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Abstract

This study describes critical factors affecting germination of somatic embryos and plantlet regeneration in Pinus massoniana.
Somatic embryos from the same embryogenic line 27 of P. massoniana were used as test materials. The supplementation
of activated charcoal (AC) in the medium was essential for the germination of mature somatic embryos, while the addition
of excessive AC to the medium was prohibitive for somatic embryo germination. The highest germination rate was found
on the medium containing 10 g/l AC, and the addition of 5 g/l AC to the medium was optimal to the growth of germinating
somatic embryos. Thidiazuron (TDZ) was linearly related to the number of sprouting axillary buds. However, the growth
of sprouting buds was retarded when >4 umol/l TDZ was added into culture medium. Exogenous plant growth regulators
added to the medium significantly improved the root regeneration capacity of shoots. The highest root regeneration rate was
observed under the treatment of 1.2 umol/l a-naphthaleneacetic acid (NAA) plus 2 pmol/l paclobutrazol (PBZ), reaching
96.3%. One year after the field transfer, the growth performance of plant height, caliper, and survival rate for rooted shoots
was significantly better than that of plantlets directly developed via somatic embryogenesis. The presented results provide
useful instruction for the establishment of plantlets originating from somatic embryos, and would be able to make a great
contribution to the clonal forestry of P. massoniana.
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Introduction

Masson pine (Pinus massoniana), a native species of south-
ern China, is one of the most important tree species in
subtropical regions, and is cultivated for the production of
timber and natural resin (Ding et al. 2006). To date, seed-
lings propagated by seeds are the main planting materials
for the establishment of P. massoniana plantations, resulting
in the low productivity of forests due to the great genetic
variations among trees (Zhu et al. 2010). To enhance stand
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productivity, and promote the industrial development of
P. massoniana, clonal forestry is urgent, with the aim of
genetic gains with cloning.

Concerning the clonal propagation of P. massoniana,
the utility of cutting propagation has been indicated (Shen
2018). However, donor plant age is negatively related to the
root regeneration capacities of P. massoniana cuttings (Ji
et al. 1996), as Ragonezi et al. reported factors influencing
adventitious root regeneration in conifers (2010); hence, this
method is limited to the propagation of selected genotypes
from adult P. massoniana trees. The protocol of plantlet
regeneration from the initiation of axillary buds/shoots via
an organogenesis approach has been widely developed in
plants (Sul and Korban 1994; Nunes et al. 2018). For P.
massoniana, the approach has also been studied for many
years (Huang and Wei 1994), and numerous researchers have
reported that the protocol for micropropagation using juve-
nile or mature materials in P. massoniana has been estab-
lished (Li et al. 2009; Zhu et al. 2010; Yin et al. 2013; Yao
and Wang 2016; Wang et al. 2019; Wang and Yao 2017),
while the high cost of the process caused difficulties in mass
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«Fig. 1 Establishment of plantlets originating from somatic embryos
of embryogenic line 27 in Pinus massoniana. a-1 Somatic embryo-
genesis: induction of embryogenic callus (a), proliferation (b), matu-
ration (c, g), germination (h), shoot tips collected from elongated
epicotyls of germinating somatic embryos (i), somatic plant with tap
root system (j), shoot tips with axillary buds induced (k), and clus-
tered shoots (I). d—f Microscopic observation on embryogenic struc-
tures: induced embryogenic cell (d), proliferative somatic embryo (e),
mature somatic embryo (f). m—o Regenerated plantlets via adventi-
tious root induction: in vitro rooted shoots (m), regenerated plantlets
three months after transplanting in the nursery (n), and growth per-
formance of plantlets transplanted into the soil for one year (o). Scale
bars: 200 pm (d, e), 500 pm (c, f, h, k), 2 mm (g), |l cm (a, b, i, j, I,
m), 10 cm (n), 20 cm (0)

production on a commercial scale. Propagation via somatic
embryogenesis has many advantages. The in vitro propaga-
tion of elite trees could be very effective when it is combined
with cryopreservation of embryonal cells (Klimaszewska
et al. 2016). This method was able to provide unlimited
somatic embryos for the production of plantlets during the
selection of elite genotypes in a field test. Furthermore, the
utilization of artificial seeds (Aquea et al. 2008) and genetic
transformation using single cells initiated from somatic
embryos (Walters et al. 2010) confirmed the superiority of
somatic embryogenesis.

For conifers, many bottlenecks cause difficulties in plant-
let regeneration via somatic embryogenesis, such as a low
initiation rate, poor maturity of somatic embryos and dif-
ficult development of the root system (Klimaszewska et al.
2016). Among Pinus species, results that showed plantlet
regeneration were published for at least 16 species (Kli-
maszewska et al. 2007; Montalban et al. 2010; Pullman et al.
2015), e.g., P. strobus, P. radiata, and P. taeda. However,
it is not clear whether regenerated plantlets were success-
fully transferred to the field for all of these Pinus species. In
P. massoniana, previously published protocols made great
progress on the initiation, proliferation, and maturation of
somatic embryos (Yang et al. 2011), while the efficiency
of germination and plantlet regeneration was quite low. To
date, the results of the field transfer of plantlets have not
been reported for this species. Further research, especially
on the establishment of regenerated plantlets via somatic
embryogenesis, is needed.

Recently, we established an efficient protocol for the
micropropagation of P. massoniana using the shoots formed
from zygotic embryos and performed the field transfer of
regenerated plants. Our observed results showed that the
growth performance of micropropagated plantlets was sig-
nificantly better than that of seed seedlings. It is well known
that root mass directly affects plant growth, and hence, the
natural environment for plants with robust roots is much
easier to adapt than that for plants with poor roots, and con-
sequently, plants with robust roots grow better than those
with poor roots (Aderson et al. 1992). P. massoniana is a

tree species with developed tap roots but sparse lateral roots,
which restrains the growth of plantlets after transplanta-
tion (Ding et al. 2006). It is possible that the variation in
root properties leads to the increased growth adaptability
of plants due to the conversion from a tap root system to
adventitious root system following the induction of in vitro
root regeneration.

Concerning the difficulty in root formation as well as the
potential inefficiency of plantlet regeneration and field trans-
fer via somatic embryogenesis, this study aims to develop
a protocol for the establishment of plantlets formed from
somatic embryos through the improvement of the root sys-
tem. Considering the success in regenerating P. radiata
plants through a combined pathway of somatic embryogen-
esis and organogenesis (Montalbén et al. 2011), immature
cones collected from open-pollinated trees in a P. masso-
niana seed orchard were first used as donors for the origina-
tion of somatic embryogenesis. Then, the effects of factors
affecting plantlet regeneration, including activated charcoal
(AC), the impacts of radicle cutting, and exogenous plant
growth regulators on somatic embryo germination, shoot
multiplication/elongation, and adventitious root induction,
were investigated using mature somatic embryo explants in
the present study. The growth performance of regenerated
plants through traditional somatic embryogenesis as well as
the methodology described in this study were both assessed
during the first year of field transfer.

Materials and methods
Plant material

Immature cones of Pinus massoniana Lamb were collected
from open-pollinated trees in a seed orchard established
by Paiyang-Shan Forest Farm in Nanning, China (latitude:
22°07'6"N, longitude: 107°03'40"E, elevation: 620 m).
From 2013 to 2016, fifty cones were collected weekly dur-
ing the month of June. The cones were put in paper bags
and stored at 4 °C for a maximum of one week. Intact cones
were washed with running water for an hour and sterilized
in H,0, 10% (v/v) plus five drops of Tween 80 for 20 min.
The cones were rinsed 3 ~4 times with sterile distilled water
and then split and immature seeds extracted in aseptic con-
ditions. Following the methodology, Yang et al. (2011)
described, seed coats were removed, megagametophytes
were aseptically excised out, and horizontally placed onto
LP media (Aitken-Christie et al. 1988) with plant growth
regulators and amino acids. Finally, fast-growing and vig-
orous embryogenic cell lines were obtained, and mature
somatic embryos from the most stable and productive cell
line 27 were used for further experimentation in this study.
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Germination of somatic embryos

After the establishment of the induction (Fig. 1a, d), prolif-
eration (Fig. 1b, e) and maturation (Fig. 1c, f) from embry-
ogenic cells were sequentially achieved, mature somatic
embryos (Fig. 1g) without any pre-germination treatment
were directly placed on half-strength modified Murashige-
Skoog (MS) (Murashige and Skoog 1962) medium (MMS
medium) (Yao and Wang 2016) containing 0-12 g/l AC in
2017 for germination of 30-40 days (Fig. 1h) with 80 umol/
m?s light intensity at 25+ 0.5 °C until the formation of
main leaves (Fig. 1i). Medium lacking AC was used as the
control treatment. In this experiment, 3 replicates and 15
embryos per replication were performed for each AC treat-
ment. A total of 315 well-developed embryos (15 somatic
embryos X 3 replicates X 7 AC treatments) were tested. In
addition, 110 mature embryos were directly transferred
to half-strength MMS medium containing 10 g/l AC for
germination culture of 200-230 days until the establish-
ment of plantlets (Fig. 1j, referred to as somaplants in this
study). During the culture, mature embryos were transferred
monthly to fresh medium containing the same components.

In vitro plantlet regeneration
The 1st stage

To promote the development of germinating somatic
embryos (GSE), epicotyls from GSE following radicle cut-
ting were transferred into MMS medium containing 0-10 g/1
AC. After the in vitro culture for 40 days, shoots were devel-
oped and the shoot length was aseptically determined. GSE
without radicle cutting were regarded as the control. The
culture conditions were the same as those described in the
germination experiment. A total of 288 epicotyls (8 epicot-
yls X 3 replicates X 6 AC treatments X 2 radicle cutting treat-
ments) were sampled at this stage.

The 2nd stage

To reinvigorate the shoots originating from GSE, 30-50 mm
long shoots tips were excised from elongated epicotyls and
cultured on MMS medium with the addition of 0-8 pmol/l
thidiazuron (TDZ) for multiplication culture (Fig. 1k). After
35 days of TDZ treatment, sprouting axillary buds >5 mm
were counted for the calculation of total bud number per
explant, and then shoots with clustered buds (Fig. 11) were
transferred to MMS medium supplemented with 5 g/l AC
and no plant growth regulators. Fifty days after transfer,
buds were elongated, and buds > 30 mm were used to calcu-
late the number of effective buds per explant. At this stage,
the light intensity was reduced to 40 umol/m?s, and the tem-
perature was unchanged in contrast to the culture conditions
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used in the st stage. A total of 225 shoots (15 shoot tips X 3
replicates X 5 TDZ treatments) were tested.

The 3rd stage

Buds >30 mm were referred to as shoots, which were
excised in 20-30 mm length and transferred on half-
strength MMS medium containing 2 umol/l paclobutrazol
(PBZ) and/or 1.2 umol/l a-naphthaleneacetic acid (NAA)
to induce adventitious root regeneration. Medium with no
plant growth regulators was used as the control. The cul-
ture conditions were the same as those described in the
2nd stage. Approximately, 50-60 days after the induction
of in vitro root regeneration, rooted shoots (Fig. Im) with
roots >20 mm were counted. The root regeneration rate is
expressed as the percentage of rooted shoots among total
shoots cultured on the root regeneration medium. Here, a
total of 450 shoots (50 shoots X 3 replicates X 3 plant growth
regulator treatments) were tested.

Acclimatization and field transfer

For acclimatization (Fig. 1n, 0), in vitro regenerated plant-
lets and somaplants were removed from the root regeneration
medium to become acclimatized with a progressive decrease
in relative humidity according to the method we previously
published (Wang and Yao 2017). In Mar. 2018, 120 accli-
matized plantlets and 30 somaplants approximately 10 cm
high were transplanted to the field under a plant spacing of
2 mXx 3 m (plants X rows). Following the field transfer, the
growth of height and caliper as well as the survival rate of
transplanted plants from both in vitro regenerated plantlets
and somaplants were measured monthly until March 2019.
The plant age was determined in accordance with the time
of field transfer in this study.

Data analyses

All percentage data were transformed (before the calcula-
tion of statistics and statistical comparison) using arcsine
square root transformation (Compton et al. 1994) to nor-
malize the error distribution prior to variance analysis. A
linear relationship between the number of total buds and
exogenous TDZ concentrations was analysed using linear
regression analysis; the number of total buds was consid-
ered the dependent variable, and the TDZ concentration was
considered the predictor variable. Regression analyses were
carried out using the general linear model (GLM) procedure
in the SAS statistical package (SAS Institute Inc., North Tus-
tin, USA). Statistical analyses used were a factorial ANOVA
(analysis of variance, AC concentration, radicle cutting treat-
ment, the number of buds, TDZ concentration, exogenous
plant growth regulator types, plant age or seedling sources
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as factors), Duncan’s test (significant statistical difference
among AC concentration, TDZ concentration, exogenous
plant growth regulators types or plant age) and ¢ tests (sig-
nificant statistical difference between radicle cutting and no
cutting, the number of total, and effective buds or seedling
sources within plant age or measurement time). Variance
analyses were performed using the SPSS 19.0 software pack-
age (SPSS Inc., Chicago, IL, USA).

Results
Effects of AC on somatic embryo germination

Mature embryos from the same cell line were cultured on
AC or AC-free medium. To investigate somatic embryo
germination, the germination rate was calculated as the per-
centage of germinating somatic embryos among 15 somatic
embryos in 3 replicates. Mature embryos from AC-free
medium were 0% germinating, and they grew into browning
and hygrophanous after culturing on the medium. Concern-
ing AC supplementation, the germination rate of somatic

embryos was significantly increased by the addition of AC
to the medium, and the highest germination rate and the best
growth performance of germinating somatic embryos were
observed at the 10 g/l AC treatment in our present study
(Table 1). The high AC concentration (12 g/1) applied in
the medium led to the reduction in the germination rate as
well as growth effects of germinating somatic embryos in
comparison to the 10 g/l AC treatment.

Effects of AC and radicle cutting on shoot elongation

Irrespective of radicle cutting influences, AC promotes
the elongation of shoots in germinating somatic embryos,
while the promotive effects of AC on shoot elongation
were decreased by the increase in AC concentration if it
was higher than 5 g/l; hence, the best growth responses
of shoots were investigated under the 5 g/l AC treatment
(Fig. 2). Under the treatment of 10 g/l AC, there was no dif-
ference between radicle cutting and the control (no radicle
cutting); however, in the range of 0-7 g/l AC, radicle cutting
enhanced shoot elongation when compared with the control
within the same AC concentration range (Fig. 2).

Table 1 Germination and

. AC/gh
growth of mature somatic

Germination rate/%

Growth of mature somatic embryos

embryos from embryogenic 0 of
line 27 under activated charcoal

Serious browning and hygrophanous

. 2 49+1.2e Turned green, but stubby, and no differentiation
(AC) treatment in Pinus
massoniana 4 45.9+3.2d Differentiated into epicotyls and hypocotyls, but not
developed root system
55.7+2.4c Formed new and slender shoots and short roots
8 84.4+4.7b Formed healthy shoots and robust roots
10 97.0+3.6a Formed healthy shoots and robust roots
12 84.2+5.7b Formed robust roots, but new shoots were yellow and slim
The germination rate is calculated as the percentage of germinating somatic embryos among 15 somatic
embryos in 3 replicates. Meansstandard errors (SE) within a column followed by the same small letter are
not significantly different according to Duncan’s multiple range tests (Duncan’s tests) at P < 0.05
Fig.2 Elongation of shoots 90
from germinating somatic B Control [J Radicle cutting aA
embryos of embryogenic line 27 80
under AC and/or radicle cutting
treatment in Pinus massoniana. ~ 707
Small letters indicate the dif- E aB
ferences among AC treatments = 60
within the control or radicle g) bA
cutting treatment (Duncan’s g 507 beA
tests, P <0.05), and capital g 40
letters indicate the differences i cA bB bB
between the control and radicle 2 304 bB bA dA
cutting treatment within the dA
AC treatment (¢ test, P <0.05). 20
Bars in the figure mean standard cB
errors (SE), and the same as the 10 1 r r r r

AC concentration (g/l)
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Effects of TDZ on shoot multiplication

Shoots excised from elongated somatic embryos were cul-
tured on the medium containing 0—8 umol/l TDZ. After
culturing for 35 days, we found that there was a remark-
able linear relationship between the TDZ concentration
and the number of total sprouting axillary buds (R*=0.98,
Fig. 3). For the application of 8 umol/l TDZ in the medium,
the number of total buds was the highest, reaching 9.4 per
explant. Following the transfer of shoots with buds on TDZ-
free plus 5 g/l AC medium for 50 days, significant differ-
ences in the number of effective (vigorous, fast-growing
and healthy) buds derived from different TDZ treatments
were found (Fig. 3). With the increase in the TDZ concen-
tration, the number of effective buds was first enhanced and
then decreased. A peak in the number of effective buds was
observed under the treatment of 4 umol/l TDZ. Additionally,
there was no difference between the number of total and
effective buds under the 0—4 pmol/l TDZ treatment.

Effects of exogenous plant growth regulators
on root regeneration capacity

It was clear that the addition of exogenous plant growth
regulators in the root regeneration medium was necessary
(Fig. 4). Shoots cultured on the plant growth regulator-
free medium were 0% rooted. However, for shoots exposed
to NAA and/or PBZ medium, the root regeneration rate
was significantly increased, ranging from 55.3 to 96.3%.
When compared with the medium with only NAA, the

14
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= 8 1 — .-
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Fig.3 Multiplication of shoots originating from somatic embryos
of embryogenic line 27 under thidiazuron (TDZ) treatment in
Pinus massoniana. Sprouting axillary buds>5 mm were counted
for the calculation of total bud number per explant, and elongated
buds >30 mm were used to calculate the number of effective buds per
explant. Small letters indicate the differences among TDZ treatments
for the number of total buds or effective buds per explant (Duncan’s
tests, P<0.05), and capital letters indicate the differences between
the number of total and effective buds within a TDZ treatment (¢ test,
P<0.05)
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Fig.4 Root regeneration responses of in vitro cultured shoots
originating from somatic embryos of embryogenic line 27 to exog-
enous 1.2 umol/l a-naphthaleneacetic acid (NAA) and/or 2 umol/l
paclobutrazol (PBZ) added to the root regeneration medium in Pinus
massoniana. Small letters indicate the differences among exogenous
plant growth regulator treatments according to Duncan’s tests at
P<0.05

combinations of NAA and PBZ in the medium led to a
significant enhancement of the root regeneration by74.1%
(Fig. 4).

Growth performance after field transfer

Although gradual increases in plant height and caliper
were determined with the development of plant age for
the plants from the two sources, plantlets in vitro regener-
ated with the methodology described in this study grew
faster than the somaplants during the one-year field trans-
fer (Fig. 5a, b), and young stands were efficiently estab-
lished using the regenerated plantlets in one-year plant-
ing (Fig. 5¢). For the growth performance of plant height,
the height of regenerated plantlets was higher than that
of somaplants from the start of the 3-month field trans-
fer (Fig. 5a). Concerning the growth tendency, the height
growth of somaplants was gentle, while the growth of
regenerated plants was sharp. After transplanting in the
field for 3—7 or 12 months (from Jun. to Oct., or Mar.), the
plant height was increased monthly in regenerated plant-
lets. For somaplants, a monthly increase in plant height
was only observed 5-month (Aug.) after field transfer
(Fig. 5a). However, for caliper growth performance, the
caliper of regenerated plants was significantly higher
than that of somaplants during field transfer (Fig. 5b). In
addition, a significantly higher survival rate of plants was
observed in regenerated plantlets in comparison to that of
somaplants after one-year field transfer (Fig. 5d).
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Fig.5 Growth performance of somaplants (somatic plantlets directly
via somatic embryogenesis) and in vitro regenerated plantlets via
organogenesis originating from somatic embryos of embryogenic line
27 after one year of planting in a Pinus massoniana field. a Changes
in plant height with the plant age. b Changes in plant caliper with the
plant age. ¢ In vitro regenerated plantlets originating from somatic
embryos after planting for one year in the field. d Changes in sur-

Discussion

Previous studies reported that AC affected the availability of
different metallic species when it was applied in the culture
medium (De Diego et al. 2008; Thomas 2008; Ragonezi
et al. 2010). For Pinus species, AC plays an important role
in micropropagation due to its ability to absorb phenolics
and residual plant growth regulators (Van Winkle and Pull-
man 2003). Pan and van Staden (1998) declared that AC
was able to promote or inhibit in vitro growth of plants,
whereas its promotive or inhibitory effects depended on the
tree species and materials used. The promotive impact of AC
on P. massoniana micropropagation has been confirmed in
our previous studies (Yao and Wang 2016; Wang and Yao
2017). In the present study, in comparison to the AC-free
medium, the medium with AC addition was beneficial to the
germination of mature somatic embryos and the shoot elon-
gation of germinating somatic embryos. However, reduced
increments in both germination rate and shoot length were
also observed to result from the supplementation of a high
concentration of AC in the medium. These results indicate
that the presence of AC in the medium used for germination
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vival rate of plants one year after transplanting of both regenerated
plantlets and somaplants. Scale bar: 15 cm. In figures a, b and d,
small letters indicate the differences among plant ages for somaplants
or regenerated plantlets (Duncan’s tests, P <0.05), and capital letters
indicate the differences between somaplants and regenerated plantlets
within plant age (¢ test, P <0.05)

and shoot elongation is essential in P. massoniana in vitro
culture, while to obtain the best culture responses to AC
application, the amount of AC applied in the medium needs
to be optimized for the material type (e.g., 10 g/l AC for
somatic embryo germination and 5 g/l AC for shoot elon-
gation). Concerning shoot elongation, despite better per-
formance of shoot growth observed under the conditions
of radicle cutting and AC addition than that under the no
radicle cutting condition in a range of 0-7 g/l AC, the shoot
elongation can be mainly attributed to AC promotive effects,
as significantly longer shoots were cultured on AC medium
than on AC-free medium. To simplify the procedure of P.
massoniana micropropagation, combinations of AC and
plant growth regulators were used for shoot multiplication
and elongation in our previous experiment; however, poor
responses of in vitro culture to the combinations were found
(Wang and Yao 2017). This result showed that AC remark-
ably influenced the availability of exogenous plant growth
regulators in P. massoniana, implying that the promotive
effect of AC was possibly related to its capacity to absorb
residual plant growth regulators in the present study.
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Plant growth regulators are vital for shoot and root growth
in the in vitro culture of plants (Huang et al. 2007; Ragon-
ezi et al. 2010; Marhavy et al. 2011, 2013; Mauriat et al.
2014; McAdam et al. 2016). TDZ, which is often substituted
for phenylurea as a plant growth regulator with cytokinin-
like activity, is widely used in various plant culture sys-
tems (Huetteman and Preece 1993; Kanyand et al. 1994;
Siddique and Anis 2007). The gradually increased addition
of TDZ to the medium of shoot multiplication contributed
to an increasing number of sprouting axillary buds in this
experiment. However, the number of effective buds (elon-
gated to >30 mm on TDZ-free and 5 g/l AC medium) was
not enhanced with the supplementation of the TDZ con-
centration in the medium, and a peak of the effective bud
number occurred in the medium containing 4 umol/l TDZ.
We suggest that the use of 4 ymol/l TDZ in medium could
be optimal for the multiplication of shoots originating from
somatic embryos in P. massoniana irrespective of the aid of
AC in absorbing residual plant growth regulators.

Regarding the role of plant growth regulators in adventi-
tious root regeneration, our results demonstrated that NAA
or NAA + PBZ significantly improved the root regeneration
capacity of shoots in vitro cultured P. massoniana. NAA,
an auxin analogue, has been extensively used as an effec-
tive stimulator of root formation in plants (Li et al. 2009;
Ragonezi et al. 2010; Zhu et al. 2010; Yao and Wang 2016;
Wang and Yao 2017; Shiji and Siril 2018). In P. masso-
niana, the promotive effect of NAA on root regeneration
in vitro has been confirmed in our previous studies (Wang
and Yao 2017), while the root regeneration protocol is not
well developed for the mass propagation of selected geno-
types in this species. Physiological age is closely related to
the root regeneration capacity of P. massoniana, and hence,
the root regeneration rate of shoots originating from juve-
nile materials, including seedlings, is often high according
to our previously published results (Wang et al. 2019). To
obtain rooted shoots with robust root systems, in general
root growth (root regeneration rate) and root formation (root
length) need to be simultaneously considered. Here, only
shoots with roots >20 mm can only be counted as rooted
shoots. In this study, the low root regeneration rate of 55.3%
observed from the NAA medium indicated that NAA was
not effective to the root formation in P. massoniana. How-
ever, the combined application of NAA and PBZ in the root
regeneration medium obviously enhanced the percentage of
rooted shoots with a well-developed root system, suggest-
ing the promotive effects of PBZ on root formation. PBZ,
an inhibitor of gibberellin (GA) biosynthesis, is extensively
used as a promotive regulator of root development in plants
(Watson 1996, 2004; Ragonezi et al. 2010; Salari et al. 2017;
Muhammad et al. 2018). There is a remarkable crosstalk
between GA and indole acetic acid (IAA, a core plant hor-
mone promoting plant growth) (Huang et al. 2007), and it
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is mostly reported that GA promotes the growth of plants
(Hardtke 2003); hence, GA is usually required for the forma-
tion of adventitious roots by IAA modulating its response
(Fu and Harberd 2003). In the present study, the observed
influences of PBZ on root development indicated the pos-
sibly negative roles of GA in regulating root formation.
Further research on the relationships between GA and root
regeneration capacity during the development of adventi-
tious roots is needed in P. massoniana. Pinus species are the
most widely distributed conifers in the world, whereas most
of them are recalcitrant to adventitious root regeneration.
More positive responses of plant regeneration to exogenous
PBZ in culture medium can be expected.

To evaluate the adaptability of rooted shoots with well-
developed root systems to the natural environment, plantlets
regenerated in vitro with the methodology described in the
present study and plantlets directly originating from somatic
embryogenesis (somaplants) were both transferred to the
field at a similar plant height (approximately 10 cm). For one
year after the field transfer, the variations in plant height and
caliper were investigated monthly for both plant sources (i.e.,
regenerated plantlets and somaplants). Our results showed
that regenerated plantlets grew significantly faster than those
from somaplants. Clearly, root mass influences the growth
of aboveground parts in plants. P. massoniana is a species
with a taproot system that has a poor root system in seeded
seedlings (Ding et al. 2006). Previous studies clarified that
root cutting can effectively improve root mass and cause an
increase in seedling growth and the acceleration of seedling
establishment, resulting in the wide use of the technology in
the cultivation of P. massoniana seedlings (Wan 2016; Lin
2019). Here, the regenerated plantlets developed a robust
adventitious root system via radicle cutting, suggesting that
a critical reason for the difficulty of somaplants adapting
to harsh conditions could be their poor root system. This
finding would be able to provide useful instruction for the
improvement and application of somatic embryogenesis in
practice.

Conclusion

This study explored critical factors affecting in vitro plant-
let regeneration originating from somatic embryos and
assessed growth performance following field transfer. The
application of AC in the medium promoted germination
and growth of mature somatic embryos under optimizing
AC concentration conditions, and the promotive effect of
AC on growth could be strengthened by combining radicle
cutting of germinating somatic embryos. TDZ was essen-
tial for shoot multiplication, while the use of high con-
centrations of TDZ in the medium is a retardant to shoot
growth. The application of exogenous NAA plus PBZ in
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culture medium significantly enhanced the root regenera-
tion capacity of shoots. In comparison to somaplants, the
growth performance of in vitro plantlets regenerated with
the methodology described in this study was remarkably
improved one year after field transfer. A young stand was
first established using plantlets originating from somatic
embryos of P. massoniana.
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