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Abstract

Slash pine (Pinus elliottii Engelm.) has strong adaptability, early growth and high turpentine yield, and it is widely planted
in southern China. Breeding of disease-resistant varieties is an effective way to prevent and control development of pine
needle brown spot on slash pine in China. Plant regeneration by somatic embryogenesis has been achieved for slash pine, but
large-scale production of somatic embryos remains restricted by several factors. We tested different embryogenesis condi-
tions from time of initiation to maturation and studied genetic stability at simple sequence repeat (SSR) loci of regenerated
plants in slash pine. Immature zygotic embryos of four open-pollinated mother trees were used for initiation of somatic
embryogenesis. Seed sources (families) had a significant impact on initiation of embryonal suspensor mass (ESM, p <0.05);
however, the addition of abscisic acid ABA (1-2 mg/L) and phytosulfokine PSK (0.5 mg/L) could effectively improve ini-
tiation rate by up to 36%. Seed family 27 was the most favorable female parent for ESM initiation. The production (number
of somatic embryos) was significantly increased by adding ABA (5 mg/L) during suspension culture before transferring
to maturation media (p < 0.05). We tested the genetic stability of 14 regenerated plants at SSR loci, and 88.9% plants with
normal phenotypes were found not to have genetic variation. We clarified the somatic embryogenesis conditions suitable for
slash pine and established somatic embryo maturation technology.

Key message
We clarified the somatic embryogenesis conditions suitable for slash pine and established somatic embryo maturation tech-
nology by studying several related influencing factors.
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Nanjing Forestry University, Nanjing 210037 green tree of the genus Pinus, which is native to the south-
People’s Republic of China eastern United States (Gholz et al. 1985). Slash pine was
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introduced into China in the late 1940s and began to be
planted in southern China on a large scale in the late 1970s.
Due to its rapid growth, wide adaptability, high resin con-
tent and other advantages, it has become one of the main
wood and resin dual-use species in southern China (Wen
et al. 2004). Pine needle brown spot has occurred on the
introduced slash pine in southern China since 1978, severely
restricting the development of slash pines (Li et al. 1987).
Therefore, it is of great economic and ecological significance
to carry out research on resistance breeding of slash pine.
Selection of healthy trees from stands severely infested with
pine needle brown spot was initiated from 1982 in Fujian,
China (Ye et al. 1991). A resistant seed orchard was estab-
lished using these resistant individuals in 1986 (Ye and Li
1996). However, traditional breeding methods struggle to
meet the requirements of large-scale mass production in a
short period of time.

Somatic embryogenesis has been suggested as the most
promising tool for rapid clonal propagation of large num-
bers of conifer plants (Gupta et al. 1993), and it can help
to capture the greatest benefits from traditional breeding
programs by multiplying trees with desirable character-
istics for plantation forestry (Pullman and Bucalo 2014).
Since 1985, when somatic embryogenesis from immature
zygotic embryos of Picea abies (Chalupa 1985; Hakman
et al. 1985) and Larix deciduas (Nagmani and Bonga 1985)
were reported, in vitro embryogenesis of conifers has made
remarkable progress. Many different coniferous species have
shown the ability to produce embryogenic tissue, including
multiple pine species. At least 27 of the 115-120 known
Pinus species, including Pinus banksiana, Pinus caribaea,
Pinus desiflora, Pinus nigra, Pinus pinaster, Pinus radiata,
Pinus sylvestris, Pinus taeda, and Pinus thunbergii, are
reported to go through somatic embryogenesis (Pullman and
Bucalo 2011). Initiation of embryogenic tissue and produc-
tion of Stage-1 somatic embryos on solid media in slash
pine was first reported by Jain et al. (1989), while success-
ful regeneration of plantlets via somatic embryogenesis was
first reported by Liao and Amerson (1995a, b); Newton et al.
(2005) described a detail protocol for plant regeneration via
somatic embryogenesis in slash pine; however, further pro-
tocol modifications are needed. More recently, Nunes et al.
(2018) reported a somatic embryogenesis system with an
initiation rate of 10.2% and maturation rate of 52% in hybrid
P. elliottii X P. caribaea.

Although research on somatic embryogenesis of coni-
fers in China started relatively late, great progress has been
made. Somatic embryogenesis has been initiated from
mature zygotic embryos of Pinus massoniana and Pinus
yunnanesis (Huang et al. 1995a, b). The regeneration of
complete embryos or plantlets via somatic embryogenesis
from mature zygotic embryos has been reported for P. taeda
and P. elliottii (Tang et al. 1997, 1998). Wu et al. (2013),
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Zhang et al. (2016) and Hu et al. (2019) also carried out
systematic studies on the somatic embryogenesis of slash
pine, and obtained regenerated plantlets. However, existing
research results have shown that somatic embryogenesis of
slash pine is still comparatively restricted, with low effi-
ciency in the initiation of embryogenic callus and maturation
of somatic embryos.

As stated above, somatic embryogenesis has been
achieved successfully in many pine species; however, ini-
tiation and maturation frequency is often low. Several stud-
ies have focused on improving initiation or maturation by
experimenting with culture medium formulations incor-
porating plant growth regulators, hormone inhibitors and
polyamines (Pullman and Bucalo 2011, 2014; Pullman et al.
20054, b). Percentages of somatic embryogenesis initiation
in slash pine are improved through the use of paclobutrazol,
a gibberellin biosynthesis inhibitor (Pullman et al. 2005a, b).
Peptide hormones such as phytosulfokine (PSK) are known
to contribute to the initial step of cellular differentiation,
proliferation, and redifferentiation in conifers (Sarmast
2016). Abscisic acid (ABA) not only improves embryogenic
tissue initiation (Pullman et al. 2003; Pullman and Skryabina
2007), but also improves early stage somatic embryo growth
in maintenance medium (Pullman et al. 2005a, b).

Somatic embryogenesis has proved to be a favorable tool
for large-scale propagation of superior forest trees. However,
high concentrations of plant growth regulators supplemented
in the medium and prolonged culture under artificial con-
ditions can be potential inducers of somaclonal variation
in vitro (DeVerno 1995). Somaclonal variation has been
detected in embryogenic cultures of conifers including Picea
glauca (DeVerno et al. 1999), L. deciduas (Von Aderkas
et al. 2003), P. sylvestris (Burg et al. 2007), and P. pinaster
(Marum et al. 2009). Genetic variations can be analyzed
using different molecular markers, for example, random
amplified polymorphic DNA (RAPD; Isabel et al. 1993;
DeVerno et al. 1999), restriction fragment length polymor-
phism (RFLP; DeVerno et al. 1994), and simple sequence
repeats (SSR; Burg et al. 2007; Marum et al. 2009). No
information is currently available regarding somaclonal vari-
ation of embryogenic cultures in slash pine.

The objective of this study was to develop an efficient
somatic embryogenesis protocol for slash pine. For this pur-
pose, we examined immature zygotic embryos from four
open-pollinated mother trees (family) of disease-resistant P.
elliottii for the capacity to undergo somatic embryogenesis.
The effects of the genotype of the parent trees, developmen-
tal stage of zygotic embryos, and the formulation of tissue
culture medium, especially ABA and PSK, on embryonal
suspensor mass (ESM) initiation were evaluated, along
with the influence of ABA, maltose and inositol on somatic
embryo maturation capacity. To validate our protocol, the
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genetic stability of regenerated plantlets was analyzed based
on microsatellite variability at several SSR loci.

Materials and methods
Plant material

Green cones from four open-pollinated disease-resistant P.
elliottii mother trees (family) (7#, 274#, 30#, and 32#), con-
taining immature seeds, were collected from Xi’po State-
owned Forest Farm, Huaan, Fujian (25° 06" 34.58" N, 117°
33" 8.47" E), from 28 June to 10 July 2019 (four collection
dates). At least three cones were collected from each mother
tree. These cones were surface-disinfected using alcohol cot-
ton and stored in the dark at 4 °C for 1 week. Immature seeds
were then removed from the cones, sterilized with 70% (v/v)
ethanol for 1 min followed by 30% (w/w) H,O, for 20 min
and rinsed three times with sterile distilled water. Finally,
whole megagametophytes were removed aseptically from
immature seeds without damage and cultured horizontally
on initiation medium (Zhang et al. 2016). These were cul-
tured at 23 +2 °C in the dark.

Initiation and proliferation of embryogenic tissue
Microscopic observation of developing zygotic embryos

Zygotic embryos were removed from megagametophytes on
each collection date and screened under a stereomicroscope
(Leica MZ16, Wetzlar, Germany) to visualize and evaluate
their developmental stages quickly. The embryo develop-
mental stages were sorted according loblolly pine zygotic
embryo development stage system developed by Pullman
and Webb (1994), which is based on embryo morphology.

Effect of family on ESM initiation

To determine the effect of genotype on ESM initiation, about
20 megagametophytes (mostly at stages 2-5) without seed
coat were picked from each of the 4 open-pollinated mother
trees, respectively, and placed onto initiation medium. Two
initiation media were tested, named YD1 medium and YD7
medium (Zhang et al. 2016). YD1 medium was composed
of LP basic medium (Arnold and Eriksson 1977) contain-
ing basal salts and vitamins supplemented with 2 mg/L
2,4-dichlorophenoxyacetic acid (2,4-D), 1 mg/L 6-benzy-
ladenine (6-BA), 3% (w/v) maltose, 1 g/LL myo-inositol,
500 mg/L casein acid hydrolysate, 250 mg/L 2-(4-mor-
pholino) ethanesulfonic acid (MES) and 500 mg/L L-glu-
tamine for ESM initiation. In the second medium, 2 mg/L
2,4-D and 1 mg/L 6-BA were replaced with 2 mg/L 1-naph-
thylacetic acid (NAA), 0.6 mg/L 6-BA and 0.6 mg/L kinetin

(KT) (Table 1), which was the only difference between these
2 media. Before autoclaving, the pH of the medium was
adjusted to pH 5.8 with KOH or HCI and then 6.5 g/L agar
was added. Each treatment comprised 20 megagametophytes
and was repeated at least 3 times.

Effect of ABA or PSK concentration on ESM initiation

Two families (seed families 7 and 27) collected on 2 July
were tested, beginning with medium YD1, to determine the
effect of 4 concentrations of ABA (0, 1, 2 and 4 mg/L) on
ESM initiation. Two families (seed families 7 and 27) col-
lected on 7 July were tested, beginning with medium YD1,
to determine the effect of PSK (the PSK used in the study
was synthesized by Nanjing Peptide Biotech Ltd.) concentra-
tion (0, 0.1 and 0.5 mg/L) on ESM initiation. Experiments
comprised three replications of 20 megagametophytes per
test medium per seed family. The rate of ESM initiation was
recorded after 7-8 weeks in subculture.

Maintenance and proliferation of embryogenic tissue

After 7-8 weeks on initiation media in the dark, ESM were
separated from the micropylar end of mega gametophytes
and transferred to fresh maintenance medium for promo-
tion of proliferation. The maintenance solid medium con-
sisted of LP basic medium supplemented with 1 mg/L NAA,
0.3 mg/L 6-BA, 0.3 mg/L KT, 1.5% (w/v) maltose, 1 g/L
myo-inositol, 500 mg/L casein acid hydrolysate, 250 mg/L
MES and 500 mg/L L-glutamine. Embryogenic tissue (ET)
was cultured in the dark at 23 +2 °C and subcultured onto
fresh maintenance medium every 15 days.

Maturation of somatic embryos
Suspension of embryogenic cultures

Embryogenic line 1807-1 showing the most vigorous matu-
rity was tested for maturation of somatic embryos. At 12—13
days after subculture, 1 g of fresh ESM was suspended in
30 mL of liquid proliferation medium for establishment of
embryogenic cell suspension cultures. Liquid proliferation
medium contained NAA (0.5 mg/L), 6-BA (0.15 mg/L) and
KT (0.15 mg/L) to maintain proliferative growth. Erlen-
meyer flasks were agitated on shaking tables at 90 rpm and

Table1 Concentrations of plant growth regulators in initiation
medium

Medium code 2,4-D (mg/L) NAA (mg/L) KT (mg/L) BA (mg/L)

YDI 2 0 0 1
YD7 0 2 0.6 0.6

@ Springer



162

Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 143:159-171

cultured at 25 °C in the dark. Liquid cultures were subcul-
tured every week. ESM was subcultured in fresh medium
at a ratio of 1:2 (v/v) by transferring 10 mL cell suspen-
sion to a 100 mL flask containing 20 mL of fresh liquid
medium; 5 mL of cell suspension was then spread on filter
paper (Whatman No. 2, 55 mm). Lastly, filter papers with
cells were placed on the surface of maturation medium
(Zhang et al. 2016). The maturation medium consisted of
LP basic medium supplemented with 2 mg/L. ABA, 130 g/L.
PEG 8000, 1.5 mg/L. GA3, 3% (w/v) maltose, 1 g/LL myo-
inositol, 500 mg/L casein acid hydrolysate, 250 mg/L MES
and 500 mg/L L-glutamine. For each maturation treatment, at
least 3 replicates (maturation medium with filter papers with
cells) were incubated for 10 weeks in the dark, at 23 +2 °C.

Effect of ABA concentration on somatic embryo maturation

In order to test the effect of ABA concentration (0, 2, 5,
10 mg/L) on somatic embryo maturation in suspension cul-
ture, ABA was added to suspension liquid medium devoid
of plant growth regulators (PGRs). Other additives were at
the same concentrations as in the liquid medium. Flasks
were also placed on a shaking table (90 rpm) in the dark at
23 +2 °C. After 1 week of incubation, the suspension ESM
were inoculated on the same maturation medium (Zhang
et al. 2016).

Effect of processing times with ABA on somatic embryo
maturation

The above-mentioned ESM suspension proliferative cells
were transferred into a liquid medium containing 5 mg ABA
and cultured for 1 week. After 1 week of incubation with
5 mg/L ABA, ESM was subcultured in fresh liquid medium
containing 5 mg/L ABA without PGRs at the same ratio of
1:2 (v/v). The subculture period was also 1 week. One week
of cultivation means the first of the number of processing
times (M5-1), 2 weeks of cultivation means the 2nd (M5-
2) and so on for the 3rd (M5-3). At each subculture stage,
5 mL of the cell suspension was transferred onto filter paper
placed on maturation medium to determine any effect of
processing times (M5-1, M5-2, M5-3) with ABA on matu-
ration ability.

Effect of maltose and inositol on SE maturation

To test the effects of maltose and inositol on somatic
embryo maturation efficiency, different concentrations of
maltose and inositol were added to the ESM suspension
with liquid proliferation medium (Table 2). The number
of mature somatic embryos was recorded after 10 weeks.
Somatic embryo production from suspensions of different
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Table 2 Concentrations of maltose and inositol in suspension culture

Medium code Maltose (g/L) Inositol (g/L)
MI-1 15.0 1.0

MI-2 7.5 0.5

MI-3 0 0

treatment was expressed as number of embryos per solid
maturation medium for each maturation experiments.

Microscopic observation of suspension cells

Cell suspensions treated with different liquid media were
settled for 5 min in Erlenmeyer flasks. Cells were trans-
ferred onto glass slides via a dropper and stained directly
with 2% (w/v) acetocarmine for 1 min. The samples were
then stained with 0.5% (w/v) Evan’s blue for 30 s and
rinsed with distilled sterile water. Finally, stained cells
were covered with a coverslip and placed under a Ster-
eomicroscope with 40-fold magnification for observation
(Montalban et al. 2012). The staining of the cells in the
suspension and the structure of the embryo were observed.

Germination and plant conversion

Approximately 100 somatic embryos from embryogenic cell
line (ECL) 1807-1 were transferred onto LP basal medium
without PGRs for germination. Culture plates were incu-
bated for the first 3-5 days in the dark followed by transfer
to light with an intensity of ~ 36 pumol/m?/s from cool white
fluorescent illumination. After germination for 1 month,
somatic embryos were transferred to rooting medium con-
taining NAA and indole-3-butyric acid (IBA), and allowed
to take root. After about 70 days of light culture, regenerated
plants were obtained.

DNA isolation and quantification

Fourteen regenerated plants were tested, nine with normal
phenotype and five had abnormal phenotype-poor rooting.
DNA extraction was performed using a Bioteke DP3111
Plant Genomic DNA Extraction Kit (Beijing Bioteke Bio-
technology Ltd.) following instructions provided by the
manufacturer, using 100 mg regenerated plants for each sam-
ple. DNA quality was checked by agarose gel electrophoresis
and ultraviolet absorption.
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Table 3 Primer sequences used
for amplification of respective

Loci Forward (F) primers

Reverse (R) primers

SSRs in Pinus elliottii 1-5872

CCGTTAATCCAGCCCAGTCCA

ACTATCTCCTCCAGCTACCAC

3-5021 TTGAAGGCATATCTCGAGCATC GAACAGTGAACCAGCAACAGCA
4-3919 TGTCATCCACGTTCATTGGC AACCTAGGGGCAATACCAC
11-3030 ACTGGGCTACAAAATTCACGAT CAGGCCAAACATCTACTGCAA
2094 CAACTGTGCCTGTGCTGTGT ATGGGTGGGTTGGTTATCTGA
4062 TCT AGG CAA TCT TTT ACC AAC ATC ATA GCC TCA TCC AAT ACA
4147 CTCCGGACAAGAGCACAGGACTC AGCTGGGTTTGGGACCATTCAC
SSR amplification and fragment analysis Results

Seven pairs of SSR primers from slash pine and loblolly pine
were selected for their high level of polymorphism, clear
bands and good repeatability for genetic diversity analy-
sis. PCR reactions for analysis of 1-5872, 3-5021, 4-3919,
11-3030 (Zhao 2016), 2094, 4062 and 4147 (Li et al. 2014)
were performed in a final volume of 30 ul using Tsingke’s
Gold Mix (green) (Cat. No. TSE101). Capillary electro-
phoresis was performed using an ABI3730 sequencer, and
the GeneMapper 5 software was used to analyze the peak
pattern at this site. When a mismatch of more than 2 bp
was observed compared to the size of the original allele, the
allele was considered to be mutated (Table 3).

Statistical analysis

Data were analyzed by a one-way analysis of variance
(ANOVA) using GraphPad Prism Software, version 6.01.
The data are expressed as the mean =+ standard deviation. The
data consists of the rate of ESM initiation and the number
of somatic embryos.

Initiation and proliferation of embryogenic tissue

According to Pullman’s criteria for the developmental stage
of zygotic embryos of loblolly pine, the development of
zygotic embryos of disease-resistant P. elliottii was divided
into eight stages (Fig. 1). With the development of zygotic
embryos, the embryo proper changed from indistinct and
translucent to white and opaque, along with the radial
increase of the suspensor. At the same time, the cotyledons
gradually elongated, overtopping the shoot apical meris-
tem, but the cotyledons did not completely close, and when
viewed from above at a right angle, the shoot apical mer-
istem was still visible. Using the embryo staging system
of Pullman and Webb (1994), 88% of immature zygotes
from open-pollinated seeds of mother trees collected on 28
June, 2019 were at 2-5 stage, and the proportion of imma-
ture zygotes collected on 2 July, 2019 stage decreased to
81%. As time to seed collection increased, the maturity of
zygote embryo gradually increased, but mainly concentrated
in stage 2-5.

1 2 3 4

Fig. 1 Photographs of Pinus elliottii zygotic embryos stripped from
female megagametophyte. The embryo developmental stages of Pinus
elliottii zygotic embryos were sorted according Pinus taeda zygotic
embryo development stage system developed by Pullman and Webb
(1994). Sequence of slash pine somatic embryo development show-
ing similar developmental stages 1-8. Stage 1: pro-embryos had
formed. The embryo proper is indistinct and translucent. Stage 2:
stages showed early cleavage polyembryony. Multiple embryos are

proliferating and developing. The suspensor has elongated but has
not increased radially. Stages 3—6: the “bullet” stage which the domi-
nant embryo is clearly developed. The embryo proper is beginning to
become white and opaque. Cotyledon tissue gradually developed at
the top of the zygotic embryo. Stages 7-8: the cotyledons have elon-
gated but not closed, and when viewed at a right angle from above,
the shoot apical meristem is still visible
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After placement of the female gametophyte on initiation
medium for 2 weeks, the female gametophyte (FG) began to
expand and white or translucent ESM were seen extruding
from the micropylar end of the megagametophyte in sev-
eral explants. On the surface of some megagametophytes,
a yellow, compact callus formed in addition to ESM. Only
proliferating ESM were considered for quantification of ECL
initiation. For ECL establishment, we tested four different
seed families and two different initiation mediums, consist-
ing of LP basal formulations with different combinations
of the PGRs 6-BA, 2,4-D, NAA and KT. There were some
differences in the responses of immature FGs of P. elliot-
tii from different seed families in different initiation media.
There was no significant difference (p < 0.05) between mean
initiation rates (12—-15%) among the four seed families in
YDI. Initiation of embryogenic tissue (ET) was significantly
affected by seed family in YD7. The highest mean initia-
tion percentages were obtained for seed family 27 (31.7%)
inoculated in YD7 medium, which were significantly differ-
ent (p<0.05) from those of the other seed families. Mean
initiation rates among the other three seed families in YD7
were lower than those in YD1. The lowest mean initiation
percentages were observed for seed family 32 (3%), and dif-
ferences were statistically significant (Fig. 2a).

ABA had a significant effect on the initiation of embryo-
genic callus. When ABA was not added to the medium, the
callus initiation rate in seed families 7 and 27 was low. When
the ABA concentration was 1 mg/L, the initiation rate in
family 7 increased, but not significantly, while the initia-
tion rate in family 27 increased significantly. Addition of
2 mg/L. ABA resulted in a statistically significant increase
in callus initiation over that without ABA (p <0.05), with

the initiation rate highest in family 27, reaching 35%. When
the ABA concentration was increased to 4 mg/L, the cal-
lus initiation rates in families 7 and 27 were significantly
reduced again (Fig. 2b). Therefore, addition of ABA to the
medium increased average callus initiation, and addition of
1-2 mg/L ABA could effectively improve the initiation rate
of embryogenic callus in disease-resistant slash pine.

Not all levels of PSK added to the medium were able
to increase average callus initiation. Initiation percentages
of about 13% were produced on YD1 medium with O or
0.1 mg/L PSK in seed family 7 after 5-6 weeks of incuba-
tion in the dark. The initiation rate of embryogenic callus in
family 27 was significantly higher. The highest mean initia-
tion percentages were obtained in families 7 (20%) and 27
(23%) on media with 0.5 mg/L PSK, which was significantly
different (p < 0.05) from the media without PSK (Fig. 2c¢).
Therefore, the appropriate addition of PSK could effectively
increase the initiation rate of disease-resistant slash pine
embryogenic callus.

Maturation of somatic embryos

Addition of ABA during suspension culture can effec-
tively improve the ability of somatic embryos to mature.
After ESM (1807-1) had been cultured for 1 week in liquid
medium containing ABA but not other PGR, cell structure
was observed under a microscope prior to transfer onto
maturation medium.

Proembryogenic masses (PEMs) are composed of two
types of cell: small, densely cytoplasmic cells, which stain
red with acetocarmine; and enlarged, highly vacuolated
cells, which are more or less elongated and permeable to

Fig.2 The effects of seed fam- 404 Q s0- b
ily (a), ABA concentration (b) § a HE YDI é a m #
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Evan’s blue (Filonova et al. 2000). The three stages of PEM
(I-II1) (Filonova et al. 2000) and early somatic embryo exist
at the same time in embryogenic tissue. In control samples
without ABA, most cells were in the PEM 111 stage, and cells
cultured with 2 mg/L. ABA were not much different from
those cultured without ABA. The number of cells aggregated
by the PEMs of PEM III was increasing, and the suspen-
sor was continuously extended and formed. The embryo
head was aggregated and embryo-suspensor was scattered
around. When the concentration of ABA was 5 mg/L,
embryonic cells gradually showed the stage of the early SE.
The embryo-suspensor gathered at one end of the densely
cytoplasmic cells, and the embryo head showed significant
polarity development. The aggregated state of the embryo
head was less obvious when the concentration was increased
to 10 mg/L (Fig. 3a).

After about 70 days of ESM culture, cotyledonary
somatic embryos were isolated and quantified from each
maturation medium. Production (number of somatic
embryos) was significantly (p <0.05) affected by the
concentration of ABA; production peaked at 5 mg/L, fol-
lowed by a significant decline at 10 mg/L (Fig. 3b, c). We
continued to culture ESM in liquid medium containing

Fig.3 Effect of ABA concentra-

tion on somatic embryo matura-

tion. a Morphology of embryo-

genic cells growing in liquid

medium cultured at different a
ABA concentration. b Cells

were treated with suspensions

of different ABA concentrations

and then transferred to solid

maturation medium. Somatic

embryos obtained after 70 days

of solid culture. The concen-

trations of ABA from left to b
right are 0, 2, 5, and 10 mg/L.

¢ Number of somatic embryos
obtained from solid maturation
medium after 70 days. Data
represent mean + SD of three
replicates. Different lowercase
letters indicate significant differ-
ence (p<0.05) by Duncan’s test

The number of somatic embryos/dish

Q Vv

ABA (5 mg/L), and changes after each treatment could be
observed under the microscope. As the number of treat-
ments increased, the number of early somatic embryos in
the field of vision also gradually increased. A thick cyto-
plasmic embryonic mass aggregated at the apex, followed
by a large number of long suspensor cell clusters (Fig. 4a).
After 3 treatments (each 1 week), the number of somatic
embryos increased significantly, reaching up to 51 per
dish (Fig. 4b, ¢). The enlarged part of the photo shows the
complete cotyledon embryo with high quantity and high
quality. (Fig. 4b).

There was no significant change in cell structure when
the concentration of maltose or inositol was reduced to 1/2.
Early somatic embryos appeared, and relatively shaped
early somatic embryos aggregated regularly. Without malt-
ose or inositol, the cytoplasmic embryonic cell mass was
relatively loose (Fig. 5a). Furthermore, the production of
somatic embryos without maltose or inositol was signifi-
cantly lower than that with maltose and inositol (15 g, 1 and
7.5 g, 0.5 g), whereas there was no significant difference
in production between the 2 concentrations of maltose and
inositol (Fig. 5b, ¢). The enlarged part of the photo shows the
complete cotyledon embryo with quality (Fig. 5b).

% RN

ABA Concentration (mg/L)
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Fig.4 Effect of time with ABA on somatic embryo maturation. a
Morphology of embryogenic cells growing in liquid medium cul-
tured for different times. b Cells were treated with suspensions of
different processing times and then transferred to solid maturation
medium. Somatic embryos obtained after 70 days of solid culture.
The processing times with ABA from left to right are M5-1, M5-2

Fig.5 Effect of maltose and inositol on somatic embryo maturation.
a Morphology of embryogenic cells growing in liquid medium cul-
tured at different maltose and inositol concentrations (Table 2). b
Cells were treated with suspensions of different maltose and inosi-
tol concentrations and then transferred to solid maturation medium.
Somatic embryos obtained after 70 days of solid culture. The con-

Germination and plant conversion

Cotyledonary somatic embryos (1807-1) cultured for 5 days
in the dark were transferred to light (Fig. 6a). After 1 month,
the embryonic axis of 85 of 100 (85%) somatic embryos had
extended and cotyledons gradually opened, but roots failed
to develop (Fig. 6b). Somatic embryos with undeveloped
roots were transferred to rooting medium to induce rooting
(Fig. 6¢). After 70 days, about 75% somatic embryos devel-
oped root ends with white root tips and eventually formed
whole regenerated plants (Fig. 6d).

Genetic stability in regenerated plants
We analyzed the genetic stability of SSR loci of regenerated

plants from the same ECL. 5 of 14 (35%) plants used for SSR
analysis showed an abnormal phenotype, and 4 of these plants

@ Springer
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maturation medium after 70 days. Data represent mean =+ SD of three
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and 0.5 g inositol; MI-3, 0 g maltose and O g inositol. ¢ Number of
somatic embryos obtained from solid maturation medium after 70
days. Data represent mean=+ SD of three replicates. Different lower-
case letters indicate significant difference (p <0.05 by Duncan’s test)

displayed amplification patterns different from those of most
other plants with normal phenotype (Table 4). In addition, one
plant with a normal phenotype showed allele size variation.
The highest mutation rate (14.3%) was observed at the 1-5872
and 11-3030 loci (Table 5), where genetic variation was found
in two individuals. No SSR allele size variation was detected
at loci 3-5021 and 4-3919. Allele size variation was detected
in five individual plants (Table 5); however, only one of these
individuals had a normal phenotype.

Discussion

In this study, we established an effective procedure for plant
regeneration by somatic embryogenesis of disease-resistant
P. elliottii by investigating seed families from four mother
trees obtained from the Xi’po State-owned Forest Farm
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Fig.6 Plantlet conversion of 1807-1 of Pinus elliottii. a Cotyledon-
ary somatic embryos on germination medium for 5 days, b somatic
embryo germination for 1 month, ¢ cotyledonary somatic embryos on
rooting medium for 2 months, and d intact somatic embryo-derived
plant

(Huaan, Fujian) in 2019. Some studies of somatic embryo-
genesis in P. elliottii (Liao and Amerson 1995a, b; Newton
1995) have been described, but information on success rates
is limited. With this protocol we described, it is possible
to obtain a high ESM initiation frequency, and the somatic
embryos maturation capacity also been improved.

The ESM initiation of slash pine is closely related to
family, zygotic embryo development stage, basic medium,
PGRs, PGR concentration and other factors, which are key
for initiation (Pinto et al. 2008). In our experiments, different

seed families showed significantly different abilities for ESM
initiation, from up to 31.7% to only 3%. Similar significant
differences in somatic embryogenesis response among pine
families were also found in P. elliottii (Liao and Amerson
1995a, b), P. taeda (Tang et al. 2001; Pullman and Johnson
2002), P. pinaster (Miguel et al. 2004; Park et al. 2006), P.
pinea (Carneros et al. 2009), P. radiata (Hargreaves et al.
2009), Pinus halepensis (Montalban et al. 2013) and hybrid
P. elliottiix P. caribaea (Nunes et al. 2018).

ABA was added to the original medium to produce a
higher initiation rate for most seed families. Media con-
taining 1-2 mg/L. ABA increased the average ESM ini-
tiation rate. ABA plays an important role in maintaining
the physiological and metabolic balance of cells as well
as in embryo development because of its presence in early
embryos and female gametophyte tissues. Handley (1997,
1999) also reported, in two US patents, increased somatic
embryo initiation in loblolly pine using 5-120 mg/L. ABA.
Pullman (2003) found that all concentrations of ABA tested
(0.25-5.0 mg/L) increased initiation, and the addition of
1 mg/L ABA produced consistent increases in somatic
embryo initiation in loblolly pine. Ma et al. (2012) and
other researchers have demonstrated through experiments
and practice that the addition of ABA (1+0.5 mg /L) can
increase the somatic embryo initiation rate in pine.

Studies have shown that PSK-a plays an important regu-
latory role in plant growth, development, reproduction and
response to the external environment, and is closely related
to cytokinin and mitogen-mediated signal transduction
pathways (Matsubayashi et al. 1999). Studies have shown
that plant sulfopeptides can improve the somatic embryo-
genesis of plants, such as successfully promoting Japanese
cedar (Cryptomeria japonica) (Igasaki et al. 2003) somatic

Table 4 Fragment lengths of

. . L Individuals with  loci Original alleles Mutated alleles Phenotype
alleles in plants of Pinus elliottii mutated alleles
A 4062 142/142 201/201 Normal phenotype
B 1-5872 2517257 299/299 Abnormal phenotype-poor rooting
11-3030  296/299 293/299
C 4147 194/194 191/191 Abnormal phenotype-poor rooting
D 1-5872 2517257 257/257 Abnormal phenotype-poor rooting
11-3030  296/299 275/299
E 2094 195/250 215/215 Abnormal phenotype-poor rooting
Table 5 Variation frequency Loci
(%) of mutated emblings
of Pinus elliottii at 1-5872, 1-5872 3-5021 4-3919 11-3030 2094 4062 4147
3-5021, 4-3919, 11-3030, 2094,
4062 and 4147 loci N. analysed plants 14 14 14 14 14 14 14
N. mutated plants 2 0 0 2 1 1 1
Variation frequency (%) 14.3 0 0 14.3 7.1 7.1 7.1
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embryogenesis. Some studies have found that in ESM ini-
tiation, a low concentration of PSK-a (0.1 mg/L) can effec-
tively improve the response of explants and increase the
initiation rate (Chen et al. 2013). The addition of PSK signif-
icantly improved the regeneration ability of somatic embryos
and organs, thereby producing regenerated plants of both pea
cultivars (Ochatt et al. 2018). The combination of PSK with
auxins and cytokinins can promote somatic embryogenesis
induction, and the formation of callus depends intensively
on the combination of IAA, TDZ and PSK (Gatuszka et al.
2019).

Many factors affecting somatic embryo maturation,
such as genotype, osmotic potential and PGRs have been
reported (Silveira et al. 2004; Hazubska-Przybyt et al. 2016).
In our experiments, ABA was added to the liquid medium
before the cells were placed on solid maturationmedium to
adjust the state of ESM and the development of the original
embryo. Higher somatic embryo production was associated
with increased concentration and treatment times of ABA.
Production was very low with culture in liquid medium with-
out ABA, while production increased to 15 somatic embryos
per dish when cultured in liquid medium with 5 mg/L ABA.
In addition, the highest production (51 somatic embryos per
dish) was obtained after 3 treatments with 5 mg/L. ABA.
Studies have been conducted to evaluate the effect of ABA
in in vitro suspension cultures, but there are few reports
describing the effect of ABA in suspension on maturation in
conifer. ABA can affect the formation of preglobular embry-
onic structures while increasing production (Fernando et al.
2009). In a study by Zouine et al. (2005), embryogenic callus
placed in a liquid medium containing about 2.64 mg/L ABA
produced an average of 72 embryos/100 mL of medium
within 2 months, significantly higher than the average of
16 embryos/100 mL of solid medium containing about
2.64 mg/L ABA. The effects of ABA at different concentra-
tions (0-26.43 mg/L) on somatic embryos were studied in
date palm (Al-Khayri and Al-Bahrany 2012). Addition of
0.26 mg/L ABA to the liquid medium appears to be essen-
tial for inhibiting the growth and development of somatic
embryos, while high concentrations of ABA inhibit the elon-
gation of somatic embryos at the small globular stage, lead-
ing to synchronization of embryoid size. The best synchro-
nized development was found at 13.22-26.43 mg/L. among
the ABA concentrations tested (0-26.43 mg/L) in date palm
(Alwael et al. 2017).

Cells in liquid media absorb nutrients quickly, while
growth inhibitors released, such as phenolic resins, are
quickly diluted to harmless levels because they spread
faster through the liquid system. Negative effects on growth
are therefore minimized. At the same time, because it
saves labor, time and space, culture establishment in liquid
medium can be widely promoted (Gupta and Timmis 2005).
In addition to serving as a carbon source for ESM, sugar
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is also an important penetrant. Using appropriate concen-
trations of sugar at the somatic embryo maturation stage
can not only promote the occurrence of somatic embryos
but also effectively suppress the appearance of deformed
embryos. Current studies have found that maltose has a
greater effect on somatic embryo maturation than other types
of sugar (Becwar et al. 1990). By reducing the concentration
of maltose and inositol, we reduced the osmotic potential
of the liquid culture medium and obtained more somatic
embryos. However, the presence of a carbon source has an
important effect on the development of somatic embryos
and cannot be completely absent. Osmotic potential has
been reported to be important for embryo development and
maturity (Stasolla and Yeung 2003). In the work of Torres
et al. (2001), ABA and osmotic preconditioning (mannitol)
were shown to improve both the total number and the syn-
chronization of sweet potato (Ipomoea batatas Lam.)somatic
embryos, consistent with our results. The obtained somatic
embryos were hard to take root in the germination medium,
similar to results for other somatic embryos obtained without
treatment with liquid medium (data not shown). Whether
this is caused by the ABA needs to be further explored.

Regulation of somatic embryo germination and plant
regeneration conditions is beneficial for increasing produc-
tion and plant regeneration rate. The addition of IBA and
NAA to the plant regeneration medium is beneficial for pro-
moting root development and cotyledon elongation (Zhang
et al. 2016). Nunes et al. (2018) reported that plantlet con-
version rates were approximately 45 and 86%, respectively,
and were related to genotype. In our study, higher regenera-
tion rates were obtained, which may be related to genotype
and selection of high-quality somatic embryos.

Concern over the genetic fidelity of plants produced
by lengthy in vitro culture has been raised many times.
Microsatellites have been proved to be highly sensitive
markers for monitoring genetic variation during in vitro
culture (Burg et al. 2007; Helmersson et al. 2008; Marum
et al. 2009). When genetic stability was analyzed using
four variable nuclear microsatellite loci in embryogenic
cultures and zygotic embryos of Scots pine, significant
differences in variation among families were found (Burg
et al. 2007). No genetic variations were detected during
early stages of somatic embryogenesis in two genotypes of
Norway spruce using microsatellite markers (Helmersson
et al. 2004), while mutations were observed in somatic
plantlets derived from 6 out of 38 clones (Helmersson
et al. 2008). Marum et al. detected genetic variations at 7
SSR loci in embryogenic cell lines of maritime pine after
6, 14 and 22 months under proliferation conditions, and 5
out of 52 somatic plantlets showed abnormal phenotypes
(2009). However, no correlation was observed between
genetic stability and abnormal germinants (Marum et al.
2009). In our study, most plants did not have mutations at
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the SSR loci tested, and mutations usually occurred only
in plants with abnormal phenotypes. Although somaclonal
variation risk appears limited based on results available
today, it is still important to pursue research and analyses
of the cause and results of such variability (Egertsdotter
2019).

In summary, this is a report describing the factors that
play a crucial role in initiation and maturation in somatic
embryogenesis of disease-resistant slash pine. We con-
firmed that zygotic embryo developmental stages ranging
from 2 to 5 were suitable for ESM initiation, and we have
identified the most favorable seed family for embryogen-
esis initiation. Besides, ABA treatment enhanced not only
the initiation but also the maturation of somatic embryos.
Although there is still a gap before application to large-
scale production, we believe that the current protocol is
helpful for labour savings in the future, and could poten-
tially accelerate the breeding programme against pine nee-
dle brown spot disease.
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