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A B S T R A C T

Mangosteen (Garcinia mangostana L.) is an apomictic tropical fruit tree species which asexually produces re-
calcitrant seeds that are sensitive to desiccation and not viable for long-term storage. It is important to under-
stand seed germination to inform strategy for the propagation and conservation of important plants, especially
for recalcitrant species. However, little is known about the molecular physiology of tropical seed germination.
Garcinia-type seed germination is unique such that the primary root and shoot emerge from the opposite ends,
which is akin to in vivo direct organogenesis. For the first time, time-course transcriptome-wide gene expression
during mangosteen seed germination from day 0 to day 7 was performed through RNA-sequencing with RT-
qPCR validation using independent samples in triplicates. The analyses of differentially expressed genes (DEGs)
and expression profile identified D3 as a key turning point for transcriptional reprogramming with an indication
of a transient shift to anaerobic respiration. Particularly, the activation of ethylene signalling through increased
expression of genes involved in its biosynthesis and the upregulation of ethylene-responsive transcription factors
lead to the induction of direct organogenesis concurrently with seed germination. Abscisic acid (ABA) signalling
appeared to play a role in stress response while gibberellin (GA) provides growth potential during mangosteen
seed germination. The antagonistic relationship between ABA and GA is conserved in mangosteen as manifested
by global gene expression changes based on the Arabidopsis co-expression network analysis. The current tran-
scriptomic study comprehensively describes various molecular aspects of Garcinia-type recalcitrant seed ger-
mination and highlights similarities to in vitro somatic embryogenesis but without a differentiated embryo. This
study provides insights to improve seed germination for the mass propagation of mangosteen.

1. Introduction

Mangosteen (Garcinia mangostana L.) from the Clusiaceae family is
known as the “Queen of fruits”, which is an evergreen tropical fruit tree
native to Malaysia (Osman and Milan, 2006). Apart from its delectable
white fruit pulp with a sweet unique taste, mangosteen pericarp con-
tains pharmaceutically useful phytochemicals, especially the poly-
phenolic xanthones with various medicinal properties (Obolskiy et al.,
2009). Due to the health benefits and commercial values from its
pericarp extracts (Gutierrez-Orozco and Failla, 2013), mangosteen has
attracted growers’ attention for mass propagation commonly through
seeds. However, this effort is hindered by mangosteen being a slow-
growing tree that bears fruits with only one or two seeds biennially
after five to seven years (Osman and Milan, 2006).

Mangosteen is an obligate apomict, in which seeds with the

identical genetic makeup to mother plant develop from integument
cells through adventitious embryony instead of gamete cell fertilisation
(Lim, 1984). Thus, crop improvement through a breeding programme is
not feasible due to genetic homogeneity. Furthermore, mangosteen
seeds cannot survive over two-week storage, low temperature (<7 °C)
or desiccation below 30% (Normah et al., 1997) and fresh seed ger-
mination percentage is only around 75% (Noor et al., 2016). These
factors make it difficult to secure and sustain planting materials for
growers. Hence, in vitro propagation offer an alternative to seed pro-
pagation, such as shoot proliferation from seed segments (Goh et al.,
1988, 1994; Huang et al., 2000; Normah et al., 1995) as well as em-
bryogenic callus induction and somatic embryogenesis from leaf ex-
plants (Elviana et al., 2011; Maadon et al., 2016; Rohani et al., 2012;
Te-Chato and Lim, 1999, 2000).

Mangosteen seed is unique with only a procambium structure and
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no differentiated embryo upon maturation (Noor et al., 2016). This
resembles globular somatic embryos of mangosteen that directly de-
velop shoot organ without following typical embryogenesis stages
(globular, heart, torpedo, and cotyledon) (Elviana et al., 2011). The
seed is considered an elongated tuberculous hypocotyl with vasculature
connecting the opposite ends of the seed that respectively germinates
into the primary root and shoot (Noor et al., 2016). However, it is the
adventitious root which formed at the base of the shoot that will
eventually become the main root system. This is known as “Garcinia-
type” seed germination, which is shared by many members of Garcinia
genus, such as G. indica, G. cambogia, G. xanthochymus (Malik et al.,
2005), G. gummi-gutta (Joshi et al., 2006), G. intermedia (Di Stefano
et al., 2006), G. kola (Asomaning et al., 2011), G. atroviridis, G. hom-
broniana, and G. prainiana (Noor et al., 2016). Their seeds can have
polyembryony characteristics (∼12% occurrence in mangosteen) in
which multiple seedlings can develop from a single seed, while seed cut
into multiple segments containing procambium can independently de-
velop shoot and root into individual seedlings (Noor et al., 2016). This
has been proposed to be an evolutionary strategy of Garcinia species to
exploit mammalian frugivory in seed dispersal (Joshi et al., 2006).

Functional genomics studies are still lacking a reference genome of
mangosteen despite an on-going sequencing effort (Abu Bakar et al.,
2016, 2017; Midin et al., 2017), perhaps hindered by the complex
polyploidy nature of mangosteen genome of ∼6 Gbp with 74–110
chromosomes (Midin et al., 2018). Hence, a de novo transcriptomics
approach is required, such as the recent studies on mangosteen fruit
ripening (Abdul-Rahman et al., 2017a; Matra et al., 2016) and somatic
embryogenesis (Fadryin et al., 2018; Mahdavi-Darvari and Noor, 2017).
Metabolomics approach was also taken to understand mangosteen seed
development (Mazlan et al., 2018) and seed germination (Mazlan et al.,
2019) by using mass spectrometry techniques coupled with gas-chro-
matography and liquid-chromatography.

Time-course transcriptome-wide studies of seed germination are
largely limited to model species, such as Arabidopsis (Narsai et al.,
2017a), rice (Narsai et al., 2017b), maize (Sekhon et al., 2013), barley
(Lin et al., 2014), and wheat (Yu et al., 2014), which mostly produce
orthodox seeds. Similar studies on recalcitrant tree species, including
economically important coffee, cocoa, and rubber, are even scarcer.
Literature available mainly reported analysis on targeted genes, such as
Quercus ilex (Romero-Rodríguez et al., 2018) or focused on seed sen-
sitivity towards desiccation, such as Madhuca latifolia (Chandra and
Keshavkant, 2018). The current study represents the first time-course
transcriptomic analysis of a recalcitrant species with unique Garcinia-
type germination. This provides crucial information on the molecular
mechanism of mangosteen seed germination as the start of its life cycle
to maintain its survival and sustainability. Furthermore, comparative
analysis against the orthodox seed of model plant Arabidopsis based on
gene network (SeedNet) mapping allowed comprehensive comparison
of global gene expression changes during early germination of man-
gosteen.

2. Materials and methods

2.1. Seed sample preparation

Seeds were harvested from multiple mature fruits of mangosteen
trees at the experimental plot (2°55′09.0″N 101°47′04.8″E) of Universiti
Kebangsaan Malaysia, Bangi. Fully developed seeds with uniform sizes
(2.0± 0.2 cm) were chosen and cleaned by removing the flesh (aril)
and rinsed with distilled water before germinated in autoclaved sand
within a greenhouse (24–26 °C) with daily watering. Clean seeds before
sowing were collected as the day 0 (D0) samples and subsequent
samples were collected on day 3 (D3), day 5 (D5), and day 7 (D7) after
sowing. Samples from all time points were immediately frozen in liquid
nitrogen and stored at -80 °C before extraction.

2.2. RNA extraction, library preparation, and sequencing

Total RNA was extracted using modified CTAB method (Abdul-
Rahman et al., 2017b) and combined with RNase-free QIAGEN RNeasy
mini kit (QIAGEN, Germany) to remove any contaminating genomic
DNA. The RNA quantity was estimated using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific., USA) to range from 1.80
to 2.20 for A260/A280 ratio. The RNA quality was analysed by 1%
agarose gel electrophoresis and RNA integrity (RIN>7) was assessed
by Bioanalyzer (Agilent, USA).

Total RNA samples of each time points of germination (D0, D3, D5,
and D7) were selected to prepare four independent cDNA libraries with
the TruSeq RNA Sample Prep kit (Illumina, USA) using a minimum of
4 μg total RNA according to the manufacturer's instructions. The four
cDNA libraries were 100 bp paired-end sequenced using HiSeq 2000
Illumina platform at the Malaysia Genome Institute (MGI), Bangi,
Selangor, Malaysia (Azlan et al., 2017). Raw sequencing reads were
deposited to SRA public database: D0 (SRR5412331), D3
(SRR5412330), D5 (SRR5412329), and D7 (SRR5412328).

2.3. Transcriptome assembly and differentially expressed gene analysis

The mangosteen seed reference transcriptome was de novo as-
sembled using Trinity analysis pipeline v2.1.1 (Haas et al., 2013) after
Trimmomatic (Bolger et al., 2014) removal of adapter sequences and
trimming of poor quality reads based on default settings. This Tran-
scriptome Shotgun Assembly project has been deposited at DDBJ/
EMBL/GenBank under the accession GGXM00000000. The version de-
scribed in this paper is the first version, GGXM01000000.

Differentially expressed gene (DEG) analysis was performed be-
tween each time point (D0vsD3, D3vsD5, and D5vsD7) with edgeR
(Robinson et al., 2009) based on the transcript abundance estimation
using RSEM (Li and Dewey, 2011) from the read alignment results of
individual samples against the reference transcriptome. Transcript
abundance is expressed as Transcripts Per Kilobase Million (TPM),
which not only normalised for gene length but also read depth for better
comparison between samples. Statistically significant DEGs were de-
fined by false discovery rate (FDR)<0.001 and |Log2FC|> 2.

2.4. Functional annotation and enrichment analysis

Assembled transcripts were annotated using Trinotate (Bryant et al.,
2017) as part of Trinity pipeline based on BLAST searches with cut-off
E-value of 1E−5 against the non-redundant (nr) and UniProt databases
using BLASTx based on nucleotide sequences and BLASTp based on
Transdecoder predicted peptide sequences respectively (Supplementary
Material 1). Other annotation tools include RNAMMER, Pfam, SignalP,
TmHMMM, eggnog, and gene ontology (GO) annotation. GO classifi-
cation (Supplementary Material 1) was visualised using the online tool
WEGO 2.0 (http://wego.genomics.org.cn/) based on 1/3/2013 GO file
(Ye et al., 2006). KEGG Orthology (KO) annotation was performed
using the online server (https://www.genome.jp/kegg/kaas/) with SBH
method based on plant species selection (Moriya et al., 2007). KEGG
mapping (Supplementary Material 4) was performed by using an online
server (https://www.genome.jp/kegg/mapper.html) with combined
visualisation of DEGs using pathview (https://pathview.uncc.edu/
home) (Luo et al., 2017). Transcription factor was annotated using
standalone software iTAK v1.7 with database v18.10 (Zheng et al.,
2016) and combined with Arabidopsis annotation (Ilias et al., 2018).

Terms related to seed germination were semi-automatedly assigned
to transcripts based on lists of AGI locus identifiers in combinations
with a manual search of annotation description for specific keywords in
a similar fashion to TAGGIT ontology (Supplementary Material 2) that
was adapted from seed germination studies in Arabidopsis (Carrera
et al., 2007; Nelson and Steber, 2017). The terms represent relevant
biological processes during seed germination, which include
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phytohormones, namely abscisic acid (ABA), gibberellin (GA), brassi-
nosteroid (BR), auxin (IAA), ethylene (ET), cytokinin (CK), and jas-
monic acid (JA).

Hierarchical clustering, profile plot, heatmap, and enrichment
analysis (Fisher's exact test with Benjamini-Hochberg multiple test
correction) were performed using Perseus software v1.6.2.2 (Tyanova
et al., 2016) based on default settings. The hypergeometric test for
overrepresentation analysis was performed in MS Excel. Enriched GO
terms were visualised using the online tool REViGO (http://revigo.irb.
hr/) (Supek et al., 2011). Mapman v3.6.0RC1 (Thimm et al., 2004)
visualisation of DEGs was generated based on Mercator mangosteen
transcriptome sequence annotation (http://www.plabipd.de/portal/
mercator-sequence-annotation) (Lohse et al., 2014).

2.5. Comparative DEG network analysis with Arabidopsis

Local BLASTn was performed against TAIR10 Arabidopsis sequence
database (https://www.arabidopsis.org/) with a cut-off E-value of
1E−5 to identify homologous genes for comparative analysis between
Arabidopsis and mangosteen seed germination based on SeedNet
(http://netvis.ico2s.org/dev/seednet) using Cytoscape v3.4.0 (Smoot
et al., 2011). SeedNet is generated based on co-expression analysis of
data from seed germination studies through Significance Analysis of
Microarrays (SAM) (Bassel et al., 2011). Mapping was done by matching
mangosteen transcripts with Arabidopsis gene IDs and compared with
SAM_Classification in the database (Supplementary Material 3). Hor-
monometer analysis (Volodarsky et al., 2009) was performed online
(https://hormonometer.weizmann.ac.il/) based on FDR and Log2FC
values of Arabidopsis genes which matched significant DEGs. The list of
481 Arabidopsis essential genes was obtained from SeedGenes (http://
seedgenes.org/GeneList.html) (Meinke et al., 2008) based on De-
cember, 2010 Release.

2.6. Reverse transcription quantitative PCR (RT-qPCR) analysis

First strand cDNA was synthesised using 250 ng of total RNA ex-
tracted from an independent set of seed samples in triplicates using
Maxima H Minus First Strand cDNA synthesis kit (Thermo Scientific
Inc., USA). The cDNA was adjusted to a 12.5 ng/μL concentration and
diluted in a 1:10 ratio for standard curve analysis to evaluate primers’
efficiencies. The primers were designed using Primer-BLAST (Ye et al.,
2012) as listed in Table S1.

Quantitative real-time PCR (RT-qPCR) was performed using Biorad
IQ5 multicolour real time PCR detection system using Thermo Scientific
Luminaris Colour HiGreen qPCR mastermix 2×. PCR reactions include
1 μL of cDNA template (12.5 ng), 5 μL of LuminarisColorHiGreen master
mix, 0.4 μL of 10 μM of each forward and reverse primer and nuclease-
free water to a 10 μL final volume. The amplification programme was as
follows: 95 °C for 3min and 40 cycles of 95 °C for 5 s, and 55–60 °C for
30 s. PCR specificity was confirmed by end-cycle melt curve analysis
and no-template controls (NTCs). Primer efficiency was determined
based on a standard curve with five serial dilutions. The RT-qPCR
analysis was performed using three biological replicates, each with
three technical replicates. Expression of target genes were normalised
based on internal reference actin (ACT) (comp53280_c1_seq1) and

elongation factor 1 (EF1) (comp56279_c0_seq7) using 2−ddCt method
(Livak and Schmittgen, 2001). Statistical analysis was performed using
linear regression to obtain the correlation between relative expression
data of qPCR and RNA-seq.

2.7. Data availability statement

Transcriptome annotation is provided as Supplementary Material 1
available at Figshare: https://doi.org/10.6084/m9.figshare.8299217.
v1 together with other Supplementary Materials. The datasets gener-
ated in the current study are available in the public repositories through
the NCBI BioProject accession PRJNA321150.

3. Results

3.1. Mangosteen early seed germination

In this study, early seed germination of mangosteen was in-
vestigated at D0, D3, D5, and D7 (Fig. 1). The seed radicle became
noticeable on D5 (0.5–1mm) and clearly emerged on D7 (1–2mm)
when plumule was also becoming visible.

The previous study reported six to seven days until the radicle be-
comes emerged (1–2mm) from the seed (Noor et al., 2016). However,
radicle can sometimes be noticeable even on D3 (Mazlan et al., 2019).
We followed the definition of seed germination sensu stricto which
started as imbibition takes place and completed when radicle protru-
sion appears through the covering seed layer (Weitbrecht et al., 2011).
Therefore, D0 to D5 represented all three phases of germination in this
study, namely water uptake-lag interval (D0–D3) and radicle protrusion
(D3–D5), whereas D5 to D7 can be considered as seedling establishment
phase. Nonetheless, seedling establishment until the adventitious root
system fully developed can take up to 24 days (Noor et al., 2016).

3.2. Mangosteen seed transcriptome assembly and functional annotation

From four cDNA libraries of samples that were harvested on day 0,
3, 5, and 7 after sowing, a total of 160,461,955 raw reads were trimmed
into 141,687,906 (88.3%) clean reads for de novo assembly of a re-
ference mangosteen seed transcriptome (Table 1). In total, 279,525
transcripts were generated with 121,506 unigenes and 188,214 peptide
sequences predicted by Transdecoder. Transcript lengths range from
201 to 13,872 bp with an N50 length of 2382 bp and a mean length of
1383 bp. This is considered a good quality assembly with the majority
(64.5%) of transcripts greater than 500 bp and 26.1% transcripts
>2 kbp long (Table 1).

BLASTx searches against nr protein database found hits to 124,234
(44.4%) transcripts compared to 87,567 (31.3%) transcripts from
BLASTp searches of predicted peptide sequences, of which 82,618
(29.6%) transcripts found hits to Pfam. Local BLASTn against
Arabidopsis genes found 129,462 (46.3%) transcripts with significant
hits. A total of 11,061 transcripts were annotated as transcription fac-
tors. No annotation information was found for 126,744 (45.3%) tran-
scripts. To date, there are only 535 Garcinia mangostana nucleotide and
322 protein sequences in NCBI database and 187 sequences with only
one reviewed in UniProtKB. Compared to the recent transcriptome

Fig. 1. Mangosteen seed germination at sowing
(D0), 3 days (D3), 5 days (D5), and 7 days (D7)
after sowing. There is a visible sign of protu-
berance after 5 days with radicle emergence by
day 7 (black arrowheads). Plumule emergence
at the opposite end of the radicle is indicated by
a green arrowhead. Cross-section images can
refer to Mazlan et al. (2019).
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analysis of mangosteen somatic embryos with 34.8% functionally an-
notated transcripts (Mahdavi-Darvari and Noor, 2017), the current
dataset provides the most extensive functional annotation of mangos-
teen transcripts (Supplementary Material 1) for further studies.

3.3. Differentially expressed gene (DEG) analysis

Pairwise comparisons of transcripts expressed across the four sam-
pling time points (D0, D3, D5, and D7) identified a total of 22,565
(8.1%) significant differentially expressed transcripts (DEGs) (Fig. 2a).
Noteworthy, many of the DEGs (11,757) were shared among the three
comparisons. There were more upregulated DEGs than downregulated
DEGs across all three comparisons. The highest number of DEGs were
found between D0 and D3 (0v3), in which more than half were shared
with 3v5 comparison (Fig. 2b). The majority of the 0v3 upregulated
transcripts were 3v5 downregulated; whereas many of the 0v3 down-
regulated transcripts were 3v5 upregulated (Fig. S1). However, this was
not observed between 3v5 and 5v7. This indicates a major transcrip-
tional reprogramming on D3 involving a common set of DEGs.

Based on Eukaryotic Orthologous Groups (KOG) classification

(Fig. 3), DEGs were highly enriched in functional categories involving
“cell cycle control, cell division, chromosome partitioning”, “carbohy-
drate transport and metabolism”, “transcription”, and “signal trans-
duction mechanisms”. Conversely, “translation, ribosomal structure
and biogenesis” and “posttranslational modification, protein turnover,
chaperones” were highly underrepresented in DEGs relative to the
transcriptome.

3.4. Transcriptome functional categories, expression profile, and
enrichment analysis

To comprehend the biological processes throughout the time course
of mangosteen seed germination, we functionally categorised tran-
scripts according to processes related to seed germination based on a
keyword search of annotation in a similar fashion to previous studies in
Arabidopsis, known as a TAGGIT analysis (Carrera et al., 2007; Nelson
and Steber, 2017). For functional enrichment analysis, we focused our
analysis on 92,202 (33%) transcripts with Transcripts Per Kilobase
Million (TPM)>1 at any time point to reduce noise from transcripts
with low abundance (TPM<1). We further increased the statistical
stringency of enrichment analysis, resulting in 27,464 transcripts by
excluding “others”, “unknown”, and “unannotated” to avoid dis-
proportionate overrepresentation of transcripts without categorised
functions (Fig. 4; Supplementary Material 2).

Between D0 and D3, the upregulated DEGs were enriched in pro-
cesses involving ethylene, glycolysis & gluconeogenesis, heat shock,
and phosphatase, compared to the downregulated DEGs with cell-wall
modification, cytokinin, photosynthesis/chloroplast related, and trans-
porter (Fig. 4). Other regulated processes with both up- and down-
regulation include kinase, lipid metabolism, reactive oxygen species
(ROS)-related, seed storage/Late Embryogenesis Abundant (LEA) pro-
teins, stress, and transcription factor. The opposite trend was observed
for 3v5 with cell-wall modification, photosynthesis/chloroplast related,
and transporter enriched in the upregulated DEGs, compared to ethy-
lene, glycolysis & gluconeogenesis, phosphatase, and seed storage/LEA
proteins in the downregulated DEGs. Cytoskeleton, pentose phosphate
pathway, seed storage/LEA proteins, and translation-associated were
also enriched in 3v5 upregulated DEGs. Lipid metabolism was enriched
in both the up- and down-regulated 3v5 DEGs. For 5v7, the upregulated
DEGs were enriched in cell-wall modification and RNA processing,
compared to DNA repair and glycolysis & gluconeogenesis for the
downregulated DEGs. Notably, dormancy-related, lipid metabolism,
pentose phosphate pathway, kinase, and phosphatase were enriched in
both the up- and down-regulated 5v7 DEGs.

Next, we grouped DEGs into eight clusters according to similar ex-
pression patterns and performed enrichment analysis (Fig. 5, Supple-
mentary Material 3).

The largest cluster 4 consisting 4172 DEGs showed higher transcript

Table 1
Summary statistics on mangosteen seed transcriptome assembly and functional
annotation.

Attribute Number %

Raw reads 160,461,955
Clean reads 141,687,906 88.3
Percentage GC (%) 40.6
Number of unigenes 121,506
Number of transcripts 279,525
Number of predicted peptides (Transdecoder) 188,214
Transcript length (bp)
Total 386,610,882
Range 201-13,872
N50 2,382
Mean 1,383
Transcript length distribution (bp)
200-299 53,724 19.2
300-499 45,552 16.3
500–999 47,276 16.9
1000–1999 59,878 21.4
>2000 73,095 26.1
Functional annotation
nr (BLASTx) 124,234 44.4
Swiss-Prot (BLASTp) 87,567 31.3
AGI (BLASTn) 129,462 46.3
Pfam 82,618 29.6
eggNOG 62,001 22.2
KEGG (KAAS) 57,167 20.5
Transcription factor 11,061 4.0
Unannotated 126,744 45.3

Fig. 2. Differentially expressed transcripts
(DEGs). (a) Number of significantly
(FDR<0.001, |Log2FC|> 2) upregulated (up)
and downregulated (dn) transcripts for D0vsD3
(0v3), D3vsD5 (3v5), and D5vsD7 (5v7) com-
parisons. Solid fills represent the number of
differentially expressed transcripts which are
unique to the specific comparisons. (b) Venn
analysis of DEGs from different comparisons.
Number in parentheses showing the total
number of transcripts.
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expression on D3 with 0v3 upregulation and 3v5 downregulation,
which was enriched in ethylene-activated signalling, fructose-6-phos-
phate (F6P) metabolism, and response to chitin, brassinosteroid (BR),
salicylic acid (SA), and sucrose based on the gene ontology (GO) ana-
lysis. Cluster 7 showed the opposite pattern with lower expression on
D3 and enriched with photosynthesis, response to karrikin and gib-
berellin (GA), secondary cell wall biogenesis, phloem sucrose loading,
biosynthesis of tocopherol (vitamin E), cinnamic acid, flavonoid, and

cytokinin (CK), carbohydrate metabolism, and catabolism of pectin and
SA. Cluster 1 and cluster 2 showing higher expression on D0 and D3
with 3v5 downregulation were enriched in the regulation of tran-
scription and RNA splicing respectively. This was contrasting to cluster
5 and cluster 6 with higher expression on D5, which were enriched in C-
5 methylation of cytosine and cell wall pectin biosynthesis respectively.
Cluster 3 and cluster 8 showed opposite expression patterns with lower
and higher D7 expression, respectively, in which both were enriched in

Fig. 3. Eukaryotic Orthologous Groups (KOG) classification of transcriptome and DEG based on eggNOGv3 classification. Fisher's exact test with
Benjamini–Hochberg multiple test correction: *FDR<0.05, **FDR<0.01, ***FDR<0.001. Red: overrepresentation; blue: underrepresentation.

Fig. 4. TAGGIT ontology analysis of DEGs for
D0vsD3 (0v3), D3vsD5 (3v5), and D5vsD7 (5v7)
comparisons. The value on the x-axis shows the
percentage number of DEGs against the total
number of transcripts in each category. The Y-
axis is sorted according to alphabetical order,
except for others, unknown, and unannotated
which were excluded in Fisher's exact test.
Fisher's exact test with Benjamini-Hochberg
multiple test correction: *FDR<0.05,
**FDR<0.01, ***FDR<0.001.
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embryo development ending in seed dormancy. Together with cluster 5,
this showed that transcripts involved in embryogenesis were highly
regulated during mangosteen seed germination and seedling establish-
ment.

3.5. Overview of DEG expression

To visualise the overall expression pattern of DEGs in the context of
seed germination, we mapped the transcript expression results onto the
Arabidopsis seed pathway map using MapMan based on the Mercator
annotation of DEGs (Fig. 6).

Overall, the expression patterns were consistent with the results
described above with the majority of transcripts appeared to be regu-
lated on D3. Many transcripts related to heat and cold stresses were
upregulated on D3 compared to the downregulation of redox-related
transcripts. Ethylene signalling and its related AP2/EREBP transcription

factor (TF) family were upregulated compared to the downregulation of
cytokinin signalling on D3. Other TF families, such as C2C2(Zn) DOF,
Trihelix, and WRKY were also upregulated on D3. Most cell wall-related
transcripts were downregulated on D3 before upregulated on D5. For
carbohydrate (CHO) metabolism, starch degradation was upregulated
in contrast to the downregulation of sucrose degradation on D3. For
lipid metabolism, fatty acid (FA) desaturation and triacylglycerol (TAG)
synthesis were upregulated. Conversely, the secondary metabolism and
photosynthesis were downregulated. In general, the degradation of
other amino acids also appeared to be upregulated along with the
downregulation of their synthesis on D3, which is consistent with
previous report on their rapid reduction during early seed germination
(Mazlan et al., 2019), possibly utilised for protein synthesis or energy
supply. For energy metabolism, there was a transient switch to anae-
robic respiration on day 3 with the upregulation of the fermentation
pathway (Fig. S2). In relation to Perl's and γ-aminobutyric acid (GABA)

Fig. 5. Expression profile analysis and cluster enrichment summary. Heatmap and hierarchical clustering were performed based on 12,737 DEGs with TPM>1 in at
least one time point after excluding “unknown” and “unannotated”. Hotter colour of expression profile plot represents closer distance to cluster average. Fisher's
exact test with Benjamini-Hochberg multiple test correction (FDR<0.001) for enrichment analysis was based on a background of 92,202 transcripts with TPM>1
in at least one time point. For larger clusters (4, 5, 7 and 8), unannotated/unknown transcripts were excluded to increase statistical stringency. The list in the
enrichment summary is not exhaustive with selected terms sorted according to decreasing statistical significance (Supplementary Material 3).
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shunt pathways, some of the aspartate (Asp) and alanine (Ala) amino-
transferases (ATs) were upregulated while glutamate decarboxylase
(GAD) was downregulated on D3, which indicate the conversion of
amino acids into pyruvate for energy generation through anaerobic
respiration and suppression of GABA shunt into the tricarboxylic acid
(TCA) cycle. Interestingly, while all the mitochondrial isocitrate dehy-
drogenases (IDHs) showed reduced expression on D3, the cytosolic and
peroxisomal IDHs which may play a role in redox homeostasis (Mhamdi
et al., 2010) were upregulated (Supplementary Material 4).

3.6. Regulation of metabolism, oxidative stress, and embryogenesis during
mangosteen seed germination

Based on the KEGG pathway analysis (Table 2, Supplementary
Material 4), starch and sucrose metabolism appeared to be the most
highly regulated pathway across all time points. Glycerolipid metabo-
lism was upregulated for 0v3 and 5v7, while glycolysis/gluconeogen-
esis was upregulated for 3v5. A few pathways of secondary metabolite
biosynthesis were downregulated on D3 followed by an upregulation on
D5, including the biosynthesis of phenylpropanoid, stilbenoid, dia-
rylheptanoid, and gingerol. These are consistent with the MapMan
transcript expression results. Noteworthy, the upregulated 0v3 DEGs
were enriched in plant hormone signal transduction, calcium signalling
pathway, and iron-dependent programmed cell death (ferroptosis) re-
lated to ROS lipid peroxidation.

This led us to examine further the expression of transcripts related
to ROS production in the context of hormonal crosstalk with amino
acid, polyamine, and glutathione metabolism, which are involved in the
regulation of oxidative stress in seed germination (Fig. S3). Overall, the
main ROS, hydrogen peroxide which promotes seed germination
(Wojtyla et al., 2016), appeared to be induced on D3 with the upre-
gulation of superoxide dismutase coupled by the downregulation of

ROS scavengers such as catalase, peroxidase, and peroxiredoxin, de-
spite NADPH oxidases which also produce ROS were downregulated.
Furthermore, glutathione metabolism that produces antioxidants for
neutralising oxygen radicals was downregulated on D3. Ethylene sig-
nalling was activated on D3 perhaps through ROS-induced MAPK sig-
nalling with the upregulation of key biosynthesis genes leading to the
production of ethylene, namely 1-aminocyclopropane 1-carboxylate
(ACC) synthase and ACC oxidase. However, nitric-oxide synthase,
which generates nitric oxide that promotes seed germination (Signorelli
and Considine, 2018), was downregulated.

On the other hand, polyamine biosynthesis appeared to be upre-
gulated on D3 (Fig. S3). Arginine and ornithine associated with the
biosynthesis of polyamines, namely putrescine, spermidine, and sper-
mine, are important regulators of somatic embryogenesis (De Oliveira
et al., 2018). This suggests the induction of embryogenesis started upon
water imbibition for the development of shoot and radicle. We further
profiled all the genes related to embryogenesis based on Arabidopsis
studies (Supplementary Material 5, Fig. S4). For DEGs related to em-
bryogenesis (Fig. S4a), upregulated transcripts on D3 were related to
the establishment of the root stem cell niche during embryogenesis
(PLT), embryonic pattern formation (RPK1), lateral root initiation
(LBD16), and BR-dependent growth (BAK1). Meanwhile, D3 down-
regulated transcripts were related to root quiescent centre cell specifi-
cation and stem cell maintenance (SHR, SCR), cell differentiation (ZLL,
AS1), vascular development (ERL1, T5L1), embryo patterning (ESR2,
ATHB15), and BR signalling (SERK2). A repressor of embryonic path-
ways and sugar-inducible seed maturation genes (VAL2) was down-
regulated on D5. Meanwhile, CUC2, required for embryonic shoot
apical meristem formation, was upregulated on D3; whereas TPL re-
lated to shoot differentiation and MP/ARF5 for embryo axis formation
and vascular development were upregulated on D7.

For genes related to chromatin modifications (Fig. S4b), transcripts

Fig. 6. Overview of DEG expression over the time course of mangosteen seed germination based on Mercator annotated DEG sequences with TPM>1 in at least one
time point. TPM values were Z-score normalised and mapped according to Arabidopsis seed pathway map template using MapMan. Red lines showing the median and
95% confidence interval of expression values of all transcript in the same classification.
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encoding DNA methyltransferases (DM) for transcriptional activation
were downregulated on D3 and highly expressed on D7, compared to
the high expression on D5 for some of the DNA (cytosine-5) demethy-
lases (CMT/DNMT) for gene silencing. We also studied the expression
profile of essential genes based on Arabidopsis SeedGenes (Meinke
et al., 2008), 352 out of 481 (73%) were identified to be specific in the
embryo development (Muralla et al., 2011). Of the 352 true embryo
defective genes (EMB), 324 genes matched to our mangosteen seed
transcriptome, in which 310 (96%) transcripts were active (mean
TPM>1) and 120 (37%) were DEGs. This indicates active embryo
development during mangosteen seed germination. Three main clusters
can be observed based on DEG expression patterns (Fig. S4c). DEGs
specifically downregulated on D3 were enriched in peroxisome, re-
productive structure, and post-embryonic development; whereas DEGs
highly expressed on D3 and D5 were enriched in metabolic regulation,
especially amino acid and glycerolipid metabolism (Supplementary
Material 5). DEGs highly expressed on D7 were enriched in embryonic
axis specification, nitrogen compound metabolic process, and RNA
degradation.

3.7. Regulation of hormone-related transcripts

To investigate the role of hormones during mangosteen seed ger-
mination, the expression patterns of 4440 transcripts related to dif-
ferent plant hormones known to play role in seed germination were
profiled based on the KEGG Orthology (KO) and TAGGIT analysis
(Fig. 7, Supplementary Material 6).

Based on the average transcript abundance (Fig. 7a), gibberellin
(GA) showed the highest percentage of active transcripts (mean
TPM>1), followed by jasmonic acid (JA), abscisic acid (ABA), bras-
sinosteroid (BR), ethylene (ET), auxin (IAA), and cytokinin (CK).
However, ET showed the highest percentage of regulated transcripts
(DEG) followed by ABA. Based on time-course analysis of TPM dis-
tribution (Fig. 7b), CK, GA, JA, BR, and IAA can be observed with a
reduced number of active transcripts (TPM>1) on D3, opposite to ET
and ABA. This was followed by an increase of active transcripts for
nearly all hormones, especially CK, GA, JA, and BR at the expense of ET
downregulation on D5. On D7, active transcripts continued to greatly
increase for GA with a shift to a greater proportion of lower abundance
transcripts (1<TPM<10). Interestingly, ABA showed a gradual

increase of active transcripts throughout the time-course of mangosteen
seed germination and seedling establishment.

The trend depicted by the expression of key genes involved in the
biosynthesis and signal transduction of hormones (Fig. 7c) was gen-
erally reflecting the overall expression pattern of hormone-related
transcripts described above and result from hormonometer analysis
(Supplementary Material 6). The biosynthesis of CK was highly regu-
lated with 0v3 downregulation and 3v5 upregulation parallel to the
changes in active transcripts. The biosynthesis of BR was down-
regulated on D3 and highly upregulated on D5, which was consistent
with the expression of downstream target Cyclin-D3 (CYCD3) for cell
division but opposite to the expression of BR receptor kinases (BAK1
and BRI1).

Despite the upregulation of certain genes for IAA and JA bio-
synthesis (YUCCA, 4CL) and auxin receptor TIR1, IAA-amido synthetase
GH3 that inactivating IAA as conjugate and JAZ that inhibits JA re-
sponses were specifically active on D3. Meanwhile, auxin-responsive
protein IAA and auxin response factor ARF were downregulated with
mix regulation for auxin-induced protein SAUR. This indicates the re-
pression of IAA and JA responses which is consistent with reduced
active transcripts for IAA and JA on D3 (Fig. 7b). On the contrary, the
upregulation of transcripts for ethylene biosynthesis (1-aminocyclopro-
pane-1-carboxylate oxidase, ACO), receptor (ETR), and Ethylene in-
sensitive 3 (EIN3) with the downregulation of EIN3 negative regulator
(EBF) support the activation of ethylene signalling on D3.

For ABA, Zeaxanthin epoxidase (ZEP) that produces ABA precursor
was downregulated on D3 but later upregulated on D7. The down-
regulation of ZEP on D3 was accompanied by the upregulation of
Abscisic acid 8′-hydroxylases (CYP707A) which inactivate ABA.
However, ABA receptor (PYL) and Protein phosphatase 2C (PP2C) for
ABA signalling were upregulated on D3. Surprisingly for GA, Gibberellin
3-beta-dioxygenase (GA3ox) which produces bioactive 3′OH-GA was also
downregulated, while Gibberellin 20 oxidase (GA20ox) which produces
inactive C19-GA precursor for GA3ox and gibberellin receptor (GID1)
were upregulated on D3. This indicates increased sensitivity towards
ABA and GA signalling despite reduced biosynthesis on D3. Meanwhile,
Gibberellin 2-beta-dioxygenase (GA2ox), which converts bioactive 3′OH-
GA to inactive 2′OH-GA, was gradually upregulated after D3 suggesting
negative feedback against overall increasing GA-related active tran-
scripts (Fig. 7b).

Table 2
Summary of KEGG pathway enrichment analysis. Bolded font indicates significant over-
representation (P<0.01). Numbers showing the values of enrichment factor in heatmap.
Hypergeometric tests were performed according to up- and down (dn)-regulated DEGs for each time
point comparisons.
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3.8. Regulation of transcription factors

Transcription factors (TFs) play an important role in the regulation
of gene expression as effectors of hormonal signalling and crosstalk. We
classified 11,061 TFs into 70 families of TFs and 24 families of tran-
scription regulators (TRs) in which 1692 (15.3%) are DEGs from
mangosteen seed transcriptome (Supplementary Material 7). Fisher's
exact test found eight TF families significantly overrepresented, namely
bHLH, AP2/ERF-ERF, MYB, WRKY, MADS-MIKC, Trihelix, Tify, and
DBP (protein phosphatase 2C) in descending order of abundance (Fig.
S5a). HSF (heat shock factor) was only significantly enriched in the
overall number of DEG (Fig. S5a), while Jumonji (chromatin regula-
tion), OFP (transcription repressor related to GA), and IWS1 (RNA
polymerase II elongation factor) were significantly enriched at specific
time point comparisons (Fig. S5b) but not in the overall number of DEG.
Furthermore, AP2/ERF-ERF, WRKY, and MYB also accounted for the
majority of differentially regulated TFs with high abundance
(TPM>20) (Fig. S5c). These results were consistent with the expres-
sion profile enrichment analysis (Fig. 4). Furthermore, some of these
overrepresented TF families (bHLH, MYB, and MADS) were previously
implicated in cell differentiation, embryogenic patterning, and embryo
maturation processes in mangosteen somatic embryogenesis (Mahdavi-
Darvari and Noor, 2017), while other TF families such as NAC (mer-
istem maintenance or identity), FAR1 (FAR-RED-IMPAIRED RESPO-
NSE1) and bZIP involved in light and ABA signalling, were also found in
high abundance among the DEGs (Fig. S5a). Trihelix TFs which repress
seedling establishment (Barr et al., 2012) were downregulated towards
D7 of mangosteen seed germination (Fig. S5b).

3.9. RT-qPCR analysis

To validate the transcriptomic analysis, transcripts related to seed
germination and embryogenesis (Table S1) were selected to determine
their expression levels by RT-qPCR in an independent experiment with
three biological replicates (Fig. 8).

Transcription factor ABA insensitive 5 (ABI5), which mediates ABA
repression of growth during germination (Lopez-Molina et al., 2002),
showed high expression on D0 and decreased during seed germination.
Ethylene-responsive transcription factor ERF105 involved in stress
signal transduction pathway showed upregulation on D3 and D7. Three
GA biosynthesis genes Gibberellin 20-oxidase 1 (GA20ox1) and Gibber-
ellin 3-beta-dioxygenases (GA3ox1 and GA3ox4) were downregulated on
D3, in which the latter showed upregulation from D3 onwards. Mean-
while, Gibberellin 2-beta-dioxygenase 2 (GA2ox2) which inactivates GA
was gradually upregulated from D0 to D7. Late embryogenesis abundant
protein LEA14-A with higher expression early seed germination was
downregulated on D5. A transcription repressor CCCH-type zinc finger
protein SOMNUS, which inhibits seed germination by regulating GA
and ABA metabolic genes (Dong et al., 2008), was gradually down-
regulated. Both Somatic embryogenesis receptor kinase 2 (SERK2) and
Brassinosteroid-regulated protein BRU1 related to BR showed similar ex-
pression patterns with drastic upregulation on D3 followed by de-
creasing expression levels. BRU1 encodes a xyloglucan en-
dotransglucosylase/hydrolase (XTH) which cleaves and relegates
xyloglucan polymers for cell wall modification of growing tissue
(Campbell and Braam, 1999). Another XTH gene (XTH9) for cell elon-
gation (Hyodo et al., 2003) showed increased expression on D5 and D7.
Expansin A1 (EXPA1), a cell wall loosening protein, was downregulated

Fig. 7. Expression of hormone-related transcripts. (a) Proportion of transcripts with average TPM values greater than one (TPM>1) and DEGs relative to total
number of transcripts for each hormone. (b) Distribution of transcripts according to TPM values at different time points (D0, D3, D5, and D7). (c) Heatmap of
representative DEGs related to hormonal biosynthesis and signal transduction pathways with mean TPM>1. Colour scale bar represents Z-score normalised TPM
values. Different hormones are indicated by different colour bars.
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Fig. 8. RT-qPCR analysis. (a) RT-qPCR analysis of selected genes in comparison to RNA-seq analysis based on relative expression with D0 as baseline. Error bars
represent standard deviations from three biological replicates. (b) Correlation analysis between RT-qPCR and RNA-seq expression fold-change (Log2 FC) for com-
parisons between different time points.
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specifically on D3 but highly expressed on other time points.
Apart from some discrepancies between RT-qPCR and RNA-seq re-

lative expressions, such as the higher expression on D7 of ERF105 and
LEA14-A (Fig. 8a), overall results based on Log2 fold-change compar-
isons showed good correlation (R2> 0.65) between the expression
patterns obtained from both analyses (Fig. 8b). This showed that
transcriptomic analysis is reliable and reproducible despite based on
only a single sample, considering that the RT-qPCR experiment was
performed using an independent set of three biological replicates.

3.10. Comparative DEG network analysis with Arabidopsis

For comparison of global gene expression changes during mangos-
teen seed germination with that of an orthodox seed model, we mapped
differentially expressed transcripts (DEGs) at different time points
against the Arabidopsis co-expression gene network, SeedNet (Fig. 9).

The closest resemblance of mangosteen DEGs with that of the
Arabidopsis gene clustering pattern (Fig. 9a) is between D3 and D5
comparison (Fig. 9c), with more upregulated genes related to germi-
nation and downregulated genes related to dormancy. From mapped
2,368 of 8,621 nodes in SeedNet, the upregulated genes related to
germination were significantly overrepresented in 0v3_dn and 3v5_up
with genes upregulated by GA (Supplementary material 8). Conversely,
the genes upregulated by ABA were overrepresented in 0v3_up and

3v5_dn, which is consistent with the antagonistic relationship between
GA and ABA. Additionally, genes upregulated by ABA were over-
represented in both 5v7_up and 5v7_dn, reflecting the role of ABA
signalling pathway throughout mangosteen seed germination and
seedling establishment.

4. Discussion

4.1. Molecular physiology at the beginning of mangosteen seed germination

At the end of fruit development, mature mangosteen seeds, which
are considerably large (∼2 cm), contain high (61%) moisture content
(Noor et al., 2016) compared to that of <5% in typical orthodox Ara-
bidopsis seeds (Weitbrecht et al., 2011). High moisture content and
nutrient reserves are common characteristics of recalcitrant seeds in
tropical tree species proposed to be an ancestral adaptation to con-
ducive humid tropics for non-dormant seeds to germinate rapidly after
shedding (Barbedo et al., 2013). This contrasts to orthodox seeds with
dormancy in many temperate species which have evolved to survive
seasonal variation for germination only under favourable environments
(Pammenter and Berjak, 2000). However, Arabidopsis germination
sensu stricto only takes around 20–55 h (Weitbrecht et al., 2011) com-
pared to 3–5 days for mangosteen.

To understand the mechanism of recalcitrant seed germination, we

Fig. 9. Comparative DEG network analysis with Arabidopsis SeedNet. (a) Arabidopsis SeedNet. Red: upregulated during germination; blue: upregulated during
dormancy. (b) D0vsD3 (c) D3vsD5 (d) D5vsD7. Red: upregulated; blue: downregulated; green: mix regulation.
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can relate to the acquisition of desiccation tolerance during orthodox
seed development, which mainly involves three phases of histodiffer-
entiation, reserve accumulation, and maturation. During histodiffer-
entiation with endosperm and embryo formation, orthodox seeds are
very sensitive to desiccation, which is analogous to mature recalcitrant
seeds. Therefore, it has been proposed that the recalcitrant and or-
thodox seeds form a continuum such that orthodox seeds have evolved
to complete the full developmental programme with desiccation while
recalcitrant seeds are halted at different stages during seed develop-
ment resulting in intermediate seeds with different levels of sensitivity
to desiccation (Barbedo et al., 2013). The acquisition of desiccation
tolerance begins with the accumulation of reserves, insoluble com-
pounds, non-reducing sugars/oligosaccharides (e.g., sucrose, raffinose),
late embryogenic abundant proteins (LEAs), and heat shock proteins
(HSPs) to confer mechanical support for cellular integrity during de-
siccation (Berjak and Pammenter, 2013). It is assumed that such a
protective mechanism is absent or insufficient for recalcitrant species to
repair damages of cellular constituents from drying, thus producing
desiccation intolerant seeds with high moisture content.

Despite the absence of a desiccation phase, many transcripts im-
portant for protective mechanisms were found to be expressed at very
high levels (mean TPM>1000) (Fig. S6, Supplementary Material 9).
These include stress-related protein, glutathione S-transferase (GST),
catalase (CAT), dehydration-responsive/induces protein, abscisic stress-
ripening protein in response to water deprivation, ethylene-responsive
TF RAP2-2 important for hypoxia survival via N-end rule pathway (Hinz
et al., 2010; Licausi et al., 2011), MLP-like protein for defence, and
thiamine thiazole synthase for stress adaptation to DNA damage
(Machado et al., 1996). Transcripts present with TPM>1500
throughout all time points include 2S sulfur-rich seed storage protein
for nutrient reservoir, glyceraldehyde-3-phosphate dehydrogenase,
malate synthase and fructose-bisphosphate aldolase 2 for respiration,
auxin-repressed protein (homolog of Arabidopsis dormancy-associated
protein 1), glycine-rich RNA-binding protein for RNA processing during
stress (Kwak et al., 2011), chaperone protein DnaJ, major allergen Mal
d in plant defence, polyubiquitin, protein translation factor, and me-
tallothionein-like protein that binds heavy metals, especially copper
important for seed development (Benatti et al., 2014). Other highly
expressed transcripts on D0 include aquaporin TIP1 essential for water
and hydrogen peroxide transport (Bienert et al., 2007), peptidyl-prolyl
cis-trans isomerase that accelerates protein folding, and 3-ketoacyl-CoA
thiolase for long-chain fatty-acid beta-oxidation before gluconeogenesis
during germination (Germain et al., 2001) or JA biosynthesis (Afitlhile
et al., 2005). Despite the high expression of many stress factors since
D0, transcripts for HSP, LEA (also ARG2), and oleosin (Miquel et al.,
2014), which are important for desiccation tolerance in orthodox seeds,
were only greatly induced on D3 (Fig. S6) with TPM>8000. As such,
D0 to D3 gene expression pattern was akin to the late maturation phase
of Arabidopsis seed. Meanwhile, a blue copper protein, PAR1 for post-
translational modification of histidine, a lipid transfer protein, an iso-
citrate lyase for storage lipid mobilisation through glyoxylate cycle, a
laccase for lignin synthesis, and XTH9 (described above) highly ex-
pressed on D0 were specifically downregulated on D3. Transcripts with
high expressions on D0, which represent stored transcripts at the end of
seed maturation, are not necessarily translated into proteins and might
be subjected to post-transcriptional regulation. Nonetheless, the trans-
lation of stored transcripts is critical for seed germination compared to
de novo transcription (Rajjou et al., 2004).

Despite the presence of many desiccation stress-related transcripts
at high abundance, mangosteen seeds do not undergo desiccation
during the maturation phase. This shows that seed desiccation requires
concerted actions of many processes at the correct timing beyond
simple accumulation of stress factors with independent regulation of
metabolite reserves. It can also be inferred that a species-specific ge-
netic checkpoint possibly exists during seed development that de-
termines whether a seed enters desiccation during the maturation

phase. A summary of active biological processes based on top abun-
dance transcripts is shown in Fig. S7. The overall expression pattern of
highly abundant transcripts suggests active metabolism and defence
mechanism from the start of mangosteen seed germination.

4.2. Mangosteen seed metabolism and hormonal regulation during
germination

Mature seeds of mangosteen readily germinate upon imbibition
without a phase of dormancy breaking/release as required by many
orthodox seeds. This suggests that the seed metabolism is maintained at
an optimal level to allow rapid germination, which is supported by
highly abundant transcripts related to primary metabolism since D0,
especially those related to energy production (Fig. S2). Hence, while
metabolism reactivation is required for metabolically quiescent
Arabidopsis seed germination (Weitbrecht et al., 2011), mature man-
gosteen seed metabolism might remain relatively active. Most of these
transcripts, including glycolysis, TCA, oxidative pentose phosphate,
glycerol shunt, and GABA shunt pathways, were transiently down-
regulated on D3 when alcohol fermentation became dominant before
upregulated again on D5, perhaps due to oxygen deprivation during
early seed imbibition with an active metabolism. This coincided with
the upregulation of ROS and ethylene signalling (Fig. S3), known to
promote seed germination (Wojtyla et al., 2016), which might have
triggered the onset of transcriptional reprogramming as evident by the
drastic D3 to D5 transition. On the other hand, COMATOSE (CTS), a
peroxisomal ATP-binding cassette (ABC) transporter important for β-
oxidation of storage lipids during gluconeogenesis and biosynthesis of
IAA, JA and flavonoids, as well as a germination potential gene for
radicle emergence (Carrera et al., 2007), was maintained at high levels
(TPM>20) from D0 to D7 (Fig. S2).

Energy production in mangosteen seed is greatly dependent on the
starch and lipid reserves (Noor et al., 2016) as supported by the highly
regulated starch and sucrose metabolism and glycerolipid metabolism
throughout seed germination and seedling establishment (Figs. 3, 4,
and Fig. 6, Table 2). In maturing legume seeds, embryo photosynthesis
via photoheterotrophic plastids contributes to oxygen supply and me-
tabolic assimilation of CO2 released during reserve accumulation
(Rolletschek et al., 2003). Despite the absence of a differentiated em-
bryo in mangosteen seed, photosynthesis/chloroplast-related tran-
scripts were found to be downregulated on D3 before upregulated again
on D5 (Fig. 4, Table 2), which might be responsible for the shift from
anaerobic back to aerobic respiration to cater for greater energy de-
mand during embryogenesis and seedling establishment.

Apart from starch and lipid, protein reserves are also very important
for hydrolytic activities and energy production through pyruvate con-
version from amino acids, such as alanine, glycine, serine, threonine,
and aspartate, derived from protein degradation/proteolysis. Based on
the opposite trend of compositional changes in amino acids with that of
Arabidopsis (Fait et al., 2006), it was proposed that recalcitrant seeds,
such as mangosteen, employ a different mechanism for energy supply
and amino acid metabolism during seed germination (Mazlan et al.,
2019). Furthermore, proteolysis appeared to be a tightly regulated
process during mangosteen seed germination as indicated by varied
expression patterns of transcripts related to proteolysis and its inhibi-
tion (Fig. 5). This remained to be explored further on the type of protein
turnover at each time point.

On the other hand, secondary metabolism also plays an important
role during seed germination by protecting against pathogens and
oxidative stress. Antioxidant compounds such as glutathione, toco-
pherol, flavonoids, and xanthones (Mazlan et al., 2019) may scavenge
ROS from reoxygenating of germinating tissues to protect against da-
mages of DNA, proteins, and membrane. Indeed, Arabidopsis mutants
with impaired vitamin E and flavonoid biosynthesis exhibit severe
growth defects or inhibited germination (Carrera et al., 2007; Sattler
et al., 2004). Transcripts related to their biosynthesis were found to be

H.-H. Goh, et al. Scientia Horticulturae 257 (2019) 108727

12



downregulated on D3 before upregulated and maintained on D5 on-
wards (Fig. 5, Table 2), opposite to that of ROS-related transcripts (Fig.
S3). Other DNA repair mechanisms involving DNA ligase (Waterworth
et al., 2010) or protein repair by protein-L-isoaspartate O-methyl-
transferase (Ogé et al., 2008) also appeared to be important during
mangosteen seed germination (Fig. 5, Supplementary Material 3 & 9).

Phytohormones are important for signal transduction in response to
stresses as well as regulating seed germination and seedling establish-
ment. ABA is known to maintain seed dormancy and delay germination,
while GA breaks dormancy and induces germination in Arabidopsis
(Weitbrecht et al., 2011). Hence, the ABA:GA ratio is a central de-
terminant of orthodox seed germination. Contrasting to the high level
of ABA in mature Arabidopsis seeds, which is downregulated during
seed germination, ABA was enriched in D3 upregulated DEGs (Fig. 5)
with a trend of increasing active transcripts (Fig. 7) during mangosteen
seed germination. Conversely, GA showed the highest proportion of
active transcripts among all phytohormones with a drastic dip on D3
(Fig. 7). This indicates active transcripts related to GA that provide
germination potential were suspended on D3 before the onset of proper
germination between D3 and D5. It appeared that the antagonistic re-
lationship between ABA and GA is conserved in mangosteen as evident
from the opposite effect on the global expression pattern of Arabidopsis
genes (Fig. 9). However, the role of ABA during mangosteen seed ger-
mination is more likely to confer stress response in the absence of
dormancy. Additionally, transcripts in response to salicylic acid (SA)
were found to be induced on D3 similarly to ABA followed by SA cat-
abolism on D5 (Fig. 5) and possibly play roles in protection against
pathogens or modulating oxidative stress (Fig. S3) (Lee et al., 2010).

IAA, CK, BR, and GA were found to be enriched for transcripts up-
regulated on D5 (Fig. 5) which coincided with radicle protrusion. This
is consistent with their roles in cell proliferation, elongation, and dif-
ferentiation for seedling growth and development, alongside nutrient
mobilisation (phloem sucrose loading), cell-wall modification, and
chloroplast biogenesis (Fig. 5). Among hormone-related TFs, AUX/IAA
and B3-ARF families showed the most diverse expression pattern
(Supplementary Material 6) indicating the complex role of IAA in
mangosteen seed germination including vascular patterning as sug-
gested during somatic embryogenesis (Mahdavi-Darvari and Noor,
2017). Meanwhile, cell division is likely to be regulated by BR signal-
ling through the induction of cycle cell gene CYCD3 with specific
downregulation on D3 prior to D5 upregulation (Fig. 7), which shared
similar pattern to a CRE family receptor AHK4/WOL (Wooden leg)
(Supplementary Material 6) involved in CK signalling for procambial
maintenance and/or proliferation (Mähönen et al., 2006). Additionally,
TF family OFP which is a repressor of GA biosynthesis (Wang et al.,
2016) was found to be enriched in 0v3_dn DEGs before the upregulation
of GA response on D5 (Fig. S5).

Transcripts related to JA and ET were both induced on D3 (Fig. 7)
with their respective TF family of ERF and Tify, which shared similar
expression patterns with WRKY and DBP (protein phosphatase 2C) (Fig.
S5) that are key to ABA signalling in stress response (Rushton et al.,
2012). It is unclear how JA regulates germination, but the germination-
inhibiting effects of JA have been implicated in contradictory re-
lationships with ABA (Linkies and Leubner-Metzger, 2012). There was
no clear enrichment of JA among DEGs at different time points (Fig. 4)
which suggests minimal role played by JA during mangosteen seed
germination. The role of ET will be further discussed below.

In addition to phytohormones, the involvement of other chemical
compounds such as NO and ROS was also inferred through tran-
scriptomic analysis (Fig. S3), which indicates the induction of H2O2 on
D3 during mangosteen seed germination. Apart from well-known plant
growth regulators, we also discovered the possible involvement of
smoke-derived karrikin (KAR) with a similar expression pattern to
transcripts upregulated on D5 in response to GA, CK biosynthesis, and
SA catabolism (Fig. 5). KAR has been shown to stimulate germination in

Arabidopsis (Waters and Smith, 2013) and maize (Soós et al., 2010) but
delays soybean germination under shaded condition (Meng et al.,
2016), possibly through crosstalk with other phytohormones, especially
ABA, GA, and IAA. However, the actual involvement, role, and me-
chanism of KAR in recalcitrant seeds are yet to be elucidated.

4.3. Embryogenesis regulation during mangosteen seed germination

Mangosteen seed germination characteristic is unique because it
involves in vivo asexual direct somatic embryogenesis in mature seed
upon fruit shedding (Noor et al., 2016). In typical seeds, embryogenesis
occurs after the double fertilisation resulting in endosperm and a zy-
gotic embryo that enters a quiescent state at the end of seed maturation.
Zygotic embryos typically accumulate a higher abundance of storage
proteins and stress-related HSPs during seed maturation in preparation
for dehydration. In comparison, somatic embryos have higher levels of
proteins involved in energy production (glycolysis and TCA) which
suggests a greater energy demand (Winkelmann, 2016). Sucrose syn-
thase (SUS) which showed a dip on D3 (Fig. S2) is thought to be im-
portant for the transition between storage and metabolic sink in the
embryo (Konrádová et al., 2002).

In mature mangosteen seeds, a differentiated embryo is absent with
only a procambium ring structure. Based on histological observations,
the procambium ring with two to three cell layers elongates towards the
opposite ends where radicle and plumule emerge (Noor et al., 2016).
Hence, it is conceivable that procambium cells divide rapidly resulting
in elongating procambial ring and develop into vascular tissues for
water transport and nutrient mobilisation during early seed germina-
tion. Along with the downregulation of cell-wall modification tran-
scripts, cationic peroxidases which showed mix-regulation on D3 (Fig.
S3) might play a role in preventing cell expansion during rapid cell
division like early zygotic embryogenesis (Hoenemann et al., 2010).
Notably, TF family bHLH involved in the development of vascular tis-
sues and root was highly upregulated on D5 (Fig. S5), which coincided
with radicle protrusion.

A high level of GABA on D0 (Mazlan et al., 2019) might play a role
together with calcium signalling in plant organogenesis (Michaeli and
Fromm, 2015) and cellular differentiation (Santa-Catarina et al., 2006),
as reported previously in mangosteen ovule protuberance outgrowth
(Yapwattanaphun et al., 2014; Yonemori et al., 2014). However, GABA
content reduces rapidly during seed germination (Mazlan et al., 2019),
which is consistent with GAD downregulation on D3 (Fig. S2). How-
ever, GAD upregulation on D5 was not followed by an increase of GABA
which indicates rapid GABA shunt into the TCA cycle for energy pro-
duction. Other factors important for somatic embryogenesis include
polyamines (De Oliveira et al., 2018) with an indication of upregulation
on D3, especially spermidine synthase. This is consistent with the
higher expression of polyamine biosynthetic pathway transcripts in
mangosteen embryogenic callus (Fadryin et al., 2018; Mahdavi-Darvari
and Noor, 2017). A cytosolic glutamine synthetase localised to pro-
cambial tissue, which is a marker for the onset of germination with
chloroplast differentiation found to be absent in zygotic but present in
somatic pine embryos (Rodríguez et al., 2006), was expressed at a high
level (TPM>45) throughout mangosteen seed germination (Supple-
mentary Material 4).

Stress is an important trigger of somatic embryogenesis at the right
level and developmental time frame for the acquisition of embryogenic
competence by inducing severe changes in cellular metabolism which
involved ABA (Fehér, 2015) and ET especially for in vitro culture of
recalcitrant species (Piyatrakul et al., 2012). During maturation, ABA
content declines in zygotic embryos but increases in somatic embryos
(Winkelmann, 2016), which is akin to the gradual increase of active
ABA-related transcripts during mangosteen seed germination (Fig. 7).
ABA treatment has been shown to increase storage protein accumula-
tion in cocoa somatic embryos (Alemanno et al., 1997). Meanwhile,
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endogenous ET was reported to be essential for the proliferation and
differentiation of somatic embryogenesis but not its induction in Med-
icago sativa (Kȩpczyńska et al., 2009). Therefore, ET signalling through
ERF TFs on D3 could play a critical role in the activation of in vivo
somatic embryogenesis in mangosteen seed. Whether or not the appli-
cation or suppression of ET will affect mangosteen seed germination
rate is yet to be tested in the future.

Excessive stress such as under in vitro conditions might lead to cell
death while programmed cell death (PCD) could be a part of a normal
developmental programme. Iron-dependent PCD/ferroptosis appeared
to be important during early mangosteen embryogenesis (Table 2). In
Cyclamen persicum, non-embryogenic cells surrounding the differ-
entiating somatic embryos undergo PCD (Schwenkel and Winkelmann,
1998). Moreover, epigenetic regulation of embryogenesis by methyla-
tion/demethylation and histone modifications in mangosteen seed
germination, especially after radicle protrusion on D5 (Fig. S4b) will
need further investigation.

5. Conclusion

In summary, transcriptomic analysis supported that mangosteen
seed metabolism is maintained at an optimal level, continuous from the
seed maturation stage, which is typical of a recalcitrant seed metabo-
lism with starch and lipid as the main reserves. Based on comparative
analysis with Arabidopsis, transcriptional changes showed the con-
served antagonistic relationship between ABA and GA in mangosteen
seeds. This study also revealed mangosteen seed germination as a fas-
cinating process encompassing a developmental pathway of in vivo di-
rect somatic embryogenesis/organogenesis through transcriptional re-
programming of a common set of genes with the activation of ethylene
signalling pathway concurring anaerobic respiration on D3. As sum-
marised in the descriptive Fig. S7, mangosteen seed germination is a
complex process that involved concerted actions of many transcrip-
tional and hormonal regulatory factors through concomitant co-
ordination of metabolic and cellular processes with signal transduction.
This first-time transcriptomic analysis of recalcitrant seed germination
serves as a starting point for a more in-depth analysis of the many
postulations generated from this study. Proteomic profiling will be
necessary to ascertain protein abundance with transcript expression
while the quantification of phytohormones will be meaningful to un-
derstand the role of each plant growth regulators and their effects on
mangosteen seed germination. It will also be interesting to perform
comparative transcriptomic analysis of other recalcitrant seeds with
differentiated/developed embryos in the future. The ability to improve
seed germination has great agronomic potential and is important for the
propagation of recalcitrant species.
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