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Abstract The rooting capacity of Pinus massoniana is
poor, especially for mature trees, and has prevented the
development of clonal forestry for P. massoniana. In this
study, we varied explant types, subculture times and exoge-
nous hormones for plantlet regeneration and assessed shoots
for rooting rate and root number for P. massoniana. Follow-
ing five repetitive grafts, new shoots from grafts used as
explant sources were rejuvenated as observed from juvenile
shoot morphology and anatomy, leading to greatly enhanced
plant regeneration in comparison to that of mature materials
from 26-year-old P. massoniana trees. The rooting capac-
ity of subcultured shoots increased with successive subcul-
tures, reaching a peak at 20 subcultures with 3540 days per
subculture. However, rooting performance was significantly
reduced after 30 subcultures. The addition of naphthale-
neacetic acid (NAA) plus indoleacetic acid in the medium
improved the root number, but the combination of exogenous
NAA with paclobutrazol (PBZ) increased rooting rate and
root number. We thus greatly improved the rooting capacity
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of mature P. massoniana trees by optimizing explant types
(rejuvenated), subculture times (20 subcultures, 35—40 days
per subculture) and addition of NAA 4+ PBZ to the rooting
medium. The conditions can be used for efficient plantlet
regeneration of P. massoniana.

Keywords Exogenous hormones - Pine trees -
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Introduction

Pinus massoniana, cultivated for its timber and natural resin
(Zhu et al. 2010), has an important role in afforestation in
southern China. Currently, plantations have been started
mainly from seeds, which leads to low-productivity for-
est stands, severely limiting the commercialization of this
important tree (Wang and Yao 2019). For promoting the
development of the P. massoniana industry, clonal forestry is
very important, as shown by the rapid growth of Eucalyptus
plantations and the forestry economy after commercialized
application of selected genotypes (Yang et al. 1995).

For achieving the desired properties of trees, however,
clones can only be selected when the trees have reached
maturity (Basheer-Salimia 2007). For most mature trees,
plantlet regeneration is problematic with respect to adventi-
tious rooting. Pinus massoniana is recalcitrant to rooting,
and its rooting capacity is greatly decreased with physiologi-
cal aging (Zhu et al. 2010; Yao and Wang 2016; Wang and
Yao 2019). To successfully propagate selected genotypes
in vitro, we thus need to improve the rooting capacity of
mature P. massoniana trees.

Adventitious root (AR) formation can be significantly
improved following rejuvenation of mature plants (Bonga
1987; Day et al. 2002). Mature materials can be rejuvenated
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by various methods such as pruning, etiolation, successive
subculturing and repeated grafting (Wendling et al. 2014).
Phenotypes and organizational structures of mature and juve-
nile trees can easily be distinguished (Day et al. 2002; Poet-
hig 2003). The degree of rejuvenation can be determined by
evaluating cellular and subcellular anatomical structures; for
example, abundant meristematic cells, thin nuclear chroma-
tin, small nucleoli and paucity of cell organelles are juvenile
characteristics of trees (Bonga 1987; Greenwood et al. 1989;
Day et al. 2002).

We previously regenerated plantlets of mature trees with
a rooting rate of 65.3% in P. massoniana (Wang and Yao
2017), but this micropropagation protocol is not appro-
priate for commercial application. In addition, in recent
in vitro culturing, the efficiency of plantlet regeneration
was very poor, resulting from a decreased rooting capac-
ity after long-term subculture, which greatly prevents the
development of clonal industrialization in P. massoniana.
It is clear that the number of subcultures is closely related
to physiological changes in the subcultured shoots, such
as the vigor and growth of shoots, leading to variations in
AR development (Shi et al. 2007). Successive subculture
contributes to the rejuvenation of in vitro cultured materi-
als, while in general, the capacity of regeneration in vitro
declines after long-term subcultures of woody plants (Su
2000).

IAA is important for regulating adventitious rooting
(Huang et al. 2007) and has been widely applied to syn-
chronize AR formation and improve the root quality of
phenotypes with poor rooting capacity (Geiss et al. 2009).
The role of GA is similar to that of IAA in regulating
AR formation in general, promoting cell differentiation
and elongation (Yamaguchi 2008). However, some stud-
ies show that GA might inhibit AR formation (Eriksson
et al. 2000; Lombardi-Crestana et al. 2012). Mauriat et al.
(2011) suggested that the inhibitory effects of GA on AR
formation are due to altered IAA transport. Consequently,
an inhibitor of GA biosynthesis, paclobutrazol (PBZ), is
extensively used to promote root development (Watson
1996, 2004; Salari et al. 2017; Kamran et al. 2018).

Most of the 116 varieties of the world’s conifers belong-
ing to the genus Pinus (Huang and Wei 1994) are recal-
citrant to rooting. Here we used 26-year-old P. massoni-
ana trees to test the effects of explant types (mature or
rejuvenated), subculture times and exogenous hormones
on rooting capacities to develop an efficient protocol that
optimizes in vitro rooting during plantlet regeneration of
mature P. massoniana trees.
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Materials and methods
Plant materials

Mature mother trees used in the present study were selected
from 26-year-old superior stands of P. massoniana ‘Tong-
miansong’ (TM provenance), which is widely distributed
throughout southern China. According to the method of
Wang and Yao (2017), tender shoots from mother trees
were grafted onto 1-year-old in vitro cultured seedlings of
P. massoniana. The tops of the grafted plants were pruned
to produce axillary shoots when they reached approximately
0.5 m high. New shoots from the pruned grafts were used
as mature materials.

For rejuvenating the materials, new shoots from mother
trees were first grafted to rootstock. According to the method
described above, when the grafted plants reached 0.5 m, the
tops were pruned to produce axillary shoots, which were
then used for the next grafting. After five such graftings, new
tender shoots with fasciculate needles from the graftlings
were used as rejuvenated materials.

Observations of morphology and anatomy

To examine variations in organizational structure after
rejuvenation, 10 basal segments, approximately 1 cm long,
were excised from new shoots of the mature and rejuve-
nated materials. After a wash with sterilized water, all shoots
were fixed, embedded, stained, rinsed and mounted using the
method of Wang and Yao (2019). Images of changes in the
anatomy and ultrastructure of shoots were captured using a
BX41-12P02 light microscope (Olympus, Tokyo, Japan) or
H-600 transmission election microscope (Hitachi, Tokyo,
Japan). For each sample, three replicates and 10 microscopic
fields per replicate were assessed.

Plantlet regeneration

According to the in vitro culture conditions described by
Yao and Wang (2016), nodal segments taken from new
shoots of mature and rejuvenated materials were sterilized
and placed on modified Murashige—Skoog (MS) (Murashige
and Skoog 1962) medium (MMS medium, Yao and Wang
2016) hormones added to the medium to induce initial bud
were the same as those we previously used (Wang and Yao
2019). Once axillary buds sprouted and grew to 2-3 cm in
length, the shoots were excised from nodal segments and
subcultured every 35—40 days on MMS medium containing
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hormones at a third of the amount applied for the initial
bud induction. Following four subcultures, in vitro cultured
shoots =20 mm were transferred into half-strength MMS
medium containing 1.2 pM naphthaleneacetic acid (NAA).
After rooting induction for 60 days, the rooted shoots were
acclimated in the nursery as described previously (Wang
and Yao 2017). Surviving explants with initial buds were
counted to determine the induction rate 75 days after initial
bud induction. The number of axillary buds induced per sub-
cultured shoot was recorded as the proliferation coefficient
from each subculture. The number of rooted shoots was used
to calculate the rooting rate. The survival rate was expressed
as the percentage of surviving plantlets among total plantlets
3 months after transplanting. In this experiment, 100 new
shoots (10 explants X 5 replicates X 2 explant types) and 120
subcultured shoots (12 subcultured shoots X 5 replicates X 2
explant types) were tested.

Rooting capacity analyses

Thirty subcultures were performed with a subculture cycle
of 35-40 days per subculture. To clarify the impacts of sub-
culture generations on rooting, subcultured shoots origi-
nating from rejuvenated materials after the 1st, 5th, 10th,
20th and 30th subcultures were sequentially collected for
rooting induction. The rooting medium was the same as
that described above. Here, the rooting rate and root num-
ber were individually determined. For the root number, the
number of roots > 1 cm per rooted shoot was recorded. A
total of 300 subcultured shoots (12 subcultured shoots X 5
replicates X 5 subcultures X 1 explant type) were sequentially
collected for rooting induction.

Determination of exogenous hormone effects

Toward enhancing rhizogenesis of long-term subcultured
shoots with poor rooting capacity, subcultured shoots from
rejuvenated materials after subculturing 30 times were cul-
tured in rooting medium containing 1.2 pM NAA and 2 pM
IAA or 2 uM paclobutrazol (PBZ), and medium including
1.2 pM NAA was used as the control treatment. Rooting rate
and root number were determined as before. A total of 180
subcultured shoots (12 subcultured shoots X 5 replicates X 3
hormones treatments X 1 subculture X 1 explant type) were
sampled in this experiment.

Data analyses

The statistical analyses used were a factorial ANOVA (with
explant types, subculture times or hormone treatments as

factors), t test (significant difference between explant types)
and Duncan’s test (significant difference among subculture
times or exogenous hormones treatments). Variance analy-
ses were performed using SPSS 19.0 software (SPSS Inc.,
Chicago, IL, USA).

Results
Changes in histology and anatomy

Morphological, histological and subcellular differences
between rejuvenated and mature shoots are shown in
Fig. 1. Shoots with low lignification were observed fol-
lowing five repeated graftings, and only the top needles
of the buds were clustered on these shoots (Fig. la, b).
Histological changes barely differed between mature and
repeated grafting shoots, but the number of sclerenchyma
cells around the cambial tissues was reduced in the repeat-
edly grafted shoots (Fig. 1c, d). At the subcellular level,
the size of the nucleus and the degree of nuclear chro-
matin condensation significantly differed between mature
and rejuvenated materials (Fig. le, f). In mature shoots,
chromatin condensation and a large nucleus were clearly
evident. Furthermore, an endoplasmic reticulum around
the nucleus was also found (Fig. le). After rejuvenation
treatment, the nucleus became smaller (Fig. 1f). Generally,
plastids were easily visible in the shoots regardless of the
material source (Fig. le, f).

Plantlet regeneration performance

In terms of observations of histological and anatomical
changes, new shoots of 26-year-old P. massoniana trees
were rejuvenated through five successive graftings. In
comparison to explants from mature materials, the induc-
tion rate, proliferation coefficient, rooting rate and survival
rate of transplanted plants were significantly enhanced,
reaching 82.2%, 5.9 plant‘l, 90.8% and 91.2%, respec-
tively (Fig. 2). In terms of improving the rooting perfor-
mance by rejuvenation, the rooting rate of subcultured
shoots from the rejuvenated explants was 8.7 times higher
than that from mature explants (Fig. 2).

Variations in rooting capacity

We developed micropropagation systems for 257 geno-
types with the rejuvenated explants by repetitive grafting
in P. massoniana (Fig. 3a—d). The selected genotypes were
further proliferated for practical use through successive
subcultures over nearly 4 years, which caused declines in
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Fig. 1 Morphological and ana-
tomical details of shoots from
mature and rejuvenated materi-
als in Pinus massoniana. a and
b Morphology of shoots tested
in this study: mature (a), rejuve-
nated (b). c—f Histological and
subcellular details of shoots:
mature (c, e), rejuvenated (d,

f). Cy cytoplasm, ER endoplas-
mic reticulum, Nu nucleus, NC
nuclear chromatin, P plastid,

V vacuole. Arrows: blue, resin
canals; yellow, sclerenchyma;
red, meristematic cells. Scale
bars: 2 cm (a, b), 200 um (c, d),
0.5 pum (e, f)

shoot vigor and rooting capacity (Fig. 3f, h). From Fig. 4,
it was clear that rooting capacity increased with the num-
ber of subcultures when that number was less than 20, and
the rooting rate and root number were much higher at the
10th and 20th subcultures. However, both of these root-
ing variables significantly decreased after 30 subcultures
(Fig. 4).

Effects of exogenous hormones

As shown in Fig. 5, the differences in rooting rate and root
number of long-term subcultured shoots were significant
among the three exogenous hormone treatments. Compared
to the control (NAA), root number was enhanced in both the
NAA +1AA and the NAA +PBZ treatments, while rooting
rate increased only in the NAA + PBZ treatment. There was
no significant difference in rooting rate between the NAA
and NAA +TAA treatments.
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Discussion

Usually, juvenile trees grow vigorously and hence are capa-
ble of in vitro rooting, while adventitious rooting capacity
is gradually reduced when trees reach maturity (Pijut et al.
2011). Numerous studies have reported that the formation
of adventitious roots improved after certain rejuvenation
treatments in adult trees. In mature Castanea sativa trees,
the rooting effect was inconsistent and varied in the range
of 10-70%; however, its rooting ability increased remark-
ably after grafting four times (Giovannelli and Giannini
2000). For walnut propagation in vitro, the rooting rate was
enhanced with a dark pretreatment (Vahdati et al. 2004).
In the present study, our findings showed that the root-
ing capacity of mature P. massoniana trees was improved
through repetitive grafting. The induction rate, prolifera-
tion coefficient, rooting rate and survival percentage after
transplanting of shoots were significantly higher than those
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Fig. 2 Effects of explant rejuvenation on in vitro plantlet regenera-
tion of mature trees of Pinus massoniana. Lowercase letters indicate
differences in induction rate, proliferation coefficient, rooting rate or
survival rate between the two explant sources (P <0.05; ¢ test). Bars
in the figure indicate standard errors (SE)

of mature materials (Fig. 3). This finding suggested that
successive grafting could be used as an effective method to
rejuvenate mature trees in Pinus species.

In our experiments, the anatomical structure changed
during the rejuvenation. Clearly, the size of the nucleolus
diminished, and discontinuously distributed sclerenchyma
cells were easily observed (Fig. 2d—i). Physiological and
biochemical metabolism are closely related to the nucleo-
lus in plants. In juvenile plants, the nucleolus is much
smaller (Bonga 1987; Day et al. 2002). Previous studies
have reported that discontinuous sclerenchyma tissue was
beneficial for the induction of adventitious roots (Maynard
et al. 1996). Our results suggest that the continuity of scle-
renchyma tissues was possibly linked with tree physiological
age, resulting in reduced rooting capacity in adult trees.

Subculture time influences plantlet regeneration (Su
2000; Shi et al. 2007). For P. massoniana, successive
subcultures also led to variations in rooting capacity.
After 20 subcultures, the rooting rate and root number
of shoots were significantly higher than those of shoots
subcultured 1-5 times. In view of the gradually increased
rooting capacity with subculture times during 20 succes-
sive subcultures, our findings indicated that the protocol
to enhance rhizogenesis ability could be more efficient
in mature P. massoniana trees when repetitive graftings
were combined with successive subcultures. However, the
observed decrease in rooting capacity after 30 subcultures

shows the inhibitory impact of long-term subculture on
adventitious rooting in P. massoniana. Considering that
the optimal number of subculture cycles varies with tree
species (Su 2000; Shi et al. 2007), it is necessary to adjust
and optimize the subculture time to obtain stable micro-
propagation performance in P. massoniana. In this study,
approximately 2 years of successive subculture (20 subcul-
tures, 35-40 days per subculture) seems to be the optimum
for adventitious root development in subcultured shoots of
P. massoniana.

Hormones affect the growth and development of
plants. NAA, an auxin analogue, is extensively applied
in rooting medium in P. massoniana (Li et al. 2009; Yang
et al. 2011). In our previous research, we confirmed that
supplementation with 1.2 pM NAA in the medium was
effective for rooting induction in P. massoniana (Wang
and Yao 2019) but was no longer effective with up to 30
subcultures, as shown in Fig. 3h. Auxin (IAA) plays an
important role in regulating adventitious root formation,
and the action of GA affecting rooting in vitro due to hor-
monal crosstalk between IAA and GA has been clarified
in plants (Fu and Harberd 2003). In recent studies, the
negative effects of GA on adventitious root development
have been highlighted (Mauriat et al. 2014). Hence, exog-
enous NAA was combined with IAA or PBZ, an inhibi-
tor of GA synthesis, and added to the rooting medium
in the present study to improve plantlet regeneration in
long-term subcultured shoots with poor rooting ability.
Compared with NAA treatment alone, the addition of IAA
increased the root number, suggesting that the role of IAA
in regulating rhizogenesis is mainly related to root num-
ber rather than the rooting rate. We speculate that IAA, a
promoter of adventitious roots, could positively increase
root formation (root number) but not effectively improve
root growth (rooting rate). However, supplementation with
PBZ increased the rooting rate and root number in compar-
ison to the NAA treatment, suggesting that GA negatively
affects root growth and formation. To further demonstrate
the effect of GA on rooting, investigations on the relation-
ship between GA and rooting capacity are needed.

In conclusion, the plantlet regeneration of mature trees
was improved in P. massoniana following five graftings.
Successive subculture was beneficial for increasing the
rooting capacity during approximately 2 years of subcul-
turing, while rooting performance declined after long-
term subculturing (> 3 years). For long-term-subcultured
shoots, exogenous IAA added to the medium promoted
root formation, and the application of PBZ in the rooting
medium caused increases in root growth and root forma-
tion. The present findings are a great advancement for
the efficient micropropagation of selected genotypes in P.
massoniana. Regarding the poor rooting capacity in Pinus
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Fig. 3 Establishment of the

in vitro regeneration system for
superior mature trees of Pinus
massoniana. a Grafts using
tender shoots of selected mature
trees. b New shoots of grafts as
explants. ¢ Induction of initial
buds from nodal segments. d,
In vitro sterile preservation of
different genotypes. e Vigorous
subcultured shoots. f Less-
vigorous subcultured shoots
after long-term subculturing.

g Typical rooted shoots after
induction with 1.2 uM NAA. h
Rooted shoots after long-term
subculturing with 1.2 uM NAA.
i Rooted shoots after long-

term subculturing with 1.2 pM
NAA+2 uM PAC. Scale bars: a
2cm; b,c, e, f,handilcm;d
10 cm; g5 cm
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Fig. 4 Variations in rooting capacity of subcultured shoots during
long-term subcultures from rejuvenated materials of 26-year-old trees
of Pinus massoniana. Lowercase letters indicate differences in the
rooting rate or root number among subculture times (P <0.05; Dun-
can’s test). Bars in the figure indicate standard errors (SE)
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species, more positive responses of plant regeneration to
exogenous PBZ in culture medium can be expected.
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