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Seed size affects the edible portion rate of lychee fruit and is therefore an important trait for fruit quality
in lychee (Litchi chinensis). Lychee fruits can be classified into four categories in terms of seed properties:
normal, small, aborted seed and seedless. ‘Salathiel’ is known to bear a relatively high rate of aborted-seeded
(pseudo-parthenocarpy, stenospermocarpy) and seedless (parthenocarpy) fruit regardless of environmental
and cultivation conditions. In other horticultural fruit crops, such as tomato, auxin metabolism and signaling
is critical for parthenocarpy, although auxin metabolism has not been characterized in relation to (pseudo)
parthenocarpy in lychee. The purpose of this study was to characterize the physiological and morphological
properties of maternal reproductive organs in ‘Salathiel’ female flowers, with a specific focus on the associated
auxin metabolism. Microscopic observations of the internal structures of the ‘Salathiel’ embryo revealed
that ‘Salathiel’ reproductive organ differentiation is similar to that of normal-seeded cultivars. However,
the obturator was significantly smaller in ‘Salathiel’ than in other normal-seeded cultivars, suggesting that
specific developmental characteristics may exist in the maternal reproductive organs of ‘Salathiel’. Our
investigation of indole acetic acid (IAA) contents revealed that IAA levels were significantly higher in
‘Salathiel’ than in other cultivars. Moreover, the IAA metabolite contents also differed significantly between
‘Salathiel’ and the normal-seeded and small-seeded cultivars. Specifically, N-3-hydroxy-2-oxindole-3-acetyl
glutamic acid contents were significantly higher in ‘Salathiel’ than in ‘Yu Her Pau’ and ‘Hei Ye’. 3-hydroxy-2-
oxindole-3-acetic acid was lower in ‘Yu Her Pau’ and ‘Salathiel’ than in ‘Hei Ye’, while indole-acetylaspartic
acid was significantly lower in ‘Salathiel’ compared to ‘Hei Ye’. Expression analyses of the genes related
to auxin biosynthesis, catabolism, transport, and signaling indicated that the IAA influx-related and efflux-
related gene expression levels were respectively higher and lower in ‘Salathiel’ than in the other cultivars,
which is consistent with the increased IAA accumulation in the ‘Salathiel’ ovary. The possible involvement of
auxin metabolism in the aborted-seeded and seedless fruit production in ‘Salathiel’ is discussed herein.

Key Words: auxin transporter, indole acetic acid (IAA), parthenocarpy, pseudo-parthenocarpy (stenospermocarpy),
seed.

Introduction
Lychee (Litchi chinensis Sonn.), which is a

subtropical fruit tree species belonging to the family
Sapindaceae, originated in the region between southern
China, northern Vietnam, and Myanmar (Mitra and
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Pathak, 2010). In lychee, seed size is an important fac‐
tor influencing lychee fruit quality and value (Kays,
1999; Menzel, 2002). Almost all common lychee culti‐
vars have one seed per fruit, and seed size greatly
affects the amount of edible flesh per fruit as well as
how easily it can be eaten. Lychee fruit containing a
small aborted seed (i.e., chicken tongue seed) are pre‐
ferred by consumers and are economically valuable
because they have a substantial amount of edible flesh
and a desirable taste (Wang et al., 2017). Thus, the pro‐
duction of small aborted-seeded lychee fruit is likely to
be economically beneficial for growers. However, the
seed abortion that leads to the formation of chicken
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tongue seeds usually adversely affects fruit set and
development. Accordingly, small aborted-seeded lychee
fruit production is possible only with a few cultivars.

Based on seed development, lychee fruit can be clas‐
sified into the following four categories: seedless,
aborted-, small-, and normal-seeded (Wang et al.,
2017). Seedless fruit and aborted-seeded fruit are
believed to be produced without and after fertilization,
respectively; thus, they are the result of parthenocarpy
and pseudo-parthenocarpy (stenospermocarpy), respec‐
tively. Lychee cultivars bear fruit with various propor‐
tions of aborted seeds with various abortion levels
(Menzel et al., 1986; Xie et al., 2019). ‘Hei Ye’ and
‘Chakrapat’, which are the major normal-seeded culti‐
vars, tend to produce a relatively high proportion of
normal-seeded fruit (Menzel, 2002; Menzel et al., 1986;
Wang et al., 2017), although Matsuda and Higuchi
(2019) reported that ‘Chakrapat’ can bear aborted-
seeded fruit in greenhouse cultivation conditions. In
contrast, ‘No Mai Tsz’, which is also known as
‘Nuomici’, and ‘Salathiel’ usually bear a high propor‐
tion (> 90%) of aborted-seeded fruit. In particular,
although ‘Salathiel’ is categorized as aborted-seeded
cultivar (Menzel, 2002; Menzel et al., 2005), it occa‐
sionally produce seedless fruit (Koul and Singh, 2017),
so it may have both parthenocarpic and pseudo-
parthenocarpic ability. Zhang et al. (2018) proposed
that in cultivars with a high percentage of aborted-
seeded fruit (e.g., ‘Nuomici’), seed abortion is con‐
trolled by the mother plant genetic factors. ‘Yu Her
Pau’, which is also known as ‘Feizixiao’, and ‘Guiwei’
are often considered to be small-seeded cultivars (Wang
et al., 2017; Zhang et al., 2018). These small-seeded
cultivars vary in terms of the rates of aborted-, small-
seeded (of various sizes), and normal-seeded fruit. In
these cultivars, the aborted- and small-seeded fruit rates
depend on the year, cultural practices, and location
(Menzel et al., 1986; Wang et al., 2017). For example,
‘Yu Her Pau’ was reported to bear a high rate of
aborted-seeded fruit in Taiwan (Fang et al., 2018).

Plant hormones have major effects on vegetative and
reproductive growth. Accordingly, they are utilized in
various types of horticultural production. For example,
plant hormones are commonly used to promote high-
quality commercial fruit production (Bons and Kaur,
2020). Plant hormones also significantly influence
embryo development, seed formation, and fruit set.
Auxin is a plant hormone that plays an important role in
various plant developmental processes, including
embryonic development and seed formation (Möller
and Weijers, 2009; Ni et al., 2001; Teale et al., 2006). In
tomato (Solanum lycopersicum), auxin biosynthesis and
metabolism is critical for inducing fruit set (Matsuo
et al., 2018). Additionally, auxin inhibitor treatment
enhanced tomato seed formation, suggesting auxin sig‐
nificantly modulates fruit set as well as seed abortion
(Takisawa et al., 2019). Furthermore, the application of

synthetic auxin (i.e., NAA) is a useful culture practice
for increasing fruit set in some lychee orchards in
Brazil and Israel (Gonçalves et al., 2014; Stern and
Gazit, 1999; Stern et al., 2000). In these studies, syn‐
thetic auxin application significantly reduced lychee
fruitlet abscission and increased yield. These findings
imply that internal auxin metabolism may be related
to lychee parthenocarpy and pseudo-parthenocarpy
(stenospermocarpy); however, there is a lack of
research aimed at characterizing the relationship of
endogenous auxin metabolism with seed abortion and
fruit retention in lychee.

Among three plant endogenous auxins, indole-3-
acetic acid (IAA), phenyl acetic acid, and 4-chloro-
indole acetic acid, IAA is a major auxin, and it is
believed to be active as a free acid. The IAA level in
organs is regulated by coordinated synthesis,
metabolism, and transport. Moreover, IAA metabolites
are produced by oxidation, such as with 2-oxindole-3-
acetic acid (OxIAA), by conjugation as with indole-
acetylaspartic acid (IAA-Asp) and indole-acetylglucose
(IAA-Glc), and by a combination of oxidation and con‐
jugation, as with 2-oxindole acetylglucose (OxIAA-
Glc). Because the IAA metabolites are generally more
abundant and can be more easily monitored (Gonçalves
et al., 2008; Kim et al., 2021; Ludwig-Müller, 2011;
Osterc et al., 2016), the IAA metabolite contents com‐
bined with IAA-related gene expression data may be
useful for assessing the auxin status related to tissue
growth and development.

In this study, we characterized auxin metabolism in
the aborted-seeded cultivar, Salathiel. Auxin and its
metabolites contents were compared between
‘Salathiel’ and cultivars other than aborted-seeded ones,
the small-seeded ‘Yu Her Pau’, and the normal-seeded
‘Hei Ye’. The expression levels of genes related to IAA
biosynthesis, metabolism, transport, and signaling were
also analyzed to explore the molecular mechanisms
underlying the auxin accumulation in ‘Salathiel’
ovaries. Based on these results, we discuss the relation‐
ships among auxin metabolism, seed abortion and fruit
retention in lychee.

Materials and Methods

Plant materials
The following five lychee cultivars were used in this

study: ‘No Mai Tsz’, ‘Salathiel’, ‘Yu Her Pau’, ‘Hei
Ye’, and ‘Chakrapat’. ‘Hei Ye’ (11 years old) and
potted ‘Salathiel’ (8 years old) plants were grown at
the Subtropical Plant Branch, Miyazaki Agricultural
Research Institute, while potted ‘No Mai Tsz’, ‘Yu Her
Pau’, and ‘Chakrapat’ plants (all 7 years old) were
grown at the Kyoto farmstead of Kyoto University
Experimental Farm. In spring 2019, female (functional
hermaphroditic female) flowers just after the anthesis
period (Fig. 1) were collected to excise their ovaries,
which were subsequently analyzed. We removed the
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stigma, style, and anthers just after sampling. Each
excised ovary, including an ovule and embryo, was
immediately immersed in FAA fixative solution
(formaldehyde:acetic acid:50% aqueous ethanol = 
5:5:90) and stored at 4°C prior to microscopy analysis.
The ovaries of ‘Hei Ye’, ‘Yu Her Pau’, and ‘Salathiel’
were either immediately frozen in liquid nitrogen and
stored at −80°C for an analysis of the auxin content
or immersed in RNAlaterTM Stabilization Solution
(Thermo Fisher Scientific, MA, USA) and stored at
−20°C for RNA extraction.

Microscopic examination of the internal ovary structure
The FAA fixative solution was replaced with a gradi‐

ent of sucrose solutions (10%, 20%, and 30%) and then
samples were embedded in SCEM medium (Leica
Microsystems GmbH, Wetzlar, Germany). Frozen
ovaries were cut into 10–15 μm sections using a
CM1520 cryostat (Leica) as described by Kawamoto
(2003). The longitudinal sections containing the largest
ovule section were used for subsequent observations.
Sections were stained with 0.1% toluidine blue, em‐
bedded in SCEM medium, and examined and photo‐
graphed using a BX53FL light microscope (Olympus,
Tokyo, Japan) equipped with a DP80 digital camera
(Olympus). The area and length of specific tissue
regions were measured using ImageJ (Abràmoff et al.,
2004). At least six samples (either one of two ovule
portions were used from six independent florets) were
analyzed per cultivar as biological replicates. The
Tukey-Kramer test was used to test for significant dif‐
ferences (P < 0.05) among the mean values. Percentage
data was subjected to arcsine transformation before
statistical analysis.

Measurement of endogenous auxin and metabolite con‐
tents in ovaries

The frozen ovaries of ‘Hei Ye’, ‘Yu Her Pau’, and

Fig. 1. Photo of a female lychee flower just after the anthesis peri‐
od. We removed the stigma, style, and anthers just after sam‐
pling. The ovary, which includes an ovule and embryo, was
examined using a microscope. The auxin content was measured
and RNA was extracted.

‘Salathiel’ (50–100 mg fresh weight) were homoge‐
nized in liquid nitrogen for phytohormone extraction, as
described by Kim et al. (2021). Briefly, phytohormones
were extracted using an 80% acetone solution contain‐
ing the isotope-labeled internal standards of IAA and its
metabolites (0.1 nmol): 13C6-IAA, IAA-d2, OxIAA-d2,
3-hydroxy-2-oxindole-3-acetic acid (DiOxIAA)-d2,
N-2-oxindole-3-acetyl aspartic acid (OxIAA-Asp)-d2,
N-2-oxindole-3-acetyl glutamic acid (OxIAA-Glu)-d2,
N-3-hydroxy-2-oxindole-3-acetyl aspartic acid
(DiOxIAA-Asp)-d2, and N-3-hydroxy-2-oxindole-3-
acetyl glutamic acid (DiOxIAA-Glu)-d2. The extraction
process was repeated and then the extracts were con‐
centrated using an evaporator. After adjusting the pH
using 0.1% formic acid, the concentrated extracts were
added to Sep-Pak C18 cartridges (Waters, Milford, MA,
USA) for solid-phase extraction. The purified samples
were eluted using 70% acetonitrile. Following an evap‐
oration step, the contents were determined by LC-ESI-
MS/MS using an LCMS-8030 system (Shimadzu,
Kyoto, Japan) in the MRM mode. Each metabolite was
quantified on the basis of the ratio of its peak area to the
peak area of the specified amount of the internal stan‐
dard. The amount was expressed as nanomoles per
gram of fresh weight (nmol·g−1 FW). For each cultivar,
three biological replicates were analyzed. The Tukey-
Kramer test was used to test for significant differences
(P < 0.05) among the mean values.

Analysis of auxin-related gene expression
Total RNA was extracted from the ovaries (‘Hei Ye’,

‘Yu Her Pau’, and ‘Salathiel’) using PureLink Plant
RNA Reagent (Thermo Fisher Scientific). mRNA
libraries were then constructed and sequenced (Illumina
HiSeq, 150-bp paired-end reads) according to the man‐
ufacturer’s instructions (GENEWIZ, NJ, USA). For
each cultivar, three biological replicates were prepared
for the mRNA sequencing (mRNA-seq) analysis, with
one replicate comprising two ovaries from one female
flower.

The raw sequencing data were preprocessed by
removing adapter sequences using fastp (Chen et al.,
2018). The remaining ‘Hei Ye’ reads were used for the
de novo sequence assembly using Trinity (Grabherr
et al., 2011), with a read-length cut-off of 35 bp. After
clean reads were mapped to the de novo assembled
contigs by bowtie2 (Langmead and Salzberg, 2012;
Langmead et al., 2019) and samtools (Li, 2011; Li
et al., 2009), the sam/bam file created was used to cal‐
culate the TPM values of each contig using Salmon
(Patro et al., 2017). A principal component analysis
(PCA) of the TPM values of all contigs was performed
using R (version 4.1.0) (R Core Team, 2021) to confirm
similarities and differences in the sequencing data
among cultivars.

The coding sequences and encoded amino acid
sequences of the auxin-related genes in Arabidopsis
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thaliana, Oryza sativa, Citrus sinensis, Vitis vinifera,
and Prunus persica were obtained from the NCBI and
Phytozome databases (Goodstein et al., 2012). Twelve
auxin-related gene homologs, including 3 IAA
biosynthesis-related TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA),
YUCCA (YUC), AMIDASE (AMI), 3 IAA metabolism-
related DIOXYGENASE (DAO), GRETCHEN HAGEN3
(GH3), UDP-GLYCOSYLTRANSFERASE (UGT), 3
auxin signaling-related AUX/IAA, AUXIN RESPONSE
FACTOR (ARF), TRANPORT INHIBITOR RESPONSE
(TIR1), and 3 auxin transporters, PIN-FORMED (PIN),
ATP-BINDING CASSETTE B (ABCB), and AUXIN
RESISTANT/LIKE AUX (AUX/LAX), were extracted by
a local BLAST search from the contigs of the de novo
assembly using A. thaliana coding sequences as the
query (e-value < 1E-10). A phylogenetic analysis was
conducted to confirm the sequence similarity and con‐
servation between the extracted contigs and the
sequences in A. thaliana, O. sativa, C. sinensis,
V. vinifera, and P. persica. Protein sequences were
aligned using MAFFT (version 7) (Katoh and Standley,
2013). The phylogenetic tree was constructed according
to the neighbor-joining method using MEGA X (Kumar
et al., 2018). The TPM values of each contig encoding
auxin-related genes were compared between cultivars.
The data are herein presented as a heatmap, which was
produced on the basis of the Z-score using the gplots
package in R.

Results and Discussion

In this study, we categorized five cultivars into the
aborted-seeded cultivars, ‘No Mai Tsz’ and ‘Salathiel’,
the small-seeded cultivar ‘Yu Her Pau’, and the normal-
seeded cultivars, ‘Hei Ye’ and ‘Chakrapat’. The mean
seed size of ‘Salathiel’ and ‘Chakrapat’ fruits from the
trees grown at Miyazaki Agricultural Research Insti‐

tute, were reported to be 0.5 g and 3.3 g, respectively
(Hirahara, 2018), supporting that the ‘Salathiel’ trees
used in this study were an aborted-seeded cultivar.
Although the seed size of ‘No Mai Tsz’, ‘Chakrapat’,
and ‘Yu Her Pau’ fruits from the trees grown at Kyoto
University were not investigated, they are considered
to be aborted-, normal-, and small-seeded cultivars,
respectively, based on previous reports (Menzel, 2002;
Menzel et al., 1986; Wang et al., 2017; Zhang et al.,
2018).

Ovule, inner and outer integuments, and obturator dif‐
ferentiation and development in ‘Salathiel’

Abnormal ovule development and integument defi‐
ciency lead to pseudo-parthenocarpy (stenospermo‐
carpy), resulting in abnormal seed development and
seedless fruit formation in A. thaliana and Annona
squamosa (Dos Santos et al., 2014; Lora et al., 2011).
Our microscopic observations of the female reproduc‐
tive organs of several lychee cultivars revealed that the
differentiation of the embryo sac, inner and outer
integuments, and obturator, in the aborted-seeded culti‐
vars, ‘Salathiel’ and ‘No Mai Tsz’, were similar to
those in normal-seeded and small-seeded cultivars
(Fig. 2). This suggests that the relatively high pro‐
portion of aborted seeds in ‘Salathiel’ fruit is not due to
the abnormal differentiation of the organs in the ovary
during the flowering period. This is consistent with
the findings of a previous study that demonstrated the
normal differentiation of female reproductive organs in
another aborted-seeded cultivar (‘No Mai Tsz’) (Zhu,
2008).

We then compared the development of these organs
among the examined cultivars. The degree of the
development of the ovary, ovule, embryo sac, integu‐
ments, and obturator varied significantly among the cul‐
tivars (Table 1). The ovary, ovule and embryo sac were

Fig. 2. Longitudinal section of an ovary just after flowering. Ova: ovary, Ovu: ovule, ES: embryo sac, Ob: obturator, II: inner integument, OI:
outer integument. Sections containing a clearly visible embryo sac were subjected to observation and size evaluations. Bar indicates 200 μm.
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significantly larger in ‘Yu Her Pau’ and smaller in ‘Hei
Ye’ and ‘Salathiel’, which likely reflects the differences
in whole flower size itself (data not shown). The width
of the inner integument was greatest in ‘Chakrapat’
while that of the outer integument was significantly
longer in ‘Yu Her Pau’ and ‘No Mai Tsz’. The embryo
sac to ovule size ratio was significantly larger in ‘No
Mai Tsz’ than ‘Salathiel’ and ‘Yu Her Pau’. These
results suggest that there is no clear relationship
between ovary, ovule, integument developmental
degree and cultivar-dependent seed size characteristics.
On the contrary, the obturator to ovule size ratio was
significantly smaller in the aborted-seeded cultivars ‘No
Mai Tsz’ and ‘Salathiel’ than in the other cultivars. The
obturator mediates pollen tube growth and the sub‐
sequent fertilization (Arbeloa and Herreo, 1987; Cousin
and El Maataoui, 1998; Losada and Herrero, 2017). It
has been suggested that pollination positively affects
fruiting and seed size in lychee (Chu et al., 2015). Thus,
we speculated that the differences in the obturator to
ovule size ratio may be related to the altered fertilized
embryo or seed development of ‘No Mai Tsz’ and
‘Salathiel’, which ultimately leads to increased seed
abortion in these cultivars. However, the potential rela‐
tionship between the small obturator of aborted-seeded
cultivars and seed abortion will need to be experimen‐
tally verified.

High level of IAA in the ‘Salathiel’ ovaries
We analyzed auxin metabolism because it has been

well-documented that auxin is critical for fruit set, seed
development, and parthenocarpy in other plants, includ‐
ing tomato (Matsuo et al., 2018; Möller and Weijers,
2009; Teale et al., 2006). The active auxin IAA and its
metabolites (OxIAA, DiOxIAA, IAA-Asp, OxIAA-
Asp, DiOxIAA-Asp, DiOxIAA-Asp, IAA-Glu, and
DiOxIAA-Glu) were detected in the aborted-seeded
‘Salathiel’, small-seeded ‘Yu Her Pau’, and normal-
seeded ‘Hei Ye’ cultivars (Fig. 3). However, OxIAA-
Glu and other amino acid and glucose conjugates were
not detected (data not shown), which is consistent with
the results of our recent study on lychee flower auxin
contents (Kim et al., 2021). Additionally, the IAA,

DiOxIAA, IAA-Asp, and DiOxIAA-Glu levels were
significantly different among cultivars. More specifical‐
ly, the IAA and DiOxIAA-Glu contents were signifi‐
cantly higher in ‘Salathiel’ than in the other two
cultivars examined. DiOxIAA was lower in ‘Yu Her
Pau’ and ‘Salathiel’ than in ‘Hei Ye’, while IAA-Asp
was significantly lower in ‘Salathiel’ compared to ‘Hei
Ye’.

Our study revealed that the ‘Salathiel’ ovary contains
a higher level of IAA than the ovaries of normal-seeded
and small-seeded cultivars. Auxin has important effects
on the stability of fruit set in fruit tree species, as well
as in various other horticultural crops (Alabadí et al.,
1996; Bons and Kaur, 2020; Tiwari et al., 2012). In
fact, exogenous auxin application is one conventional
lychee crop management strategy used to improve fruit
set in Southeast Asia (Anand et al., 2003; Arora and
Singh, 2017; Menzel, 2002). In tomato and eggplant
(Solanum melongena), high IAA levels are associated
with fruit retention and the induction of parthenocarpic
fruit production (Matsuo et al., 2020; Takisawa et al.,
2019). Moreover, auxin promotes fruit retention in
some other fruit crops (Else et al., 2004; Kurnlawati
and Hamim, 2009). Therefore, high IAA levels in
reproductive organs, including the ovary, may con‐
tribute to flower and fruit retention. Because the strong
sink activities of seeds help trees retain fruit (Ohsugi,
2003; Zhang et al., 2020), normal-seeded or small-
seeded fruit are likely retained on trees more than
aborted-seeded fruit. Poor embryo development report‐
edly increases physiological fruit drop in peach
(Fukuda et al., 2006). Furthermore, it has been suggest‐
ed that appropriate pollination, fertilization, and seed
development may increase the lychee fruiting percent‐
age (Chu et al., 2015). Therefore, we hypothesize that
the high IAA level in the ‘Salathiel’ ovaries may con‐
tribute to fruit retention and prevent early flower shat‐
tering or aborted-seeded and seedless fruit drop.

‘Hei Ye’, which is a normal-seeded cultivar, had high
IAA metabolite contents (Fig. 3). Among the IAA
metabolites detected in this study, OxIAA and
DiOxIAA, which are oxidized IAA metabolites, were
the most abundant (Fig. 3B, C). ‘Yu Her Pau’ had a

Table 1. Development of female reproductive organs in various lychee cultivars.

Cultivar Ovary  
(mm2)

Ovule  
(mm2)

Embryo Sac 
(mm2)

Obturator 
(mm2)

Inner 
Integument 

(μm)

Outer 
Integument 

(μm)

Embryo  
Sac/Ovule (%)

Obturator/
Ovule (%)

Chakrapat 0.36 ± 0.02 b* 0.27 ± 0.02 b 0.010 ± 0.01 a 0.041 ± 0.02 a 74.0 ± 2.0 a  75.6 ± 2.0 b 3.9 ± 0.1 ab 15.5 ± 0.6 a
Hei Ye 0.23 ± 0.01 c 0.20 ± 0.01 c 0.008 ± 0.01 b 0.024 ± 0.01 b 49.6 ± 1.2 c  88.0 ± 2.6 b 3.9 ± 0.2 ab 11.5 ± 0.2 b
Yu Her Pau 0.55 ± 0.01 a 0.34 ± 0.01 a 0.012 ± 0.01 a 0.043 ± 0.02 a 52.0 ± 0.7 c 109.8 ± 2.0 a 3.6 ± 0.2 b 12.7 ± 0.5 b
No Mai Tsz 0.36 ± 0.01 b 0.25 ± 0.08 b 0.011 ± 0.00 a 0.017 ± 0.01 c 63.2 ± 2.5 b 105.9 ± 4.7 a 4.6 ± 0.3 a  6.2 ± 0.4 d
Salathiel 0.22 ± 0.01 c 0.20 ± 0.05 c 0.006 ± 0.01 b 0.018 ± 0.01 bc 71.6 ± 2.0 ab  78.4 ± 2.2 b 3.2 ± 0.4 b  9.3 ± 0.4 c

Data are presented as the mean ± SE.
*	Different	letters	in	a	column	indicate	significantly	different	means	(P < 0.05), as determined by the Tukey-Kramer test. The percentages were sub-

jected to arcsine transformation before the statistical analysis.
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lower endogenous IAA level than ‘Salathiel’, but it
tended to have more or equal amounts of OxIAA. ‘Hei
Ye’ contained significantly more DiOxIAA than the
other cultivars. Several studies have confirmed that
IAA metabolites are derived from IAA (Gonçalves
et al., 2008; Kim et al., 2021; Ludwig-Müller, 2011;
Osterc et al., 2016). Therefore, these results may indi‐
cate that IAA levels peaked in ‘Hei Ye’ and ‘Yu Her
Pau’ before flowering, and that the IAA level peaked
later in ‘Salathiel’ than in the other two cultivars. Auxin
contents and homeostasis greatly affect plant organ
development (Cao et al., 2020). In this study, the abun‐
dance of IAA metabolites varied between cultivars with
diverse seed traits. We hypothesize that differences in
auxin levels during female flower development may be
related to the variability in female organ development
and subsequent seed and fruit development.

IAA efflux and influx may be the primary factors medi‐
ating the high auxin content in ‘Salathiel’

We tried to clarify the mechanisms underlying the
increased IAA accumulation in the ‘Salathiel’ ovaries
by conducting mRNA-seq analysis. Our mRNA-seq
analysis generated a total of 106,840,115 reads
(32.05 Gb). All the obtained sequences from Illumina

sequencing reads are available from the NCBI/DDBJ
Sequence Read Archive under the following accession
number, DRA012830. The PCA results revealed a clear
separation of read components among cultivars and a
high similarity between biological replicates (Supple‐
mentary Fig. 1). Moreover, PC1 and PC2, respectively,
accounted for 29.3% and 24.2% of the variance, and
each sample formed three clusters depending on the
cultivar. This implies that the expression pattern in the
ovary just after flowering may differ among the culti‐
vars, even though the samples were collected at the
same development stage.

The expression levels of genes related to IAA bio‐
synthesis, metabolism, transport, and signaling were
compared among the cultivars (Fig. 4). In A. thaliana,
the indole-3-pyruvic acid (IPA) pathway is a major IAA
biosynthetic pathway (Mashiguchi et al., 2011). In this
pathway, TAA converts tryptophan to IPA, which is
then oxidized by YUC to produce IAA. Several studies
indicated IAA can also be synthesized in a pathway
mediated by AMI, in which indole acetamide is
converted to IAA (Abu-Zaitoon et al., 2012; Mano
et al., 2010; Mashiguchi et al., 2011). We identified
several homologs of the corresponding genes and the
subsequent gene expression analysis indicated that

Fig. 3. Endogenous IAA contents in lychee ovaries just after flowering. The amount was expressed as nanomoles per gram of fresh weight
(nmol·g−1 FW). For each cultivar, three biological replicates were analyzed. a: IAA, b: OxIAA, c: DiOxIAA, d: IAA-Asp, e: OxIAA-Asp, f:
DiOxIAA-Asp, g: IAA-Glu, h: DiOxIAA-Glu. Different letters above the bars in each graph indicate significant differences (P < 0.05), as
determined by the Tukey-Kramer test.
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‘Salathiel’ had relatively high AMI expression levels.
Regarding the IAA biosynthesis-related genes, although
AMI was more highly expressed in ‘Salathiel’ than in
the other cultivars, the expression levels of TAA and
YUC, which are key genes in the main IAA bio‐
synthesis pathway, were not different from the others
overall. Therefore, there was no clear association
between IAA biosynthesis activity and the high IAA
content in ‘Salathiel’. Regarding IAA catabolism, the
three major catabolic pathways (oxidation, amino acid
conjugation, and glycosylation) have been well charac‐
terized in Arabidopsis; these pathways involve DAO,
GH3, and UGT, respectively. The expression data for
these IAA catabolism-related genes revealed that UGT
expression levels were lower in ‘Salathiel’ than in the

Fig. 4. Heatmap presenting the expression tendencies of IAA-
related genes on the basis of the mRNA-seq analysis. Each
TPM value was converted to a Z-score before constructing the
heatmap.

other cultivars (Fig. 4). Regarding IAA metabolism-
related genes, in ‘Hei Ye’, which had a relatively low
IAA content, the DAO expression level was generally
higher than that in the other cultivars, which is in accor‐
dance with the highest accumulation of DiOxIAA in
‘Hei Ye’. The UGT expression levels were lower in
‘Salathiel’ than in ‘Hei Ye’ and ‘Yu Her Pau’. However,
IAA glycosides were undetectable in our analysis of
IAA metabolites, which is similar to the lack of IAA
glycosides detected in lychee flowers during our previ‐
ous investigation (Kim et al., 2021). Therefore, similar
to IAA biosynthesis genes, IAA metabolism-related
genes may not be the primary factors responsible for
the high IAA contents in ‘Salathiel’.

The AUX/IAA family proteins negatively regulate
auxin signaling by inactivating the ARFs that promote
auxin-responsive gene expression. In the presence of
high auxin levels, auxin binds to the TIR1–AUX/IAA
complex, leading to the ubiquitination and degradation
of AUX/IAA and the activation of ARFs (Dharmasiri
et al., 2005; Guilfoyle and Hagen, 2007; Wang et al.,
2005). In our study, the magnitudes of ARF expression
levels were in the order ‘Hei Ye’ > ‘Salathiel’ > ‘Yu
Her Pau’ and TIR1 expression levels were substantially
higher in ‘Hei Ye’ than the others (Fig. 4). AUX/IAA
expressions tended to be higher in ‘Yu Her Pau’ com‐
pared to the other cultivars because three out of six
AUX/IAA genes showed higher expression intensities.
In tomato, the molecular roles of the IAA signaling
genes ARF and TIR1 on parthenocarpy have been thor‐
oughly characterized. The suppressed expression of
SlARF5 alters ovary growth and results in the formation
of seedless fruit (Liu et al., 2018), whereas the over‐
expression of SlTIR1 induces abnormal seed develop‐
ment and stimulates stenospermocarpic fruit formation in
tomato (Ren and Wang, 2016). Because no clear differ‐
ence was found in the overall expression patterns of
ARF, TIR1, and AUX/IAA genes between ‘Salathiel’
and the others, the relationship between altered IAA
signaling activity and genetic regulation of seed abor‐
tion in ‘Salathiel’ was unclear. Actually, our data indi‐
cated the IAA signaling genes, especially ARF and
TIR1, were highly expressed in ‘Hei Ye’, which can
produce more fruit per tree than the other cultivars
(Chang et al., 2017). Although the relationship between
auxin signaling genes expressions (i.e. ARF and TIR1)
and fruit retention have not been examined in lychee, it
is possible that the enhanced expressions of IAA signal‐
ing genes in ‘Hei Ye’ could be related to its relatively
high fruit set.

In contrast to the genes related to IAA biosynthesis
and metabolism, the IAA transporter gene expression
levels were closely correlated with the increased IAA
accumulation in ‘Salathiel’. Three major auxin trans‐
porter families have been reported, including the auxin
efflux carriers (PIN and ABCB) and the auxin influx
carrier (AUX/LAX) (Cho and Cho, 2013; Péret et al.,
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2012; Vieten et al., 2005). Compared with the gene
expression in ‘Hei Ye’ and ‘Yu Her Pau’, the ABCB and
PIN expression levels were lower in ‘Salathiel’, while
the AUX/LAX expression levels were higher in
‘Salathiel’ (Fig. 4). Because ABCB and PIN encode
auxin efflux carriers, whereas AUX/LAX encodes an
auxin influx carrier, lower expressions of ABCB and
PIN and higher expressions of AUX/LAX may help to
accumulate IAA more in the cytoplasm rather than
extracellular tissues, leading to the localization of IAA
inside the ovary rather than transportation of IAA from
the ovary. Thus, this expression pattern is consistent
with the higher endogenous IAA levels in the
‘Salathiel’ ovaries. Auxin transport helps facilitate
auxin homeostasis and localization in plants, as well as
auxin metabolism (Cho and Cho, 2013; Péret et al.,
2012; Robert et al., 2015; Vieten et al., 2005). The reg‐
ulation of IAA contents and the maintenance of auxin
homeostasis via IAA transport are reportedly vital for
embryonic and subsequent development (Robert et al.,
2015; Vieten et al., 2005).

In conclusion, we revealed that ‘Salathiel’, which can
produce a high proportion of aborted-seeded fruit,
shows specific reproductive organ developmental char‐
acteristics and accumulates a relatively large amount of
IAA in the ovary in the anthesis period. High accumula‐
tion of IAA could be due to altered auxin transport
polarity and intensity. On the basis of the results of pre‐
vious studies and the current study, we hypothesize that
the accumulation of endogenous auxin and the timing
of peak accumulation of auxin in ‘Salathiel’ may con‐
tribute to the retention of aborted-seeded and seedless
fruit. Our study also raises the possibility that auxin
metabolism could be related to lychee seed abortion;
however, future studies will need to verify this possibil‐
ity.
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