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Abstract

Light-induced photomorphogenesis is vital for plant growth and development. It was reported that secondary metabolites
played an effective role during plant growth and tightly regulated by ambient light condition. However, the dynamic changes
and possible functions of these compounds during photomorphogenesis were rarely reported. As one major class of secondary
metabolites, terpenoid indole alkaloids (TIAs) dominate defense function and medicinal value in Catharanthus roseus. Here,
the TTAs accumulations and their biosynthetic pathway gene expressions in light- and dark-grown seedlings were compared.
Our results showed that the presence of light successfully induced seedling photomorphogenesis, including opened apical
hook, inhibited hypocotyl elongation, opened and expanded cotyledons, and well developed roots. Generally, the contents
of photosynthetic pigments and the ratio of chlorophyll a to b in cotyledons were continuously enhanced during this phase.
Furthermore, light quickly activated the transcriptional expressions of the TIAs pathway enzymes and TIAs accumulations,
namely tabersonine, catharanthine, vindoline, vinblastine and vincristine. Interestingly, these TIAs simultaneously peaked
in the 3rd day after the cotyledons emerged out of growth substrate (DACE), exactly meeting the morphology of cotyledons
opening. We propose that TIAs might play important roles for the cotyledons acclimatization to environmental illumina-
tion. Through scanning the absorption spectrums, TIAs showed strong absorptions in ultraviolet light. So we supposed that
enhanced TIAs biosynthesis during photomorphogenesis might act as protective compounds to help the tender seedlings
survive excessive light radiation.

Keywords Catharanthus roseus - Photomorphogenesis - Terpenoid indole alkaloids biosynthesis - Transcriptional
expression

Abbreviations ROS Reactive oxygen species
CVs Coefficients of variations SGD Strictosidine p-glucosidase
DACE Days after the cotyledons emerged SLS Secologanin synthase
DAT Deacetylvindoline 4-O-acetyltransferase STR Strictosidine synthase
DMRT Duncan’s Multiple Range test TDC Tryptophan decarboxylase
D4H Desacetoxyvindoline 4-hydroxylase TIAs Terpenoid indole alkaloids
PRX1  Peroxidase 1 UV-B  Ultraviolet-B.
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Undoubtedly, light is one of the most essential environment

D< Hongzheng Wang factors for seed germination and plants growth (Li et al.
hzwang @nefu.edu.cn 2015), actively regulating photomorphogenesis (Jiao et al.
B4 Zhonghua Tang 2007). After germination, the terrestrial plants undergo two

tangzh @nefu.edu.cn distinct developmental programs depending on the availabil-

Key Laboratory of Plant Ecology, Northeast Forestry ity of light, termed skoto- and photomorphogenesis (Pfeiffer
University, Harbin 150040, China et al. 2016). Skotomorphogenesis exhibits elongated
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hypocotyl, apical hook topped by tightly-closed, underde-
veloped cotyledons, a limited root system and the plastid
sluggishly developing into etioplast (Chen et al. 2004). By
contrast, photomorphogenesis is characterized by inhibition
of hypocotyl elongation, expanded and green cotyledons, in
favor of seedlings for photosynthesis and autotrophic growth
(Nemhauser and Chory 2002; Xu et al. 2015). In this pro-
cess, the light stimuli contributes to regulate development
pattern depending on several receptors (Chen et al. 2012;
Casal 2013; Kanegae and Kimura 2015; Ma et al. 2016).
However, light signal exceeding the acceptable range of the
activated response center will create light damage, and then
lead to photoinhibition and reduce the photochemical and
carbon assimilation rates (Alboresi et al. 2011; Nishiyama
and Murata 2014; Zhang et al. 2017). Therefore, scaveng-
ing for harmful reactive intermediates operates the function
of photoprotection, which is essential for plant growth and
photosynthesis (Aluru et al. 2009; Zhang et al. 2017).

Numerous studies have stated that a series of secondary
metabolites are synthesized to cope with various sorts of
external potential threats, playing roles for defense (Fer-
reres et al. 2011). Intensive studies reported that synthesis
of phenolic compounds requires light or would be elevated
by light, and production of flavonoids absolutely depended
on light intensity and density (Hemm et al. 2004). And it
was believed that anthocyanins and flavonoids protected the
tender seedlings from more damage of light in de-etiolation
(Bowler et al. 2013; Li et al. 2017). C6C3C6-type phenolic
compounds are considered to provide photo-protective func-
tion as filters against ultraviolet irradiation (Liu et al. 2016a,
b). In addition, previous reports suggested that enhancement
of flavonoid, ferulic acid and cinnamic acid in plants maybe
closely related with the effective protection of photosyn-
thetic apparatus (Hura et al. 2010).

The medicinal plant Catharanthus roseus produces more
than 150 terpenoid indole alkaloids (TIAs) in different
organs (Dutta et al. 2005; Pan et al. 2010; Liu et al. 2016a,
b). Extensive progresses have been made for the TIAs bio-
synthetic pathway over the past decades (Fig. S1). Overall,
the pathway can be recognized for three stages, including the
formation of strictosidine, monomeric alkaloids and bisin-
dole alkaloids (Rischer et al. 2006; Liu et al. 2007; Sut-
tipanta et al. 2011; Zhu et al. 2014; Pan et al. 2015). TIAs
are widely studied in virtue of displaying a large variety of
pharmaceutical activities (De Luca and Laflamme 2001).
Extensive evidence indicated that light signal was involved
in regulating TIAs biosynthesis in C. roseus. Many reports
agreed that productions of various indole alkaloids were ele-
vated in C. roseus induced by light treatment, particularly by
ultraviolet-B (UV-B) (He et al. 2011). UV-B light treatment
for 5 min also enhanced the productions of catharanthine and
vindoline by threefold and 12-fold, respectively (Ramani and
Jayabaskaran 2008). In intact plant of C. roseus, artificial
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UV-B and natural sunlight induced accumulation of TIAs
and the expression of the TDC gene (Hirata et al. 1993;
Ouwerkerk et al. 1999). In addition, phytochrome was prob-
ably assumed in the activation of D4H and light was not
necessary for emerging of the structural cells where D4H
and TDC exclusively localized (Vazquez-Flota and De Luca
1998; Vazquez-Flota et al. 2000).

Compared with other developmental periods, light has
a more critical significance for plants during photomor-
phogenesis. Therefore, it is important to reveal how light
regulates secondary metabolism in this process (Vazquez-
Flota and De Luca 1998). In the present study, the light- and
dark-grown seed germination was compared to reveal their
morphological and metabolic difference during photomor-
phogenesis or skotomorphogenesis process. Our results pro-
vide more insight into the implication of light in the regula-
tion of TIA metabolism and possible role in the process of
photomorphogenesis in C. roseus.

Materials and methods
Plant material and treatment

Seeds of C. roseus were disinfected in sequence with 75%
ethanol and 6% sodium hypochlorite for 0.5 and 10 min, and
then washed with flowing water for 5 min. After an imbibi-
tion for 2 days, the seeds were sowed in the growth pots
using pearlite as the culture substrate and they were placed
in trays. Two treatments were carried out in our study, the
dark group was in continuous dark environment and sepa-
rated from the outside light via blackout fabric, in contrast,
the light group was set to periodic dark (12 h)/light (12 h)
and achieved by artificial plants cultured lamps (MXF9a-
Y 14., China) with an illumination flux of 100 pmol m2s!
as well as a spectral range from 260 to 700 nm. Both the
treatments were conducted in greenhouse with temperature
of 25 °C and maintained relative humidity of 60%. Each
treatment was conducted three biological replications and
every replication included not <20 individuals.

Determination of morphological parameters

The length of root and hypocotyl was determined by a ruler
with precision of 1 mm. The cotyledons angle was deter-
mined by a protractor. Specifically, place the clean seedlings
on white paper, and the cotyledon angle can be obtained by
depicting the contours of the pair of cotyledons for meas-
urement. The cotyledon area was measured following the
method of Chadhary et al. (2012). Briefly, the cotyledon
and a known area object were taken a photo together by a
digital camera and the image was transformed to CIELAB
color spaces. Using invert and region filling technique, a
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full shape of the cotyledon was obtained, and then the area
of cotyledon was calculated using the known object’s area.

Determination of photosynthetic pigment contents

The photosynthetic pigment contents were determined fol-
lowing the method of Gitelson et al. (2003) with small modi-
fications. Fresh cotyledons were exactly weighted and cut
into pieces with size of about 0.5 cm, and then fast grinded
into homogenate in a pre-cooled mortar, with 2 ml 100%
acetone and a little quartz sand. The homogenate was cen-
trifuged with 50,000x g for 5 min and the absorption values
at 470, 663 and 645 nm of the supernatant were immediately
assayed by a spectrophotometer (LKB Biochron Pharmacia
4060 Ultrospec, USA). The coefficients of Chlorophyll a, b,
total Chlorophyll and carotenoids reported by Lichtenthaler
were used for the calculation of contents of Chlorophyll a,
b, total Chlorophyll and carotenoids.

Determination of TIA contents

Contents of TIAs were measured according to the method
of Liu et al. (2016a, b). Accurately weighted 1.00 g fresh
tissue was grinded with a high-throughput grinder (Xinyi-
24, Ningbo Xinyi ultrasound device Lt., China). TIAs were
extracted with 20 ml methanol for 1 h in a low-frequency
ultrasonic machine (KQ-500DB., China) and the extract
was centrifuged at 8000xg for 10 min and then repeated as
above. All the supernatant was merged and filtered through
0.22 pm filter membrane for the following determination.

RNA extraction and qRT-PCR analysis

We analyzed the transcriptional level of genes through quan-
titative real-time reverse transcription PCR according to Pan
et al. (Pan et al. 2015; Wang et al. 2016). The gene-specific
primers were listed in Table S1. An internal control (RPS9)
was served to evaluate the expression of the whole C. roseus

Fig. 1 Typical characters of
skoto- and photomorphogenesis.
C. roseus seedlings under the
continuous dark condition and
periodic supplying of the arti-
ficial light in DACE for 5 days
(DACE day after the cotyledons
emerged)

plants and employing the 2722 method to obtain the rela-
tive expression value.

Scan of the adsorption spectrums of TIAs

Standard substances of tabersonine, vindoline, catharan-
thine, vinblastine and vincristine were dissolved in methanol
and the final concentration was 0.02 mg ml~!. The adsorp-
tion spectrums of the solutions were scanned with an UV/
vis spectrophotometer (UV-5500, Shanghai Metash, China)
from wavelength of 200-800 nm, using methanol as the
blank.

Statistical analysis

All the results were conducted with three replicates. Sta-
tistical analysis was performed using two-way analysis of
variance followed by Duncan’s Multiple Range test (DMRT)
(SPSS 17.0, SPSS Inc., USA) (Pan et al. 2015). The values
are mean + SE for three samples in each group. In the same
way, data herein containing pathway gene expression level
and alkaloids accumulation were analyzed by Pearson cor-
relation via SPSS 17.0. P value <0.05 was considered as
significant.

Results

The morphological characteristics during skoto-
and photomorphogenesis

Light treatment induced opening of the hooks and the coty-
ledons in the 2nd and 3rd days after the cotyledons emerged
(DACE) (Fig. 1; Table 1). Compared with the unopened
cotyledons in skotomorphogenesis, the pair of cotyledons
opened with an angle of 86° in photomorphogenesis in the
3rd DACE and fully extended in the 5th DACE. Addition-
ally, the light promoted the expanding of the cotyledons. The

4 5 DACE 1 2 3 4 5

Skotomorphogenesis

Photomorphogenesis
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Table 1 Morphological parameters of C. roseus seedlings proceeding skoto- and photomorphogenesis. Different letters indicate significant dif-

ference (p<0.05 by ANOVA)

Treatment DACE

Stem length (cm)

Root length (cm)

Cotyledons angle (°)

Cotyledons size (cm?)

Lateral root numbers

Skoto Ist 2.033+£0.088¢ 1.713+0.112¢
2nd 2.373+0.241d 2.567+0.033b
3rd 3.86+0.031c¢ 2.733+0.088b
4th 4.5+0.058b 2.687+0.070b
5th 5.117+0.017a 3.467+0.088a

Photo Ist 0.477+0.012¢ 1.693+0.093d
2nd 1.103+0.058b 2.133+0.088¢c
3rd 1.26 +£0.070b 2.15+0.076¢
4th 1.75+0.076a 3.117+0.017b
Sth 1.907+0.070a 4.25+0.104a

0+0a 0.019+0.0021d Ob
0+0a 0.031+0.0012¢ Ob
0+0a 0.031+0.0015¢ 0Ob
0+0a 0.044 £0.0012b 0b
0+0a 0.060 +0.0009a la
0+0d 0.031 +£0.0005¢ 0b
0+0d 0.061 +£0.0009d 0b
86+2.082¢ 0.117+0.0145¢ 0b
136.7+1.667b 0.153+0.0067b 0b
180.3+0.882a 0.21+0.0058a 3+0.578a

area of cotyledons in photomorphogenesis was more than
threefold of that in skotomorphogenesis (Table 1). The elon-
gation of epicotyl was severely inhibited by the light, and
its length in photomorphogenesis was only 37% of that in
skotomorphogenesis in the Sth DACE. On the contrary, the
root development was significantly improved by the light. In
the 5th DACE, the root length and amount of lateral roots
were 1.2-fold and threefold of those in skotomorphogenesis,
respectively (Table 1).

Photosynthetic pigment contents in cotyledon
during skoto- and photomorphogenesis

Biosynthesis of the photosynthetic pigments is crucial for
seedling photomorphogenesis, we determined the contents
of photosynthetic pigments (Fig. S2). Accumulations of all
these pigments were gradually enhanced, with an excep-
tion of the decline of carotenoids content in the 5Sth DACE
(Fig. S2a—d). However, in skotomorphogenesis, enhance-
ments of these pigments were greatly reduced. In the 5th
DACE, the contents of Chlorophyll a, Chlorophyll b, total
Chlorophyll and carotenoids in cotyledons of seedlings when
proceeding photomorphogenesis were 7.5, 2.8, 5.9 and 1.7-
fold of that proceeding skotomorphogenesis (Fig. S2a—d).
Furthermore, light treatment induced continuous increase
of the ratio of Chlorophyll a/b and reached its peak in the
4th DACE. By contrast, no obvious increase of the ratio
was found in the whole process of skotomorphogenesis (Fig.
S2e).

TIAs accumulations during skoto-
and photomorphogenesis

To study the effects of morphogenesis on TIAs accumula-
tion in seedlings, the contents of tabersonine, catharanthine,
vindoline, vinblastine and vincristine were also monitored
(Fig. 2a—e). In skotomorphogenesis, three trends of the
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contents were found: a slight increase followed by a decline
in contents of tabersonine and catharanthine (Fig. 2a, b), a
continuously increase in content of vindoline (Fig. 2¢) and a
continuously decline in contents of vinblastine and vincris-
tine (Fig. 2d, e). However, only one change trend was found
in the process of photomorphogenesis. Contents of the five
kinds of TIAs gradually increased in the 1st-3rd DACE, fol-
lowed by simultaneous decline in 4th—5th (Fig. 2a—e). In the
3rd DACE, these compounds in light-grown seedlings were
3.59, 4.28, 4.14, 1.61 and 4.15-fold of those in dark-grown
ones, respectively (Fig. 2a—e). Furthermore, the content of
loganin, an important precursor of TIAs, also reached its
peak in the 3rd DACE in light-grown seedlings. On the con-
trary, only a little decrease was found in the 4th DACE under
dark condition (Fig. 2f).

To compare the influences of light treatment and the
intrinsic developmental rhythmicity on TTIA accumulations,
we also calculated the coefficients of variations (CVs) of
the contents of loganin and the TIAs (Fig. S3). The results
showed that the average of CVs in photomorphogenesis was
higher than that in skotomorphogenesis, suggesting that light
treatment exerted lager influence on the changes of TIAs
accumulations than the intrinsic rhythmicity.

Gene transcripts during skoto-
and photomorphogenesis

Subsequently, we investigated the gene expressions of TIAs
(Fig. 3). For the enzymes in the first stage of TIAs biosyn-
thesis pathway, gene expressions of SLS, STR TDC under-
gone fluctuations during this process. Anyhow, in light-
grown seedlings, their expressions synchronously reached
the peaks in 3rd DACE, followed by declines in the next day
(Fig. 3a—c). D4H and DAT transcripts were higher in light-
grown seedlings than in dark-grown ones in 1-5 DACE,
and reached their peak in 3rd DACE following continuous
declines in the next (Fig. 3d, e). SGD gene expressed slightly
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Fig.2 Accumulation of
detected TIAs and loganin in
C. roseus seedlings proceeding
skoto- and photomorphogenesis.
These seedlings were con-
ducted under continuous dark
and artificial light conditions
in DACE for 5 days (mg g™
FW). a Content of tabersonine,
b catharanthine, ¢ vindoline, d
vinblastine, e vincristine and f
loganin. The average of three
measurements, with error bars
representing standard devia-
tion. Different letters indicate
significant difference (p <0.05
by ANOVA)
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higher in photomorphogenesis than that in skotomorphogen-
esis in 3rd—4th DACE (Fig. 3f). The transcripts of PRX1,
functioning for the bisindole alkaloid formation, were lower
in light-grown seedlings than that in dark ones (Fig. 3g).
The further correlation coefficients between gene expres-
sions of the seven synthases with TIAs accumulations were
conducted (Table 2). On the whole, there is lack of tight
relation found in dark-grown seedlings. In contrast, in light-
grown ones, gene expressions strongly correlated with the
contents of TIAs in a positive way, except for vinblastine.

The potential UV light absorption capacity of TIAs

Since the peak of TIAs biosynthesis and opening of the
cotyledons happened in the same time, we supposed that

.20

cd bed

Content of loganin (mg g")
>
|

0BT e de de de

0.00 —

the TTIAs accumulation likely protected the just opened
cotyledons from the excessive light. To evaluate the pro-
tective role, we determined the absorption spectrums of
the five TIAs (Fig. 4). Tabersonine efficiently adsorbed
the light with wave length ranging from 290 to 380 nm,
including all UV-B and most UV-A. Vindoline, vinblastine
and vincristine showed strong adsorption capacity of all
UV-B and a little part of UV-A. Catharanthine also had a
weakest UV light adsorption ability and could only adsorb
UV-B light. Evidently, accumulations of TIAs effectively
reduced the UV radiation entering to inner cells of coty-
ledons which opened and received the direct strong light
at that moment.
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Fig.3 Relative expression of
the TIAs pathways genes in C.
roseus seedlings proceeding
skoto- and photomorphogenesis.
These seedlings were conducted
under continuous dark and arti-
ficial light conditions in DACE
for 5 days. The relative gene
expression was determined by
qRT-PCR, using comparative Ct
method and the RPS gene was
applied as the internal control.
a Relative gene expression of
SLS,b STR, ¢ TDC,d D4H, e
DAT, £ SGD and g PRX1. The
average of three measurements
of alkaloids, with error bars
representing standard devia-
tion. Different letters indicate
significant difference (p <0.05
by ANOVA)
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Seedling photomorphogenesis is dramatically and highly
affected by variations of light (Whitelam et al. 1998). When
exposure to light, it can initiate seedling de-etiolation pro-
cess for turning into photomorphogenesis, which basically
employ limited hypocotyl growth, extended cotyledon devel-
opment (Arsovski et al. 2012). In our study, completely
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consistent with previous researches, C. roseus seedlings
under continuous dark condition exhibited skotomorpho-
genesis features containing rapid elongation of hypocotyls,
undeveloped and etiolated cotyledons. On the contrary,
light stimulation induced opening of hooks and cotyledons
in the 2nd and 3rd DACE, respectively, and the greening
cotyledons developed continuously in photomorphogenesis
(Fig. 1). To cope with external stimulus, the synthesis of
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Table2. Pearson cqrrelation Tabersonine Vindoline Catharanthine Vinblastine Vincristine Total
coefficients of relative
expression of seven genes for Photo
synthases and contents of five SLS 0.837%+ 0.884%%  0.894%* 0.586* 0.708%* 0.790%*
TIAs proceeding skoto- and
photomorphogenesis. The TDC 0.680°* 0.830%* 0.781% 0.521% 0.528* 0.6857+*
asterisk indicates significant STR 0.556* 0.698%* 0.588* 0.313 0.243 0.463
effects of the levels of TIAs and SGD 0.684%* 0.613* 0.638%* 0.608* 0.704%* 0.689%
genes. (*p<0.05; **p<0.01) D4H 0.594% 0714%  0.619% 0.304 0.329 0.483
DAT 0.637* 0.833%* 0.750%* 0.423 0.380 0.603*
PRX 0.861%%* 0.917%* 0.841%* 0.547% 0.569% 0.739%*
Skoto
SLS -0.072 0.703%* -0.114 -0.385 —0.475 —0.400
TDC 0.393 —0.127 -0.013 0.286 —0.205 0.211
STR 0.643%* 0.191 0.398 0.189 —0.353 0.150
SGD 0.036 0.434 —0.238 -0.255 —-0.611% -0.329
D4H -0.019 0.496 0.186 0.051 0.004 0.076
DAT 0.108 0.837%* -0.216 -0.384 —0.621% —-0.426
PRX 0.700%%* 0.217 0.362 0.427 -0.216 0.378
25 and accumulation of multiple secondary metabolites (Guo
2o S et al. 2014; Lu et al. 2014). TIAs, as a typical and significant
Vindoline class of secondary metabolites in C. roseus, are highly regu-
15 Jaaranhine lated by plant developmental and environmental situations,
8 Vineristine such as ethylene (Pan et al. 2015; Wang et al. 2016). Our
E 101 work revealed that TIAs metabolism was tightly regulated
§ N by photomorphogenesis, compared with skotomorphogen-
= esis. The cotyledon opening accompany with increased lev-
0.0 4 M els of TIAs and and their common precursor loganin tested
‘ in this study (Figs. 1, 2). The multi-step TIA biosynthetic
=51 J pathway in C. roseus is quite complex and is under strict
. T | | | | | molecular regulation (Vazquez-Flota et al. 1997; De Luca
200 300 400 500 600 700 800 and Laflamme 2001; Memelink et al. 2001; Dutta et al.

Wavelength (nm)

Fig.4 Absorption spectrums of these five TIAs. For instance, taber-
sonine, vindoline, catharanthine, vinblastine and vincristine

chlorophylls and development of chloroplasts can assist
seedlings to resist light damage in this conversion for de-
etiolation (Para et al. 2016; Warpeha and Montgomery
2016). Most of photosynthetic pigments exhibited gradu-
ally elevation when proceeding photomorphogenesis except
carotenoids in 5th DACE. Skotomorphogenesis, by contrary,
demonstrated the extremely slight enhancement of pigments
contents (Fig. S2). In plants, light induces chlorophyll pro-
duction for the assembling of functional photosynthetic
apparatus functioning as protective roles against light stress
environment (Reinbothe et al. 1996; Mochizuki et al. 2010;
Cheminant et al. 2011).

In addition, for higher plants, light also represents a cru-
cial environmental signal for the regulation of biosynthesis

2005). Accumulation of TIAs legitimately originated from
the expression level of pathway enzymes genes, including
SLS, STR, D4H and DAT, which exhibited peak when coty-
ledons opening (Fig. 3a, b, d, e). In addition, the presence
of pathway genes involved in alkaloids biosynthesis were
identified more obviously positive relation to TTAs than in
skotomorphogenesis (Table 2).

It was reported that vindoline biosynthesis is dependent
on light presence and regulated by D4H and DAT, which
require the involvement of phytochrome (Vazquez-Flota
and De Luca 1998; Zhou et al. 2009). In the light-grown
seedlings, we also found more accumulations of taberso-
nine and vindoline (Fig. 2a, c). Furthermore, etiolated
seedlings expressed D4H and DAT in an inactive form and
light exposure appeared to increase their expression activity
and positively correlated with related alkaloids (Fig. 3d, e)
(Table 2). Vindoline and catharanthine are the unique two
specific reaction substrates for the biosynthesis of bisindole
alkaloids vinblastine (Verma et al. 2012), which was basi-
cally exceeded over other TIAs by light exposure in this
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study (Fig. 2d, e). Additionally, CVs of the three alkaloids
tabersonine, vindoline, catharanthine and their common
precursor loganin in photomorphogenesis were correspond-
ingly greater than those in skotomorphogenesis (Fig. S3).
Functioning as the exclusive enzyme for the formation of
bisindole alkaloids, PRX1 expressed lower in photomorpho-
genesis while with a promoted mode in 3rd DACE (Fig. 3g),
similarly corresponding to the morphology of cotyledons
opening (Fig. 1). Addition of secologanin to the cultures
would increase accumulation of strictosidine, and the addi-
tion of upstream products is likely to promote the contents
of downstream products TIAs (Moreno et al. 1993). Our
results confirmed that SLS was triggered by light stimula-
tion to catalyze the formation of secologanin (Figs. 2f, 3a).

Upon light, a young seedling expands its cotyledons to
increase the light capturing surface and uses petioles to
position blades towards the light source (Arsovski et al.
2012). Light modulates the chloroplast development and
biosynthesis of many precursors for TIAs in the developed
chloroplasts (Liu et al. 2011). The previous findings sug-
gested that productions of TIAs and several related path-
way gene expression were improved by light stress, mainly
upon UV-B treatment (Ramani and Jayabaskaran 2008; He
et al. 2011). Our results showed that the increase of photo-
synthetic pigments and TIAs accompanied with cotyledons
opening (Figs. 1, 2). In this phase, seedlings are sensitive to
light and often employ various compounds to absorb excess
light spectrum. For example, flavonoids are considered to
be crucial antioxidant to cope with the excessive sunlight
radiation in plants (Bernal et al. 2013). The increased TIAs
were supposed to contribute to absorb the harmful light irra-
diation and protect plant cell from damage (Ouwerkerk et al.
1999). We assumed that TIAs accumulation during photo-
morphogenesis also play protective roles. Our analysis of
UV light absorption capacity of these five TIAs revealed that
accumulation of TIAs effectively reduced the UV radiation
for the inner cells of cotyledons which opened and faced to
strong light stress directly (Fig. 4).

Conclusions

In the present study, the light- and dark-grown C. roseus
seed germination was investigated to reveal their morpho-
logical and metabolic difference during photomorphogen-
esis or skotomorphogenesis process. Under light condition,
we observed that seeds can successfully complete photo-
morphogenesis, including opened apical hook, inhibited
hypocotyl elongation, opened and expanded cotyledons. The
de-etiolated seedlings displayed enhancement of photosyn-
thetic pigments in cotyledons. Furthermore, light quickly
activated the transcripts of the key TIAs pathway enzymes
and TIAs accumulations, namely tabersonine, catharanthine,
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vindoline, vinblastine and vincristine. It was noted that TTIAs
peaked in the 3rd day when the cotyledons emerged out of
growth substrate (DACE), exactly meeting the morphology
of cotyledons opening. We propose that TIAs might play
important roles for the cotyledons acclimatization to envi-
ronmental illumination. Through scanning the absorption
spectrums, TIAs showed strong absorptions in ultraviolet
light. Our results provide more insight into the implication
of light in the regulation of TIA metabolism and possible
role in the process of photomorphogenesis in C. roseus.
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