran 2007; Russin and
Evert 1984).

Table 3. The comparison of shoot regeneration in different regions of tTCL explants from the pulvini tissue at
the base of the fourth petiole close to the apical bud, which was cultured on the shoot induction medium with
0.75mg/L BAP and 0.5mg/L IBA.

Regions in the pulvinus tissue No. of shoots per explant
Region A 43.59+0.222
Region B 38.741+0.097°
Region C 36.57+0.183°¢
Region D 35.56+0.178¢
Region E 35.12+0.176¢

Means + SE; Means with different letters are statistically significant at p <0.05 based on Tuckey’s test; tTCL: Transverse
thin cell layer; Measurements were taken after eight weeks of culture.

Root induction and acclimatization

The highest rooting efficiency was achieved for the combination of IBA (0.2 mg/L) and NAA (0.1
mg/L) at the rooting frequency of 100% (Supplementary Table 5) with 25.80 £+ 0.134 roots/shoot
(Table 4; Figure 1E) and well-established roots with 26.14 + 0.501 cm root length (Table 4; Figure
2F). However, a significant increase in the concentration of the IBA/NAA combination led to callus
induction and a significant decrease in rooting efficiency. The well-rooted plantlets successfully

hardened and acclimated with a 100% survival rate (Figure 1G).

Discussion
The poplar species are considered cellulose-rich plant resources with commercial uses in paper and
pulp, biofuel, and nano-fibrillated cellulose industries. They are known for their multi-purpose
functional traits, including massive lignocellulosic material production, rapid growth, and easy
vegetative propagation (Balatinecz et al. 2001; Chen et al. 2009; Bae et al. 2011; Yoon et al. 2014;
Porth and El- Kassaby 2015). Populus species are highly recalcitrant in terms of in vitro shoot
regeneration capacity and are greatly dependent on their extremely diverse genetic background
(Confalonieri et al. 2000; Han et al. 2000; Confalonieri et al. 2003).

Among different factors, shoot regeneration is highly influenced by the source of plant tissue and
the explant type (Han et al. 2000; Confalonieri et al. 2003; Han et al. 2013). The callus-mediated
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Figure 2. Histological analysis of shoot regeneration process from the tTCL explants from the base of the pulvinus tissue
(region A) at the basis of 4™ petiole from field-grown P. alba L.; A) A methylene blue-stained section before tTCL culture;
B) Pulvini-tTCL explant from region A at 4™ petiole showing morphogenesis after two weeks of TCL culture in the shoot
induction medium containing BAP (0.75 mg/L) and IBA (0.5 mg/L), sucrose (3%), and agar (0.6%), pH 5.8; C) The
segment showing organogenesis (black rectangular). Figures C1, C2, and C3 are a close-up view of the highly active
organogenesis regions in the section. The arrows indicate an active morphogenesis region. co: Collenchyma; ep: Epidermal
cells; mlc: Meristematic-like cells; pa: Parenchyma; ph: Phloem; vc: Vascular cambium; xy: Xylem. Scale bars = 400 um
in A, 5mmin B, 800 umin C, and 200 pm in C1, C2, and C3; tTCL: Transverse thin cell layer.

regeneration of poplar using in vitro culture of either leaf (2-3 cm? in size) or internodal stem (1 cm
long) explants from in vitro-grown Populus spp. on SIM preceded by culturing on callus induction
medium (CIM) has frequently been reported (Confalonieri et al. 1997; Confalonieri et al. 1998;
Confalonieri et al. 2000; Delledonne et al. 2001; Confalonieri et al. 2003; Han et al. 2013; Movahedi
et al. 2014; Maheshwari and Kovalchuk 2016; Liu et al. 2018). Compared with many of the other
woody plants, some Populus species and their hybrid clones show a high callus-mediated regeneration
capacity from the leaf, stem internode, petiole, and root segments, even without extreme applied
PGRs (Ziauka and Kuusiené 2014). In several reports, the plant tissues such as lateral buds, leaf,

internodal stem, and petiole were used as a regenerative explant for micropropagation and (in)direct
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Table 4. Effect of IBA and NAA combinations on rooting of the regenerated shoots
in Populus alba L. after eight weeks in culture.

No. of roots Root
IBA NAA
per shoot length

0 0 0.7 £0.0659 1.734 £0.194°
0.1 0 1.38 £0.189° 4.86 + 0.567K
0.2 0 1.62 £0.171° 4,32 £ 0.562™
0.3 0 2.04 +0.246" 6.2 +0.76"

0 0.05 4.7 +0.501k 6.1 +0.374i

0 0.1 0.54 +0.07" 2.16 + 0.285°

0 0.15 3.68 + 0.054™ 4.38 £ 0.324™

0 0.2 9.94 +0.175' 8.4 +0.13f
0.1 0.05 8.14 + 0.358; 14.58 + 0.422¢
0.2 0.05 21.70 + 0.144¢ 15.7 £ 0.144°¢
0.3 0.05 4.44 + 0.204' 6.44 £ 0.271"
0.1 0.1 20.58 +£ 0.103¢ 15.22 + 0.096%
0.2 0.1 25.80 +£0.1342 26.14 £ 0.5012
0.3 0.1 18.88 + 0.399 17.58 £ 0.07°
0.1 0.15 23.0 +0.25* 4.0+0.117"
0.2 0.15 20.52 + 0.52¢ 4.5+0.128
0.3 0.15 20.16 + 0.542f 5.6 +0.43i
0.1 0.2 25.0 £ 0.151° 6.5 +0.3579
0.2 0.2 22.82 + 0.492°¢ 10.8 £0.178°
0.3 0.2 10.16 + 0.542" 7.6 +0.7%

Means + SE; Means with different letters are statistically significant at p < 0.05 based on
Tuckey’s test; Measurements were taken after eight weeks of culture.

regeneration in white poplar (P. alba L.) and its hybrid clones (Park and Son 1988; Son and Hall
1990; Qiao et al. 1998; Jafari Mofidabadi and Modir-Rahmati 2000; Pintari¢ 2008; Wang et al. 2008;
Wang et al. 2011; Tavassoli Asgari et al. 2013; Ziauka and Kuusiené 2014; Khosravan et al. 2017;
Zeng et al. 2019). However, among these tissues from P. alba clones, only indirect regeneration from
internodal stem tissue has been reported so far ( Confalonieri et al. 2000; Delledonne et al. 2001;
Confalonieri et al. 2003; Ziauka and Kuusiené 2014). Recently, Zheng et al. (2019) reported highly
regenerative petiole explants from intermediate nodes along with shoots of the triploid clone of

Populus alba x P. glandulosa x P. tomentosa and the importance of tissue maturity in regeneration
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response of petiole and leaf explants (Zeng et al. 2019). Furthermore, in agreement with Russin and
Evert (1984), we have realized that there are swollen tissues known as pulvinus at the base of the
petioles of Populus alba L. using LM microscopy analysis, which is probably a species-specific tissue
among Populus species. According to literature review, no report covers the regeneration response,
the effects of explant type and position, and tissue maturity of pulvini tissue at the base of the petiole
under different auxin and cytokinin PGR treatments. Furthermore, efficient protocols for (in)direct
regeneration of pulvini tissue have not been reported so far. To cover this gap, we employed the TCL
culture technique to obtain the high-capacity pulvini-based cell layers for shoot regeneration without
callus induction in P. alba L. This technique uses a thin layer excised from different parts of a plant
with a small number of cells or tissue (0.5-1.0 mm thickness) (da Silva et al. 2015). The TCL-
mediated regeneration of poplar was first reported by Lee-Stadlemann et al. (1989) using transverse
thin slices (100-500um) only from leaf mid-vein explants in poplar cultured on a medium
supplemented with 0.2 mg/L BAP and 0.01 mg/L NAA (Lee-Stadelmann et al. 1989). However, the
regeneration and transformation capacity of TCL explants from pulvini and internodal stem tissues
of poplar remains unclear. Based on our findings, the pulvini-tTCL explants showed a 9-10-fold
increase in the frequency of shoot regeneration without callus induction compared with the internodal
stem-derived ones (Figure 1A-1D).

The evaluation of different PGRs and their concentrations on shoot regeneration frequency of the
ITCLATCL explants showed the best result from the BAP/IBA combination. In many reports, PGRs
with an auxin-like effect such as NAA, 1AA, and 2,4-D (0.01-0.1mg/L) in combination with BAP
(0.2-1.0mg/L) have been applied for shoot induction and regeneration from internodal stem explants
in Populus species with a shoot regeneration frequency of 30-40% (Park and Son 1988; Lee-
Stadelmann et al. 1989; Lubrano 1992; Wang et al. 2011). Our results revealed that 0.5 mg/L IBA in
combination with 0.75 mg/L BAP could cause a significant increase in shoot regeneration frequency
per explant, as much as about 8.9 and 9.3-fold higher than BAP-NAA combinations from the
internodal stem-derived tTCL and the pulvinus-derived tTCL explants, respectively (Supplementary
Table 1). Between two TCL explant sources, not only was the handling of the pulvinus explant so
much easier, but also the faster regeneration occurred compared to the internodal stem tissue. The use
of any concentration of NAA in this work was not recommended alone or in combination with BAP
and resulted in explant necrosis, callus-like tissue, and adventitious rooting.

In woody plants, the in vitro regeneration capacity of any type of explant is highly influenced by
the maturity of the explant and its position in the tissue (Welander 1988; Mencuccini and Rugini

1993). Lane et al. (1998) demonstrated that old explants are highly sensitive to in vitro organogenesis
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and show the most regeneration response to PGR treatment in Pyrus pyrifolia. In contrast, Corredoira
et al. (2008) and Cuenca et al. (2000) showed that young explants are highly responsive to in vitro
regeneration of Fagus orientalis and Paulownia tomentosa, respectively. Feng et al. (2010) and Zeng
et al. (2019) reported that young leaf explants from intermediate nodes (node 3) show great capacity
for regeneration response with a frequency of 82.25% and 98.33% in Ziziphus jujuba ‘Huizao’ and
triploid (Populus alba x P. glandulosa) x P. tomentosa woody plants, respectively. In agreement
with previous reports, we obtained the highest shoot regeneration without callus induction from
pulvini-tTCL explants at the base of the intermediate petiole (Node 4), which was higher than younger
(Node 2, 3) and older (Node 5-7) tissues. Furthermore, our results revealed the significant difference
in shoot regeneration response among the pulvini-tTCL explants from different sections of the
pulvinus at the base of the 4™ petiole. We found that pulvini-tTCL explants (region A) from the cell
layers of the pulvinus base at the intersection region of the petiole and stem tissue are very fast
regeneration- responsive explants in Populus alba L., which have not been evaluated so far. It is
concluded that the variations in genetic background among Populus species and tissue maturity in
plants are the most probable factors that affect the regeneration response of the tissue explant of
interest as described by Corredoira et al. (2008).

The histological analysis results from the swollen pulvini-tTCL on tissue culture, compared to
the control, revealed that the initiation of adventitious buds in the pulvinus-tTCL explants appears
from the edges of the tTCL cut-off area with close connections among small parenchymal cells
(Figure 2). This phenomenon could be due to the functions of PGRs as described by Lup et al. (2016).
In agreement with our results, a similar cellular re-organization was reported during adventitious bud-
primordia initiation in leaf explants of P. euphratica (Ferreira et al. 2009). Garcia-Angulo et al.
(2018) showed that in vitro culture of the internodal stem from P. deltoides x P. nigra causes swelling
around the cut-off zones, whereas the organogenesis zones that formed regeneration centers under
subepidermal cells formed bud primordia (Garcia-Angulo et al. 2018).

The successful rooting of regenerated plantlets and their hardening reveal natural growth and
development and propagation of the in vitro regenerated plants, as well as field-grown plants. Here,
we obtained the maximum root induction frequency of 100% and the highest root number per
regenerated plant under RIM containing IBA (0.2 mg/L) and NAA (0.1 mg/L). In agreement with our
results, some reports have induced rooting with the frequency of 40-75% in Populus alba and its
hybrids under MS medium containing IBA (0.2-0.5 mg/L) or in combination with NAA (0.1-0.2
mg/L) (Tavassoli Asgari et al. 2013; Khosravan et al. 2017).
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Conclusion

The availability of a high regeneration responsive tissue is a pivotal factor in employing new
technologies like genetic engineering, and genome editing approaches to introduce new traits in
poplar (Populus sp.). Our results showed that the pulvini-tTCL explants from the cell layers of the
pulvinus base close to the intersection region of the petiole and stem at node 4 contain highly
totipotent parenchyma cells with high capability in the fast and simple in vitro shoot regeneration
without callus induction in P. alba L. The maximum shoot induction was obtained from this explant
type cultured on the SIM with 0.75 mg/L BAP and 0.5 mg/L IBA. The maximum root induction was
also achieved in the RIM containing IBA (0.2 mg/L) and NAA (0.1 mg/L). These results reveal high-
capacity parenchymal transverse cell layers’ explants from the base of pulvinus tissue at intermediate
nodes for efficient, fast, trustworthy, stable, and reproducible regeneration and in vitro

micropropagation of white poplar.

Acknowledgments
This work was performed in the genetic engineering lab at the Department of Plant Breeding and

Biotechnology, Faculty of Agriculture, University of Tabriz, Tabriz, Iran.

Funding
This research was supported by the research grant of the University of Tabriz (Number: =/472).

Conflict of Interest

The authors declare that they have no conflict and/or competing interests.

References

Bae E-K, Lee H, Lee J-S, Noh E-W. 2011. Drought, salt and wounding stress induce the expression

of the plasma membrane intrinsic protein 1 gene in poplar (Populus alba x P. tremula var.

glandulosa). Gene. 483(1-2): 43-48. https://doi.org/10.1016/j.gene.2011.05.015

Balatinecz JJ, Kretschmann DE, Leclercq A. 2001. Achievements in the utilization of poplar wood—
guideposts for the future. For Chron. 77(2): 265-269. https://doi.org/10.5558/tfc77265-2

Carimi F, De Pasquale F, Crescimanno F. 1999. Somatic embryogenesis and plant regeneration from
pistil  thin  cell layers of Citrus. Plant Cell Rep. 18(11): 935-940.
https://doi.org/10.1007/s002990050687



https://doi.org/10.1016/j.gene.2011.05.015
https://doi.org/10.5558/tfc77265-2

Parenchymal motor cells of pulvini base: An ideal explant for efficient direct regeneration... 31

Chen F, Liu C-J, Tschaplinski TJ, Zhao N. 2009. Genomics of secondary metabolism in Populus:
Interactions with biotic and abiotic environments. Critical Rev Plant Sci. 28(5): 375-392.
https://doi.org/10.1080/07352680903241279

Confalonieri M, Allegro G, Balestrazzi A, Fogher C, Delledonne M. 1998. Regeneration of Populus

nigra transgenic plants expressing a Kunitz proteinase inhibitor (KTi 3) gene. Mol Breed. 4(2):
137-145. https://doi.org/10.1023/A:1009640204314

Confalonieri M, Balestrazzi A, Bisoffi S, Carbonera D. 2003. In vitro culture and genetic engineering

of Populus spp.: synergy for forest tree improvement. Plant Cell Tissue Organ Cult. 72(2): 109-
138. https://doi.org/10.1023/A:1022265504775
Confalonieri M, Balestrazzi A, Cella R. 1997. Genetic transformation of Populus deltoides and Px

euramericana clones using Agrobacterium tumefaciens. Plant Cell Tissue Organ Cult. 48(1): 53-
61. https://doi.org/10.1023/A:1005838032153
Confalonieri M, Belenghi B, Balestrazzi A, Negri S, Facciotto G, Schenone G, Delledonne M. 2000.

Transformation of elite white poplar (Populus alba L.) cv. 'Villafranca' and evaluation of
herbicide resistance. Plant Cell Rep. 19(10): 978-982. https://doi.org/10.1007/s002990000230
Corredoira E, Ballester A, Vieitez A. 2008. Thidiazuron-induced high-frequency plant regeneration

from leaf explants of Paulownia tomentosa mature trees. Plant Cell Tissue Organ Cult. 95(2):
197-208. _https://doi.org/10.1007/s11240-008-9433-6

Cuenca B, Ballester A, Vieitez A. 2000. In vitro adventitious bud regeneration from internode
segments of beech. Plant Cell Tissue Organ Cult. 60(3): 213-220.
https://doi.org/10.1023/A:1006428717309

da Silva JT, Altamura MM, Dobranszki J. 2015. The untapped potential of plant thin cell layers. J
Hortic Res. 23(2): 127-131. https://doi.org/10.2478/johr-2015-0024

de Carvalho MHC, Van Le B, Zuily-Fodil Y, Thi ATP, Van KTT. 2000. Efficient whole plant
regeneration of common bean (Phaseolus vulgaris L.) using thin-cell-layer culture and silver
nitrate. Plant Sci. 159(2): 223-232. https://doi.org/10.1016/S0168-9452(00)00346-0

Delledonne M, Allegro G, Belenghi B, Balestrazzi A, Picco F, Levine A, Zelasco S, Calligari P,

Confalonieri M. 2001. Transformation of white poplar (Populus alba L.) with a novel
Arabidopsis thaliana cysteine proteinase inhibitor and analysis of insect pest resistance. Mol
Breed. 7(1): 35-42. https://doi.org/10.1023/A:1009605001253

Detrez C, Tetu T, Sangwan R, Sangwan-Norreel B. 1988. Direct organogenesis from petiole and thin

cell layer explants in sugar beet cultured in vitro. J Exp Bot. 39(7): 917-926.
https://doi.org/10.1093/jxb/39.7.917



https://doi.org/10.1080/07352680903241279
https://doi.org/10.2478/johr-2015-0024
https://doi.org/10.1016/S0168-9452(00)00346-0
https://doi.org/10.1093/jxb/39.7.917

32 Nayeri and Baghban Kohnehrouz 2025, 14(2): 17-36

Fan D, Liu T, Li C, Jiao B, Li S, Hou Y, Luo K. 2015. Efficient CRISPR/Cas9-mediated targeted
mutagenesis in  Populus in the first generation. Sci Rep. 5(1): 12217.
https://doi.org/10.1038/srep12217

FAO. 1979. Poplars and willows in wood production and land use. FAO Forestry Series. 10: 1-328.
Rome, Italy: FAO.

Feng J-C, Yu X, Shang X, Li J, Wu Y. 2010. Factors influencing efficiency of shoot regeneration in
Ziziphus jujuba Mill. ‘Huizao’. Plant Cell Tissue Organ Cult. 101(1): 111-
117. https://doi.org/10.1007/s11240-009-9663-2

Ferreira S, Batista D, Serrazina S, Pais MS. 2009. Morphogenesis induction and organogenic nodule

differentiation in Populus euphratica Oliv. leaf explants. Plant Cell Tissue Organ Cult. 96(1):
35-43. https://doi.org/10.1007/s11240-008-9457-y
Garcia-Angulo P, Villar I, Giner-Robles L, Centeno M. 2018. In vitro regeneration of two Populus

hybrid clones. The role of pectin domains in cell processes underlying shoot organogenesis
induction. Biol Plant. 62(4): 763-774. https://doi.org/10.1007/s10535-018-0819-y

Hamzeh M, Dayanandan S. 2004. Phylogeny of Populus (Salicaceae) based on nucleotide sequences
of chloroplast TRNT-TRNF region and nuclear rDNA. Am J Bot. 91(9): 1398-1408.
https://doi.org/10.3732/ajb.91.9.1398

Han K-H, Meilan R, Ma C, Strauss S. 2000. An Agrobacterium tumefaciens transformation protocol

effective on a variety of cottonwood hybrids (genus Populus). Plant Cell Rep. 19(3): 315-320.
https://doi.org/10.1007/s002990050019
Han X, Ma S, Kong X, Takano T, Liu S. 2013. Efficient Agrobacterium-mediated transformation of

hybrid poplar Populus davidiana Dode x Populus bollena Lauche. Int J Mol Sci. 14(2): 2515-
2528. https://doi.org/10.3390/ijms14022515

Heylen C, Vendrig J. 1988. The influence of different cytokinins and auxins on flower neoformation
in thin cell layers of Nicotiana tabacum L. Plant Cell Physiol. 29(4): 665-671.
https://doi.org/10.1093/oxfordjournals.pcp.a077544

Jafari Mofidabadi A, Modir-Rahmati AR. 2000. Interspecific hybridization between Populus alba L.,

X P. euphratica OIIV. using in vitro technique. Sci J Manage Sys. 1(1): 37-52.
https://www.magiran.com/p2302243

Kang X, Zhu Z, Zhang Z. 2000. Breeding of triploids by the reciprocal crossing of Populus alba %
P. glandulosa and P. tomentosa % P. bolleana. J Beijing For Univ. 22(6): 8-11.


https://doi.org/10.1038/srep12217
https://doi.org/10.1007/s11240-009-9663-2
https://doi.org/10.1007/s11240-008-9457-y
https://doi.org/10.1007/s10535-018-0819-y
https://doi.org/10.3732/ajb.91.9.1398
https://doi.org/10.1007/s002990050019
https://doi.org/10.3390/ijms14022515
https://doi.org/10.1093/oxfordjournals.pcp.a077544

Parenchymal motor cells of pulvini base: An ideal explant for efficient direct regeneration... 33

Khosravan S, Mirzaie-Nodoushan H, Ghamari Zare A, Ebrahimi MA. 2017. Different responses of
poplar inter-specific hybrids to micropropagation. Iran J Rangeland For Plant Breed Genet Res.
25(1): 43-56. https://doi.org/10.22092/ijrfpbgr.2017.109817

Klimaszewska K, Keller W. 1985. High frequency plant regeneration from thin cell layer explants of
Brassica napus. Plant Cell Tissue Organ Cult. 4(3): 183-197.
https://doi.org/10.1007/BF00040193

Lane WD, lketani H, Hayashi T. 1998. Shoot regeneration from cultured leaves of Japanese pear
(Pyrus pyrifolia). Plant Cell Tissue Organ Cult. 54(1): 9-14.
https://doi.org/10.1023/A:1006032707849

Lee-Stadelmann QOY, Lee SW, Hackett WP, Read PE. 1989. The formation of adventitious buds in
vitro on micro-cross sections of hybrid Populus leaf midveins. Plant Sci. 61(2): 263-272.
https://doi.org/10.1016/0168-9452(89)90233-1

Li H, Wang H, Guan L, Li Z, Wang H, Luo J. 2023. Optimization of high-efficiency tissue culture
regeneration systems in gray poplar. Life. 13(9): 1896. https://doi.org/10.3390/life13091896

LiuW, Zheng Y, Song S, Huo B, Li D, Wang J. 2018. In vitro induction of allohexaploid and resulting

phenotypic variation in Populus. Plant Cell Tissue Organ Cult. 134(2): https://doi.org/183-192.
10.1007/s11240-018-1411-z
Lubrano L. 1992. Micropropagation of poplars (Populus spp.). In: Bajaj YPS (eds) High-tech and

micropropagation I1. Biotechnology in agriculture and forestry. Berlin, Heidelberg: Springer, pp.
151-178. https://doi.org/10.1007/978-3-642-76422-6_8

Lup SD, Tian X, Xu J, Pérez-Pérez JM. 2016. Wound signaling of regenerative cell reprogramming.
Plant Sci. 250: 178-187. https://doi.org/10.1016/j.plantsci.2016.06.012

Maheshwari P, Kovalchuk I. 2016. Agrobacterium-Mediated stable genetic transformation of

Populus angustifolia and Populus balsamifera. Front Plant Sci. 7: 296.
https://doi.org/10.3389/fpls.2016.00296
Mahna N, Nayeri S. 2024. Genome editing in horticultural plants: Present applications and future

perspective. In: Ricroch A, Eriksson D, Miladinovi¢ D, Sweet J, Van Laere K, WozZniak-Gientka
E. (eds) A roadmap for plant genome editing. Cham.: Springer, pp. 223-246.
https://doi.org/10.1007/978-3-031-46150-7_14
Moran N. 2007. Osmoregulation of leaf motor cells. FEBS Lett. 581(12): 2337-2347.
https://doi.org/10.1016/j.febslet.2007.04.002



https://doi.org/10.1016/0168-9452(89)90233-1
https://doi.org/10.1016/j.plantsci.2016.06.012
https://doi.org/10.3389/fpls.2016.00296
https://doi.org/10.1016/j.febslet.2007.04.002

34 Nayeri and Baghban Kohnehrouz 2025, 14(2): 17-36

Movahedi A, Zhang J, Amirian R, Zhuge Q. 2014. An efficient Agrobacterium-mediated
transformation  system for poplar. Int J Mol Sci. 15(6): 10780-10793.
https://doi.org/10.3390/ijms150610780

Movahedi A, Wei H, Chen Z-H, Sun W, Zhang J, Li D, Yang L, Zhuge Q. 2021. Highly efficient
CRISPR-mediated homologous recombination via NHEJ deficiency rather than HDR factors
overexpression in Populus. BioRxiv. 2007-2020. https://doi.org/10.1093/hr/uhac154

Muhr M, Paulat M, Awwanah M, Brinkkotter M, Teichmann T. 2018. CRISPR/Cas9-mediated
knockout of Populus BRANCHED1 and BRANCHED2 orthologs reveals a major function in
bud outgrowth control. Tree Physiol. 38(10): 1588-1597.
https://doi.org/10.1093/treephys/tpy088

Murashige T, Skoog F. 1962. A revised medium for rapid growth and bio assays with tobacco tissue
cultures. Physiol Plant. 15(3): 473-497. https://doi.org/10.1111/].1399-3054.1962.tb08052.x

Nayeri S, Baghban Kohnehrouz B, Ahmadikhah A, Mahna N. 2022a. CRISPR/Cas9-mediated P-CR
domain-specific engineering of CESA4 heterodimerization capacity alters cell wall architecture

and improves saccharification efficiency in poplar. Plant Biotechnol J. 20: 1197-1212.
https://doi.org/10.1111/pbi.13803

Nayeri S, Baghban Kohnehrouz B, Rafat SA. 2022b. Reduction of cellulose crystallization by
CRISPR/Cas9-mediated mutagenesis in the P-CR domain of CESA4 subunit of white poplar
(Populus alba L.). Iran J Plant Biol. 14(1): 63-90. https://www.magiran.com/p2584028

Nhut DT, Van Le B, Van KTT. 2000. Somatic embryogenesis and direct shoot regeneration of rice

(Oryza sativa L.) using thin cell layer culture of apical meristematic tissue. J Plant Physiol.
157(5): 559-565. https://doi.org/10.1016/S0176-1617(00)80112-1

Nhut DT, Le BV, Da Silva JAT, Aswath C. 2001. Thin cell layer culture system in Lilium:
regeneration and transformation perspectives. In Vitro Cell Dev Biol Plant. 37(5): 516.
https://doi.org/10.1007/s11627-001-0090-2

Norris JE, Stokes A, Mickovski SB, Cammeraat E, van Beek R, Nicoll BC, Achim A. 2008. Slope
stability and erosion control: ecotechnological solutions. Berlin: Springer Science & Business
Media. http://doi.org/10.1007/978-1-4020-6676-4

Park YG, Son SH. 1988. Regeneration of plantlets from cell suspension culture derived callus of
white  poplar ~ (Populus alba L.). Plant  Cell Rep. 7(7):  567-570.
https://doi.org/10.1007/BF00272759

Pintari¢ B. 2008. Micropropagation of white poplar (Populus alba L.). Sumar List. 132(7-8): 343-
354.



https://doi.org/10.1093/hr/uhac154
https://doi.org/10.1093/treephys/tpy088
https://doi.org/10.1016/S0176-1617(00)80112-1

Parenchymal motor cells of pulvini base: An ideal explant for efficient direct regeneration... 35

Porth I, El-Kassaby YA. 2015. Using Populus as a lignocellulosic feedstock for bioethanol.
Biotechnol J. 10(4): 510-524. https://doi.org/10.1002/biot.201400194
Qiao J, Kuroda H, Hayashi T, Sakai F. 1998. Efficient plantlet regeneration from protoplasts isolated

from suspension cultures of poplar (Populus alba L.). Plant Cell Rep. 17(3): 201-205.
https://doi.org/10.1007/s002990050378

Russin WA, Evert RF. 1984. Studies on the leaf of Populus deltoides (Salicaceae): Morphology and
anatomy. Am J Bot. 71(10): 1398-1415. https://doi.org/10.1002/j.1537-2197.1984.tb11997.x

Scherwinski-Pereira JE, da Guedes RS, Fermino PCP, Silva TL, Costa FHS. 2010. Somatic
embryogenesis and plant regeneration in oil palm using the thin cell layer technique. In Vitro
Cell Dev Biol Plant. 46(4): 378-385. https://doi.org/10.1007/s11627-010-9279-6

Son SH, Hall RB. 1990. Plant regeneration capacity of callus derived from leaf, stem, and root
segments of Populus alba L. x P. grandidentata Michx. Plant Cell Rep. 9(6): 344-347.
https://doi.org/10.1007/BF00232866

Son SH, Kyu Moon H, Hall RB. 1993. Somaclonal variation in plants regenerated from callus culture
of hybrid aspen (Populus alba L. x P. grandidentata Michx.). Plant Sci. 90(1): 89-94.
https://doi.org/10.1016/0168-9452(93)90159-w

Tavassoli Asgari S, Ghamari Zare A, Shahrzad S, Khosroshahli M, Sedaghati M. 2013.
Micropropagation of Iranian Populus alba species. Iran J Rangeland For Plant Breed Genet Res.
20(2): 253-260. http://doi.org/10.22092/ijrfpbgr.2013.5696

Tran Thanh Van K, Van Lé B. 2000. Current status of Thin Cell Layer method for the induction of

organogenesis or somatic embryogenesis. In: Jain SM, Gupta PK, Newton RJ (eds) Somatic

embryogenesis in  woody plants. Forestry Sciences, vol 67. Dordrecht: Springer.
https://doi.org/10.1007/978-94-017-3030-3_3

Wang H-M, Liu H-M, Wang W-J, Zu Y-G. 2008. Effects of thidiazuron, basal medium and light
quality on adventitious shoot regeneration from in vitro cultured stem of Populus albaxP.
berolinensis. J For Res. 19(3): 257. https://doi.org/10.1007/s11676-008-0042-3

Wang H, Wang C, Liu H, Tang R, Zhang H. 2011. An efficient Agrobacterium-mediated

transformation and regeneration system for leaf explants of two elite aspen hybrid clones Populus
alba x P. berolinensis and Populus davidiana x P. bolleana. Plant Cell Rep. 30(11): 2037-2044.
https://doi.org/10.1007/s00299-011-1111-1

Welander M. 1988. Plant regeneration from leaf and stem segments of shoots raised in vitro from
mature apple trees. J Plant Physiol. 132(6): 738-744. https://doi.org/10.1016/S0176-
1617(88)80238-4



https://doi.org/10.1002/biot.201400194
https://doi.org/10.1016/0168-9452(93)90159-w
https://doi.org/10.22092/ijrfpbgr.2013.5696
https://doi.org/10.1016/S0176-1617(88)80238-4
https://doi.org/10.1016/S0176-1617(88)80238-4

36 Nayeri and Baghban Kohnehrouz 2025, 14(2): 17-36

Yoon S-K, Park E-J, Choi Y-I, Bae E-K, Kim J-H, Park S-Y, Kang K-S, Lee H. 2014. Response to
drought and salt stress in leaves of poplar (Populus alba x Populus glandulosa): Expression
profiling by oligonucleotide microarray analysis. Plant Physiol Biochem. 84(1): 158-168.
https://doi.org/10.1016/j.plaphy.2014.09.008

Yousefzadeh H, Colagar AH, Yousefi E, Badbar M, Kozlowski G. 2019. Phylogenetic relationship

and genetic differentiation of Populus caspica and Populus alba using cpDNA and ITS
noncoding sequences. J For Res. 30(2): 451-461. https://doi.org/10.1007/s11676-018-0785-4

Zeng Q, Han Z, Kang X. 2019. Adventitious shoot regeneration from leaf, petiole and root explants

in triploid (Populus alba x P. glandulosa)x P. tomentosa. Plant Cell Tissue Organ Cult. 138(1):
121-130. https://doi.org/10.1007/s11240-019-01608-4

Zhao P, Wang W, Feng F-S, Wu F, Yang Z-Q, Wang W-J. 2007. High-frequency shoot regeneration
through transverse thin cell layer culture in Dendrobium candidum Wall Ex Lindl. Plant Cell
Tissue Organ Cult. 90(2): 131. https://doi.org/10.1007/s11240-006-9181-4

Ziauka J, Kuusiené S. 2014. Multiplication and growth of hybrid poplar (Populus alba x P. tremula)

shoots on a hormone-free medium. Acta Biol Hung. 65(3): 346-354.
https://doi.org/10.1556/abiol.65.2014.3.10



https://doi.org/10.1016/j.plaphy.2014.09.008
https://doi.org/10.1556/abiol.65.2014.3.10

