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Abstract

The efficiency of in vitro regeneration in litchi (Litchi chinensis Sonn.) is highly influenced by the type
and concentration of plant growth regulators (PGRs), particularly auxins. Although the effects of
various growth regulators on the in vitro regeneration have been studied, more types of auxins need
to be investigated for their influence on somatic embryogenesis and plantlet regeneration of litchi. In
this study, the effects of phenylacetic acid (PAA) and its derivatives —4-chlorophenylacetic acid (CPA)
and 4-iodophenylacetic acid (IPA)—were assessed in relation to callus proliferation, somatic
embryogenesis (SE), and plantlet regeneration in ‘Feizixiao’ litchi. The inclusion of CPA or IPA in
callus proliferation medium significantly enhanced the proliferation rate, with 20 mg-L' CPA the
most effective treatment. Embryonic calli following CPA and IPA treatments exhibited a deeper
yellow color, smaller cell clusters, and thicker cytoplasm compared to the control and PAA-treated
calli. The highest number of somatic embryos per gram of fresh embryonic callus weight (gFW-1)
(1131 embryos-gFW-') was observed when 40 mg-L-' PAA was added to the proliferation medium.
The addition of 10 mg-L-1IPA to the proliferation medium yielded the highest plantlet regeneration
rate (50 plantlets-gFW-1). The optimal supplementation of the somatic embryo induction medium was
5 mg-L1 PAA, which resulted in 460 somatic embryos-gFW-' and 86 regenerated plantlets-gFW-1.
These findings indicate that PAA and its derivatives are effective PGRs in the in vitro regeneration of
litchi, and provide a valuable protocol for the propagation of elite cultivars.

Keywords: auxin; litchi (Litchi chinensis Sonn.); somatic embryogenesis; in vitro regeneration; plant
growth regulators

1. Introduction

Litchi (Litchi chinensis Sonn.) is an economically important fruit tree native to southern China
and widely cultivated in tropical and subtropical regions, including China, Vietnam, India, and
Thailand [1]. It belongs to the Sapindaceae family, and specifically the Nepheleae subfamily.
Traditional breeding methods, such as hybridization and seed selection, are hindered by the highly
heterozygous genetic background and long juvenile period of litchi [2,3], limiting the development
of elite cultivars [4]. In vitro regeneration techniques, particularly somatic embryogenesis (SE), offer
a promising alternative means of rapid propagation and genetic improvement [5-8]. However, the
application of SE in litchi is constrained by several challenges, including low embryonic efficiency,
genotype dependency, poor germination of somatic embryos, and a high frequency of abnormal

embryos [9-11]. Therefore, optimizing SE protocols remains a critical research objective.
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Plant growth regulators (PGRs), particularly auxins, are pivotal in SE. Commonly used synthetic
auxins such as 2,4-dichlorophenoxyacetic acid (2,4-D) and 1-naphthylacetic acid (NAA), along with
cytokinins such as kinetin (KT) and thidiazuron (TDZ), have been extensively studied in litchi SE [12-
15]. Among these, 2,4-D is the most frequently used synthetic auxin for inducing embryonic callus
(EC) and SE [16,17]. However, prolonged exposure to 2,4-D was shown to cause genetic instability
and reduce regeneration efficiency [11,18], highlighting the need for safer alternatives.

Phenylacetic acid (PAA), a naturally occurring auxin found in various plant species, has been
shown to promote shoot regeneration, root formation, and somatic embryogenesis in plants such as
Vanilla planifolia [19] and Decalepis hamiltonii [20]. PAA also influences auxin transport, enzyme
activity, and defense responses [21-24]. Despite these promising effects, the potential of PAA and its
derivatives in litchi SE remains unexplored.

This study evaluates the effects of PAA and its halogenated derivatives —4-chlorophenylacetic
acid (CPA) and 4-iodophenylacetic acid (IPA)—on callus proliferation, somatic embryogenesis, and
plantlet regeneration in ‘Feizixiao” litchi . The specific objectives of the study were as follows: (1)
identify the optimal type and concentration of PAA derivatives for callus proliferation; (2) improve
the morphology and development of somatic embryos; and (3) establish an efficient regeneration
system. The findings provide a robust protocol for high-frequency regeneration and contribute to the
biotechnological breeding of litchi.

2. Materials and Methods

2.1. Plant Materials and Callus Culture

ECs were induced from anthers of “‘Feizixiao’ litchi collected from trees at the Institute of Tropical
Fruits, Hainan Academy of Agricultural Sciences, Hainan Province, China. The anthers were cultured
on callus-induction medium [Murashige and Skoog (MS) medium (Phyto Technology Laboratories,
Shawnee Mission, KS, USA) [25] supplemented with 2 mg-L-' benzylaminopurine (BA), 0.5 mg-L~*
NAA, and 3 mg-L! 2,4-D]. Cultures were maintained at 25 + 2°C in the dark, and calli were
subcultured every 40 days [9]. For callus proliferation, two types of media were used, alternating
every 30 days: MS medium with 1 mg-L 2,4-D, and MS medium with 1 mg-L1 2,4-D, 0.5 mg-L-1 KT,
and 5 mg-L' AgNOs. All media contained 30 g-L" sucrose and 7 g-L! agar.

2.2. Addition of Regulators to the Proliferation Medium

In the first experiment, 0.2 g of 25-day-old EC was transferred to proliferation medium (MS basal
medium supplemented with 1, 5, 10, 20, 40, or 80 mg-L! PAA, CPA, or IPA dissolved in distilled
water). Each treatment consisted of five Petri dishes per replicate, with three replicates per
experimental run, and the experiment was repeated six times. Callus was weighed on days 0 and 21,
and the proliferation rate was calculated over a 3-week incubation period. The control medium
contained 1 mg-L12,4-D. All media were supplemented with 30 g-L-! sucrose and 7 mg-L agar.

The EC proliferation index was calculated as follows: EC proliferation index = (callus mass on
day 21 - callus mass on day 0)/callus mass on day 0.

Subsequently, the ECs were subcultured on somatic embryo induction medium [MS medium
with 0.1 mg-L* NAA, 5 mg-L-* KT, 0.4 g-L-! lactalbumin hydrolysate (LH), 0.1 g-L" inositol, 60 g-L
sucrose, and 10 g-L agar] for 7 weeks. The embryo yield was determined by counting the number
of somatic embryos per gram of fresh EC weight (gFW-1).

Somatic embryos were then transferred to maturation medium [MS medium with 0.5 mg-L-!
IAA, 1 mg-L1 ABA, 100 mL-L-! coconut water, 60 g-L™" sucrose, and 10 g-L-" agar] for 8 weeks. Mature
somatic embryos were germinated on regeneration medium (1/2 MS medium with 0.5 mg-L1 GAs).
The number of regenerated plantlets per gram of fresh EC weight after 6 weeks under a 16-h
photoperiod with a light intensity of 50 pumol~ m?:s-! was recorded.
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2.3. Addition of Regulators to the Somatic Embryo Induction Medium

In a separate experiment, 20-day-old ECs pre-cultured on MS medium with 1 mg-L-1 2,4-D were
transferred to MS medium supplemented with 0.1 mg-L* NAA, 0.4 g-L-1 LH, 0.1 g-L-" inositol, 60 g-L!
sucrose, 10 g-L1 agar, 5 g-L-' KT or TDZ, and 1, 5, 10, or 20 mg-L' PAA, CPA, or IPA. The cytokine
concentrations were selected based on previous studies [9]. The control medium contained all
components except PAA, CPA, and IPA. Somatic embryo maturation and regeneration conditions
were the same as those described in Section 2.2. For somatic embryo induction, 60 Petri dishes were
used per treatment, with 10 dishes per replicate. For regeneration, 90 mature somatic embryos (0.5
1.0 mm) were transferred to regeneration medium, with 30 embryos per replicate. All experiments
were independently repeated twice.

The PGRs (2,4-D, KT, BA, NAA, LH, IAA, ABA, and GAs) were purchased from Sangon Biotech
Co., Ltd. (Shanghai, China). PAA, CPA, and IPA were obtained from Macklin Biochemical Co., Ltd.
(Shanghai, China). Sucrose and agar were sourced from Solarbio (Beijing, China), and silver nitrate
was from Yindian Chemical Co., Ltd. (Shanghai, China).

2.4. Data Analysis

Data were analyzed using one-way analysis of variance (ANOVA). Significant differences
among means were determined by Duncan’s new multiple range test at p < 0.05 using DPS Data
Processing System software [26].

3. Results

3.1. Effects of Regulators on Callus Proliferation and Morphology

Callus proliferation was significantly enhanced on media supplemented with CPA or IPA
compared to control media (Table 1). In contrast, the use of PAA resulted in lower proliferation rates
relative to the control. Calli grown on CPA- or IPA-containing media exhibited darker yellow and
coarser particles than those on control or PAA-supplemented media. Proliferation decreased as the
PAA concentration increased. At lower PAA concentrations (1-20 mg-L), calli appeared light
yellow, loose, and fine-grained (Figure 1, red arrow), with abundant oval cells (Figure 2, red arrow)
and small cell clusters (Figure 2, pink arrow). Transparent embryos were observed only at 40 mg-L
PAA (Figure 1, black arrow).

Table 1. Effects of phenylacetic acid (PAA), 4-chlorophenylacetic acid (CPA), and 4-iodophenylacetic acid (IPA)

on litchi callus proliferation, somatic embryogenesis, and plant regeneration.

PGR concentration

(mgeL-1) Callus No. somatic No. regenerated
Treatment proliferation embryos plantlets
"~ PAA CPA IPA (fold) (FW) (FW™)
D
CK 1 8.12+0.19f 232 +9.61f 13+450b
P1 1 8.21+0.18 f 144 £11.93 1 4 +0.39 ef
P2 5 8.09+0.25f 225 +8.083 f 2 +0.07 ef
P3 10 6.99 +0.18 f 285 +5.86 de 3+0.73 ef
P4 20 6.18+0.17h 366 +11.06 ¢ 3+0.10 ef
P5 40 4.61+0.18] 1131 £8.89 a 11 +0.53 bc
P6 80 343+022k 1028 £20.53 b 13 +1.03 bc
C1 1 11.23+0.00 c 164+1.00 h 0f
C2 5 10.94 £1.27 cd 273 +6.08 e 9+0.20 cd
C3 10 12.24+0.93b 131 £6.081 6 +2.64 de
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PGR concentration

(mg-L™) Callus No. somatic No. regenerated
Treatment proliferation embryos plantlets
" PAA CPA IPA (fold) (gFW-) (gFW")
Cc4 20 13.25+0.41 a 289 + 6.56 d 0f
G5 40 10.31+0.12d 193+1.73 g 0f
Cé 80 3.94+0.31 ik 73 +4.58 k 0f
I1 1 9.38+0.49e 238 £3.61 f 6+1.89 de
12 5 9.46+092e 293 +6.08 d 46 +7.05a
I3 10 6.45 +0.44 gh 271+£6.25¢€ 50+5.11a
14 20 5.39+0.671 194+8.72 ¢ 14+0.88b
I5 40 3.93+0.59 ik 106 +3.61] 5+1.29de
I6 80 1.90+£0.451 70+7.37 k 0f

Data are presented as mean + SD (n = 3). Different lowercase letters indicate significant differences among
treatments based on Duncan’s multiple range test (p < 0.05). The control (CK) contained 1 mg-L" 24-
dichlorophenoxyacetic acid (2,4-D).

~

115’» ?‘QL 16 N

Figure 1. Phenotypic responses of litchi callus to different plant growth regulator treatments. CK, control (1
mg-L™ 2,4-D). P1-P6, PAA treatments: 1 (P1), 5 (P2), 10 (P3), 20 (P4), 40 (P5), and 80 (P6) mg-L-'. C1-C6, CPA
treatments: 1 (C1), 5 (C2), 10 (C3), 20 (C4), 40 (C5), and 80 (C6) mg-L1. I1-I6, IPA treatments: 1 (I1), 5 (12), 10 (I3),
20 (14), 40 (I15), and 80 (I6) mg-L-'. Key morphological features are as follows: red arrow, embryonic callus; black
arrow, proembryo; green arrow, granular and hard calli. Scale bar = 1000 pum.

Callus proliferation and the number of transparent embryos increased as the CPA concentration
increased, peaking at 20 mg-L-' CPA (Table 1). At this concentration, the callus edges were
predominantly differentiated into transparent embryos (Figure 1, black arrow), while the inner callus
was compact and coarse (Figure 1, green arrow). Lower CPA concentrations (1-10 mg-L™") promoted
the formation of free single cells (Figure 2, red arrow) and small cell clusters (Figure 2, green arrow),
whereas higher concentrations (20-80 mg-L) led to larger cell clusters (Figure 2, blue arrow).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Cellular morphology of litchi calli under various plant growth regulator treatments. CK, control (1
mg-L12,4-D). P1-P6, PAA at 1 (P1), 5 (P2), 10 (P3), 20 (P4), 40 (P5), and 80 (P6) mg-L™'. C1-C6, CPA at 1 (C1), 5
(C2), 10 (C3), 20 (C4), 40 (C5), and 80 (C6) mg-L. I1-16, IPA at 1 (I1), 5 (I12), 10 (I3), 20 (I4), 40 (I5), and 80 (16)
mg-L71. Arrows indicate the following: red, embryonic cells; pink, embryonic cell clusters; green, small cell
clusters; blue, large cell clusters; purple, small round single cells; yellow, cytoplasmic clumping; white, apoptotic
cells. Scale bar = 100 pm.

Low concentrations of IPA (1 and 5 mg-L™) also enhanced proliferation, producing creamy
yellow, hard, and fine-grained calli (Figure 1, red arrow) with numerous free, small, round single
cells (Figure 2, purple arrow). At 10 mg-L- IPA, calli became light yellow, compact, and coarse, with
an increase in transparent embryos (Figure 1, black arrow) and cell clusters (Figure 2, pink arrow).
At 20 mg-L1 IPA, calli ceased proliferation, with extensive cytoplasmic shrinkage and cell death
(Figure 2, yellow and white arrows). Based on these observations, 5 mg-L! IPA was selected for
further experiments due to its favorable callus morphology and high embryonic potential.

3.2. Somatic Embryogenesis and Regeneration

The number of somatic embryos increased as the concentration of PAA, CPA, and IPA increased,
with PAA showing the most pronounced effect (Table 1). The highest embryo yields were observed
using 40 mg-L-1 PAA, 20 mg-L-' CPA, and 5 mg-L-! IPA. Somatic embryos induced by PAA or CPA
were primarily spherical (Figure 3, black border), clustered (Figure 3, green border), or trumpet-like
(Figure 3, blue border), with few cotyledon embryos (Figure 3, red border). The clustered embryos
reached diameters of up to 5 mm, while other embryos were smaller (=3 mm). In contrast, IPA-
induced embryos were predominantly cotyledon, particularly at 5 and 10 mg-L!, with diameters of
approximately 3 mm. However, both spherical and clustered embryos on CPA- and IPA-containing
media often turned milky white or brown during maturation (Figure 3, white border).

The regeneration efficiency varied significantly among treatments. IPA-supplemented media
yielded the highest number of regenerated plantlets, while PAA and CPA treatments produced lower
regeneration rates. The regeneration increased as the PAA concentration increased, but it decreased
at higher CPA and IPA concentrations. Somatic embryos on PGR-supplemented media exhibited
delayed greening and germination. Some embryos developed a red coloration (Figure 4C, red
border), produced secondary embryos (Figure 4B, D, black arrow), or formed calli (Figure 4D, white
arrow). Plantlets often had short, dark green internodes (Figure 4C, D, yellow border).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Somatic embryogenesis of litchi under different plant growth regulator treatments. CK, control (1
mg-L" 2,4-D). P1-P6, PAA at 1 (P1), 5 (P2), 10 (P3), 20 (P4), 40 (P5), and 80 (P6) mg-L". C1-C6, CPA at 1 (C1), 5
(C2), 10 (C3), 20 (C4), 40 (C5), and 80 (C6) mg-L. 11-12, IPA at 1 (I1), 5 (I2), 10 (I3), 20 (I4), 40 (I5), and 80 (I6)
mg-L-". Borders indicate the following: black, spherical embryos; blue, trumpet-like embryos; red, cotyledonary

embryos; green, clustered embryos; white, cotyledon embryos. Scale bar = 90 mm.

o 0

_\ R S

Figure 4. Regeneration of litchi plantlets influenced by plant growth regulators. (A) Control (CK; 1 mg-L™"2,4-
D). (B-D) Plantlets regenerated from callus proliferation media supplemented with PAA (B), CPA (C), and IPA
(D). (E-J) Plantlets from somatic embryogenesis media supplemented with PAA (E, F), CPA (G, H), and IPA (],

J). Borders indicate the following: red, red embryos; yellow, short dark-green stems; blue, light-green somatic

embryos; white, new calli; purple, dark-green swollen embryos; black, secondary milky embryos. Arrows
indicate the following: white, new calli; pink, thick stems; yellow, elongated stems; blue, long roots; purple, thin
weak plants.

3.3. Effects of PAA/CPA/IPA Combined with KT or TDZ on Somatic Embryogenesis and Regeneration

3.3.1. PAA Combined with KT or TDZ

The combination of PAA with either KT or TDZ significantly influenced SE and regeneration
(Table 2). Low PAA concentrations with KT or high PAA concentrations with TDZ enhanced embryo
induction and regeneration, outperforming the CPA and IPA combinations. With PAA and KT
combined, embryo and plantlet numbers peaked at 5 mg-L' PAA. With PAA and TDZ combined,
the optimal response was observed at 20 mg-L-' PAA. Somatic embryos arising from PAA treatments

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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were primarily dicotyledonous (Figure 5A) or multicotyledonous (Figure 5B). Regenerated plantlets
had shortened internodes (Figure 4E, yellow border), thicker stems (Figure 4F, pink arrow), and
occasionally a deep red color (Figure 4E, red border).

Table 2. Effects of PAA, CPA, and IPA on somatic embryogenesis in litchi.

PGR concentration .
. No. regeneration
No. somatic embryos

PGR o1 lantl

G (mgeL) (gFW-) plantlets
(gFW-)
NAAKTTDZPAACPAIPA

CK(T3) 01 5 - - - - 227 +6.08 gh 13+£237e
PAA-KT1 - 5 - 1 - - 320+5.00 ¢ 53+3.61b
PAA-KT2 - 5 - 5 - - 460 £4.00 a 86+3.61a
PAA-KT3 - 5 - 10 - - 215+2.001 29+4.62c

PAA-KT4 - 5 - 20 - - On Og

PAA-

TDZ1 - - 05 1 - - On Og

PAA-

TDZ2 - - 05 5 - - 83+1.00m 9+1.53 ef

PAA-

TDZ3 - - 05 10 - - 140 £2.001 28 +3.46 ¢

PAA-

TDZ4 - - 05 20 - - 340+2.00 b 85+5.03a
CPA-KT1 - 5 - - -1 346 +15.62b 49+7.12Db
CPA-KT2 - 5 - - - 5 307 £8.19d 19+1.28d
CPA-KT3 - 5 - - - 10 203 £11.27j 3+4.99 fg
CPAKT4 - 5 - - - 20 136 £9.54 1 2+271g

CPA-

TDZ1 - - 05 - -1 227 £7.00 gh 2+334¢g

CPA- .

TDZ2 - - 05 - - 5 215+6.241 2+3.06¢g

CPA-

TDZ3 - - 05 - - 10 166 +5.29 k Og

CPA-

Dza - - 05 - - 20 134 45,571 Og
IPA-KT1T - 5 - - 1 - 291 +4.58 e 31+4.06 c
IPA-KT2 - 5 - - 5 - 264 +7.00 f 11+3.80e
IPA-KT3 - 5 - - 10 - 217 £ 2.65 hi 5+4.17 fg
IPA-KT4 - 5 - - 20 - 194 +7.00 j 2+333¢g

IPA-

TDZ1 - - 05 - 1 - 231+529 ¢ 3+524 fg

IPA- .

TDZ?2 - - 05 - 5 - 195 +5.57j 2+340¢g

IPA-

TDZ3 - - 05 - 10 - 162 +5.29 k 1+243¢

IPA-

TDZA - - 05 - 20 - 138 £3.611 1+2.06¢g

* Data are presented as mean + SD (n = 3). Different lowercase letters indicate significant differences among
treatments (Duncan’s test, p < 0.05). Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; NAA, 1-
naphthylacetic acid; KT, kinetin; TDZ, thidiazuron.

3.3.2. CPA Combined with KT or TDZ

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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CPA combined with KT yielded higher SE and regeneration efficiencies than CPA with TDZ.
The best results were achieved with 1 mg-L' CPA and KT, which produced small, uniform
dicotyledonous embryos with high regeneration rates. Regenerated plantlets had longer roots (=7 cm;
Figure 4G, H, blue arrow) and stems (=3 cm; Figure 4G, yellow arrow). Higher CPA concentrations
reduced embryo and plantlet numbers, resulting in globular (Figure 5C) or cup-shaped (Figure 5D)
embryos with shorter stems and thinner roots. CPA with TDZ produced clustered globular embryos
(Figure 5E) with low germination rates and increased callus formation (Figure 4G, F, white arrow).

3.3.3. IPA Combined with KT or TDZ

IPA with KT also outperformed IPA with TDZ. The combination of 1 mg-L-!

IPA and KT yielded the highest number of somatic embryos, which were dark green and swollen
(Figure 4H, purple border), primarily cotyledon, with stems exceeding 1.5 cm. Higher IPA
concentrations reduced the embryo numbers and germination rates, and led to clustered embryos
(Figure 5F) with slender leaves (Figure 4G, red arrow). IPA with TDZ produced small, clustered
embryos that remained milky white (Figure 4], black border) and yielded weak plants (Figure 4],
purple arrow) with long roots (Figure 4], blue arrow). The optimal combination was 5 mg-L' IPA
and 5 mg-L-! KT, which achieved the highest SE and regeneration efficiency.

Figure 5. Morphological diversity of mature somatic litchi embryos. (A) Dicotyledonous. (B) Multicotyledonous.
(C) Globular. (D) Cup-shaped. (E) Globular mass. (F) Agglomerate. Scale bar = 2500 pm.

4. Discussion

The in vitro regeneration of many plant species, including litchi, represents a promising means
of improving the quality of planting materials [6,7,27]. In established litchi regeneration systems, calli
derived from different varieties exhibit variations in growth rate, morphology, color, and texture
[13,18,28]. For example, in media containing 2,4-D and biotin, callus of Litchi chinensis cv. 'Zili'
achieved a regeneration rate of 42.6% [11], while regeneration rates on media supplemented with
other regulators, such as indole-3-butyric acid, zeatin (ZT), KT, NAA, or BA, ranged from 7.0% to
33.1% [9,10,12,28]. In the present study, supplementation of the callus proliferation or SE medium
with various concentrations of PAA, CPA, and IPA enhanced somatic embryo induction to varying

degrees. The highest number of somatic embryos per gFW-' (1131 embryos-gFW-') was observed with

40 mg-L PAA added to the proliferation medium, while the highest germination rate (50 plantlets-
gFW™) was achieved with 10 mg-L-' IPA (Table 1). These results aligned with findings in geranium,
in which PAA was shown to accelerate somatic embryo induction [29]. The promoting effect of PAA
on rapid somatic embryo formation may be attributed to its auxin-like activity, which regulates auxin
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transport [30] and enhances the morphogenesis of early somatic embryos, thereby improving SE
efficiency. Previous studies demonstrated that PAA exhibited auxin-like activity in wheat and Avena
coleoptiles and in other auxin-mediated physiological processes [31]. The high regeneration rates
observed with PAA and its derivatives in this study may have also been influenced by the exogenous
auxin concentration; excessively high levels may inhibit further development of somatic embryos,
leading to reduced germination. Because IPA exhibits weaker auxin activity compared to PAA and
CPA [32,33], the highest germination rates were achieved at lower concentrations (5-10 mg-L). This
was consistent with reports that low concentrations of 2,4-D (1-2 mg-L™') promoted somatic embryo
differentiation but inhibited subsequent development [16,34,35].

PAA biosynthesis from phenylalanine shares similarities with IAA biosynthesis pathways, and
recent evidence suggests that PAA metabolism and signaling mechanisms are analogous to those of
IAA [30,32]. As an auxin, PAA appears to directly participate in somatic embryo formation during
SE. Consequently, the frequency of bud regeneration from somatic embryos was notably high in
PAA-treated cultures. With the exception of the proliferation medium supplemented with 5 mg-L-!
PAA, supplementation with PAA or its derivatives at the somatic embryo induction stage resulted in
higher SE and regeneration efficiencies compared to supplementation during the callus proliferation
stage.

Cytokinins such as KT and TDZ are widely used to induce SE in numerous plant species [36—
38]. Combining cytokinins and auxins is a common means of regulating in vitro plant regeneration.
In this study, Regeneration efficiencies were higher when PAA, CPA, or IPA was combined with
KT than when combined with TDZ.Moreover, PAA treatments consistently outperformed CPA and
IPA treatments, irrespective of whether TDZ or KT was used. A balanced ratio between cytokinins
and auxins is generally required to initiate growth and differentiation in tissue culture systems. Thus,
an optimal cytokine-to-auxin ratio may enhance bud formation [39].

The interactions between concentrated PGRs observed in this study affected both SE and
germination, corroborating the results of earlier studies on Nerium odorum leaf explants, in which
various concentrations of PAA and BA (0.5-10 mg-L!) were tested [40]. PGRs are known to interact
with endogenous hormones in explants to stimulate cell differentiation, a phenomenon also reported
in chickpea and sunflower [21,41]. For example, Qiao et al. [22] achieved a maximum shoot
differentiation rate of 28.3 + 4.29% in bamboo using medium supplemented with 0.5 mg-L KT, 2
mg-L1 BA, 0.2 mg-L' NAA, and 0.15 mg-L-* PAA. While the current findings are promising, further
physiological and biochemical studies are needed to characterize the regulatory relationship between
PAA and SE in litchi.

5. Conclusions

In this study, we established an efficient somatic embryogenesis system for ‘Feizixiao’ litchi
using PAA and its derivatives. CPA significantly enhanced callus proliferation, with an optimal
concentration of 20 mg-L-1. PAA at 40 mg-L yielded the highest number of somatic embryos, while
IPA at 10 mg-L' promoted the highest regeneration rate. The combination of 5 mg-L' PAA and 5
mg-L KT proved most effective for simultaneous embryo induction and plant regeneration. These
findings demonstrated that PAA and its derivatives can serve as potent alternatives to synthetic
auxins in litchi tissue culture, therefore providing a robust protocol for the micro-propagation of elite
cultivars. Future studies should focus on describing the molecular mechanisms underlying PAA-
induced somatic embryogenesis to further optimize regeneration protocols.
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