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Abstract Little was known on how sunlight affects the

seed metabolism in nongreen seeds. Castor bean (Ricinus

communis L.) is a typical nongreen oilseed crop and its

seed oil is an important feedstock in industry. In this study,

photosynthetic activity of seed coat tissues of castor bean

in natural conditions was evaluated in comparison to sha-

ded conditions. Our results indicate that exposure to high

light enhances photosynthetic activity in seed coats and

consequently increases oil accumulation. Consistent results

were also reached using cultured seeds. High-throughput

RNA-Seq analyses further revealed that genes involved in

photosynthesis and carbon conversion in both the Calvin–

Benson cycle and malate transport were differentially

expressed between seeds cultured under light and dark

conditions, implying several venues potentially contribut-

ing to light-enhanced lipid accumulation such as increased

reducing power and CO2 refixation which underlie the

overall lipid biosynthesis. This study demonstrated the

effects of light exposure on oil accumulation in nongreen

oilseeds and greatly expands our understanding of the

physiological roles that light may play during seed devel-

opment in nongreen oilseeds. Essentially, our studies sug-

gest that potential exists to enhance castor oil yield through

increasing exposure of the inflorescences to sunlight either

by genetically changing the plant architecture (smart

canopy) or its growing environment.

Keywords Castor bean � Nongreen oilseed � Light

exposure � Oil accumulation � Seed coat

Introduction

Seed development is critical for development of both the

embryo and endosperm establishing accumulated storage

reservoirs found in mature seeds, and it does so in various

ways in different types of seeds. In general, plant seeds are

classified as either photoheterotrophic green seeds (such as

soybean and rapeseed) or heterotrophic nongreen seeds

(such as castor, sunflower and safflower) depending on the

seed color during development (Zilkey and Canvin 1971;

Borisjuk and Rolletschek 2009). Light is an indispensable

factor for green seeds as they contain light-harvesting

pigments and a variety of enzymes involved in photo-

heterotrophic metabolism (Tschiersch et al. 2011). This

process is sequential and continuous affecting seed devel-

opment via cessation of cell division, cell expansion,

sucrose uptake, greening, and increased photosynthetic

activity alongside accumulation of storage products,

dehydration, and maturation (Eastmond et al. 1996; Goff-

man et al. 2005; Borisjuk et al. 2008). Previous studies

reported that plastids isolated from green seeds are pho-

toheterotrophic and differ from the photoautotrophic
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plastids in leaves, suggesting that seed photosynthesis is

organ specific (Ruuska et al. 2004; Tschiersch et al. 2011).

Seed photosynthesis was widely investigated in soybean,

rapeseed, and Arabidopsis due to the vital effect of light on

green seed development. In comparison to green seeds,

nongreen seeds either lack the greening process or it occurs

for a short period of time during the early stage of seed

development. In nongreen seeds, the seed surface (seed

coat) is considered as a sink tissue without a greening

process with resources supplied by the mother plant for

development. However, the seeds of many plant species are

green (including nongreen seeds), at least during their early

stages of development (Tschiersch et al. 2011). Castor bean

(Ricinus communis L. Euphorbiaceae) is considered as a

nongreen oilseed plant, but some light green color has been

observed in the early developmental stage of castor seeds

in our study, likely reflecting the possibility of photosyn-

thetic activity in the seeds. Thus, it raises the question of

the significance of this greening during the development of

nongreen seeds. While there has been some research to

explain this difference among green seed photosynthesis,

relatively little is known about the physiological effects of

light and the role and nature of photosynthesis during

development of nongreen seeds.

Energy metabolism and biosynthetic flux are largely

controlled by light-dependent seed photosynthesis. Photo-

synthetic capacity of seeds enables them to acquire a higher

energy state and control the fluxes of substrates into dif-

ferent classes of storage products (Borisjuk et al. 2005;

Allen et al. 2009). But for oilseeds such as rapeseed and

soybean, lipid accumulation (the main storage reservoir

accumulated in cotyledons) is strongly controlled by light

during seed filling (Ruuska et al. 2004; Borisjuk and Rol-

letschek 2009). Several physiological processes underlying

the effects of light on lipid accumulation in oilseeds are

proposed. First, seed photosynthesis may increase the

internal O2 and reduce hypoxic stress and accelerate aer-

obic respiration, thus providing more energy for lipid

biosynthesis during seed filling (Rolletschek et al. 2005;

Borisjuk and Rolletschek 2009). A second alternative is

that seed photosynthesis results in large amounts of ATP

and NADPH under the low-light environment inside the

capsule, providing indispensable energy for lipid biosyn-

thesis (Borisjuk et al. 2003; Weber et al. 2005). Finally, it

may be that the seed photosynthesis reuses internal CO2

released during respiration to produce large amounts of

acetyl-CoA within the seed that serves as substrates for

lipid biosynthesis (Ruuska et al. 2004; Goffman et al.

2005). Surprisingly, while there are several theories for

green seeds, information related to heterotrophic nongreen

oilseeds for understanding the physiological effects of light

on storage accumulation in developing seeds is rather

limited.

To explore the potential mechanisms underlying the

effects of light on metabolism of nongreen seeds, castor

bean, a typical heterotrophic nongreen oilseed and an ideal

model for studying storage reservoir accumulation in seeds

(Hajduch et al. 2011) was chosen for the study. Castor seed

has a highly specialized storage organ for accumulation of

lipids, proteins, and carbohydrates in the endosperm, but its

economic importance stems from its unusual hydroxy-fatty

acid ricinoleic acid, an important feedstock for industrial

lubricants and biodiesel production (Dyer et al. 2008;

Scholz and Da Silva 2008). Castor is widely cultivated in

many tropical, subtropical, and temperate countries, and

predominantly in India, China, and Brazil (Rivarola et al.

2011). Due to the increased global demand for castor oil,

breeding and genetic improvement of varieties are

attracting greater attention of the breeders (Ogunniyi 2006;

Qiu et al. 2010). Because of the great industrial value of

castor oil and its derivatives, genome sequencing became a

priority with the draft genome in place (Chan et al. 2010).

Both the sequenced genome and its high oil content make it

an ideal candidate for investigating carbon assimilation in

non-photosynthetic oilseeds. On the other hand, in tropical

and subtropical areas where castor is mainly grown, high

solar radiation usually results in higher castor seed yield

(Rivarola et al. 2011). Since little is known about the

physiological effects of high sunlight on nongreen seed

development and storage accumulation in castor seeds, it is

not clear if the high solar radiation can physiologically

result in an increased castor seed production.

In a parallel experiment, we determined the photosyn-

thetic efficiency of capsule walls of castor which indicated

that the capsule walls are photosynthetically active (about

15–30 % of the leaves) and contributed significantly to

carbon fixation and seed yield accounting for 10 % pho-

toassimilates toward seed weight. To dissect the potential

physiological mechanisms underlying the effects of light

on metabolism in nongreen seeds and an increased seed

production in castor, a preliminary experiment investigated

the physiological role of light exposure on castor seed

development and storage accumulation both in vivo and

in vitro. With these results, we delved further into the

molecular basis of light physiology and profiled potential

pathways of the effect of light on oil accumulation in

developing castor seeds at the transcriptional level using

high-throughput RNA-Seq techniques.

Materials and methods

Plant materials

Seeds of castor bean cv.ZB197 elite inbred line (kindly

provided by Zibo Academy of Agricultural Sciences,
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Shandong, China) were grown at the field station near

Kunming city (E 102�100, N 24�230) in Yunnan plateau

under natural conditions from June to October 2012. Dur-

ing this time, temperatures ranged from 22 to 34 �C in

daytime and 15–20 �C at night time, with photosyntheti-

cally active radiation of 2000 lmol m-2 s-1 around noon-

time. Mature female flowers were hand-pollinated and

tagged for recording beginning at 0 days after pollination

(DAP). Developing capsules tagged at different stages

were then collected at 12-day intervals (12, 24, 36, 48, and

60 DAP; S1–S5, respectively). Seed samples were col-

lected in the morning, prior to the intense sunlight and used

for measuring the seed weights (fresh and dry weight) and

content of storage materials.

Measurements of seed storage reserves

The method used for total lipid extraction was previously

described by Xu et al. (2011), wherein dry seed samples

were frozen in liquid nitrogen for a few minutes before the

frozen samples were put into 3 ml extraction buffer (hex-

ane: isopropanol 3:2 in v/v) and ground to a fine powder

with an electric homogenizer. The resulting supernatant

(hexane phase) was collected via centrifugation at 5000 g

for 5 min, and the total lipids dissolved in hexane phase

were dried in a vacuum oven at a pressure of -60 kPa at

50 �C and determined gravimetrically. Determination of

fatty acid composition also used the method described by

Xu et al. (2011), where in fatty acid methyl esters (FAMEs)

of the above lipid extract was determined by gas chro-

matography with flame ionization detection (GC-2014,

Shimadzu). For this process, 2 ll pentadecanoic acid was

added to 1 ml of extracted lipid as an internal standard and

the aliquots were dried under nitrogen, after which the dry

total lipid was trans-methylated for 60 min at 85 �C in 2 %

(v/v) sulfuric acid in methanol, and the final resulting

FAMEs were dissolved in 1 ml of dichloromethane

(0.01 % BHT).

Total sugar extraction followed the method previously

described by Wen et al. (2009). In brief, 0.1 g fine powder

(dry weight) was dissolved in 5 ml of deionized water

containing 200 ul ether with the mixture homogenized and

heated in a water bath at 80 �C for 30 min. After cooling, a

saturated neutral lead acetate solution was added to remove

proteins and then the total mixture was centrifuged at

5,000 g for 10 min, and 1.0 g sodium oxalate powder was

added to the supernatant to remove the lead acetate. Fol-

lowing centrifugation, 0.5 ml of the transparent solution

was mixed with 2.5 ml anthrone reagent (1.0 g anthrone

dissolved into 1 L 72 % (v/v) cool sulfuric acid) and

heated for 10 min in boiling water, and the OD620 read in a

DU-800 ultraviolet light/visible light spectrophotometer

(Beckman Coulter, USA).

Protein extraction followed the method described by

Brand et al. (2010), wherein 0.1 g (dry weight) fine powder

was dissolved in petroleum ether and gently agitated (ca.

15 min) to remove the oil. The powder was then mixed

with a buffer containing 50 mM Tris–HCl, pH 8.8, 1.5 mM

KCl, 10 mM dithiothreitol (DTT), 1.0 mM phenyl-

methanesulfonyl fluoride (PMSF), and 0.1 % sodium

dodecyl sulfate (SDS) at a 10:1 (v/m) ratio. The resulting

mixture was centrifuged at 4 �C and 5000 g for 5 min, and

the supernatant determined by the Coomassie Brilliant

Blue method (Bradford 1976).

Seed development in vivo under light and dark

conditions in the field

For in vivo confirmation of the effects of light on seed

development (in particular, the color of seed coat), seeds

were observed under field conditions from June to October

2012. To test the effect of light on seed development and

storage accumulation in developing seeds, the female

flowers pollinated in field were shaded using aluminum foil

to create an air-permeable micro-environment in which

seed development would proceed without light. Care was

taken to ensure that the temperature and humidity inside

the foil did not increase by wrapping the foil loosely

around the inflorescences. In each inflorescence sampled,

pollinated female flowers at the same location on the

inflorescences and at the same flowering stage were tagged,

and these seeds then developed under natural sunlight to

serve as controls. The mature seeds developed with/without

light were collected, measured for seed weight and storage

accumulation. To inspect the transient effect of light on

seed development, developing seeds grown under both

light and dark conditions in vivo for 4 weeks (at 28 DAP)

were collected and tested for their dry weight and storage

reserve content. This experiment was replicated in June–

October of 2013. In order to test whether light affects

embryogenesis, 20 randomly selected seeds from the sha-

ded inflorescences were germinated on moist filter paper.

Seed culture in vitro under light and dark conditions

To test the effect of light on seed development and storage

reserve accumulation, developing capsules shaded at 21

DAP were harvested and dissected for seed culture. They

were grown in vitro on basic MS medium with minor

modification, including mineral and vitamin additions:

20 % (m/v) polyethylene glycol 4000 and 50 mM MES

were added to adjust osmotic potential and the pH adjusted

to 5.8 with 1 N NaOH. The concentration of agar in MS

medium initially varied from 0.4 to 0.8 % to ensure that the

seed surface was in contact with the medium. The sucrose

concentration in the medium was varied from 0 to 3, 5, 10,
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and 20 % to establish an optimum rate under which cul-

tured seeds grew well in vitro. The effect of different light

exposure levels (which were controlled artificially between

5, 30, and 50 lmol m-2 s-1) on storage reserve accumu-

lation in the cultured seeds in vitro was tested.

For in vitro culture, capsules were sterilized with 70 %

ethanol and washed with ddH2O from which young seeds

were carefully dissected and transferred aseptically to

presterilized 150 ml Erlenmeyer flasks containing 30 ml of

MS medium. Typically, one well-developed capsule con-

tained three equally developed seeds. One of the three

seeds from the same capsule was considered an initial

control, and its dry weight and its accumulated storage

reserves (e.g., lipids, proteins and sugars) were measured

and the other two seeds were used for in vitro culturing,

where one was cultured on the MS medium at 25 �C under

light with a light intensity of 50 lmol m-2 s-1 (based on

our field investigation, the light intensity penetrated into

seed coat tissue under canopy shading is

30–50 lmol m-2 s-1) and a 16-h light/8-h dark cycle, and

the others incubated under the same conditions except

without light. All experiments were replicated at least six

times, totaling more than 20 capsules containing 60 seeds

with different treatments.

Chlorophyll concentration determination

and fluorescence imaging

To determine whether chlorophyll level increased in

developing castor seeds under solar radiation, chlorophyll

concentration of whole seeds was determined using the

methodology described by Maclachlan and Zalik (1963).

Briefly, samples of five seeds each were harvested 10, 20,

30, and 40 DAP, weighed and ground into powder using

5 ml acetone, and extracted 4 times. The four extractions

were pooled, cleared by centrifugation, decanted, and the

volume measured. Concentration of chlorophyll a and b in

the acetone extracts was calculated according to

Maclachlan and Zalik (1963).

To visualize the distribution of chlorophyll and compare

the photosynthetic activity in seeds cultured under light and

dark conditions, chlorophyll fluorescence of seed sections

and chlorophyll fluorescence induction kinetics were

observed and measured as previously described by Zhu

et al. (2005) and Huang et al. (2012). Chlorophyll fluo-

rescence in seeds was examined with the Maxi version of

an Imaging-PAM system (IMAG-K4; Walz, Germany).

Measurements were made on the adaxial (physiological

upper) surface of the seeds. In order to inspect the potential

tissues sensitive to photosynthesis within developing seeds,

the chlorophyll fluorescence image of cross-sectional seeds

was visualized in the Imaging-PAM system. The seeds

grown under different light exposures were transected into

slices (* 5 mm) and put in the Imaging-PAM system, and

the chlorophyll fluorescence images were observed. The Fo

and Fm were recorded after 30 min dark adaptation at

25 �C, and the maximum quantum yield of PSII photo-

chemistry (Fv/Fm) was determined. Then, seeds were light-

adapted (50 lmol m-2 s-1) for at least 20 min until a level

of steady-state fluorescence (Fs) was reached for the

measurement of chlorophyll fluorescence induction kinet-

ics (Zhu et al. 2005). The Fm

0
was determined after input-

ting the photon flux density (10,000 lmol photon m-2 s-1

for 30 ms), and the Fo

0
was determined after turning off the

actinic light and illuminating with far-red light for 5 s. The

quantum efficiency of PSII photochemistry (Y(II)) was

calculated every 20 s within 600 s for establishing a fluo-

rescence induction curve under inputting the photon flux

density (50 lmol m-2 s-1, light condition under in vitro

culture). The following chlorophyll parameters were cal-

culated: Fv/Fm = (Fm–Fo)/Fm

0
Y(II) = (Fm

0
–Fs)/Fm

0
, where

Fo represents the minimum fluorescence in the dark-

adapted state, and Fm and Fm

0
are maximum fluorescence

values upon illumination of a pulse (30 ms) of saturating

light (10,000 lmol photons m-2 s-1) in the dark-adapted

state and light-adapted state, respectively. Fs is the steady-

state fluorescence in light.

To assess the photosynthetic activity of seeds grown

under light and dark conditions, 3–5 cultured seeds under

light and dark were selected for measuring the Pn (the net

photosynthetic rate) and Rd (dark respiration rate) values

using LI-6400 photosynthesis system (Li-Cor, Lincoln,

NB, USA). The Rd values were measured under dark, and

the Pn values were measured under the light exposure with

50 lmol m-2 s-1. Specifically, a standard 3 cm 9 2 cm

(6 cm2) clear top leaf chamber (Li-Cor) was used to

determine the gas exchange of seeds grown under light and

dark conditions. Gas exchange values were recorded after a

stable CO2 exchange rate was obtained. As a control, the

zero gas exchange was obtained for empty chamber runs.

The incoming air during the measurement were maintained

at 400 lmol mol-1 air and 1.0 vapor pressure deficit (VPD,

kPa), respectively. Temperature was set to 25 �C, and

relative humidity was adjusted to 60 %.

RNA-Seq and semiquantitative PCR analyses

To identify the potential molecules (enzymes or genes) that

are triggered due to the effect of light and resulting in an

increased oil accumulation in castor seeds, high-throughput

RNA-Seq analyses was performed. Since it is difficult to

separate seed tissues (seed coat, embryo, and endosperm)

in developing seeds, entire young seeds at 21 DAP cultured

in vitro under light and dark for 5 days were collected for

RNA-Seq analysis. Three independent seeds collected from

both light and dark treatments, respectively, were pooled to
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extract total RNA. Total RNA was isolated using TRIzol

(InVitrogen, Carlsbad, CA) and purified with an RNeasy

Mini Kit (Qiagen, Valencia, CA) following the manufac-

turer’s protocol. The quality of total RNA samples was

checked using a NanoDrop Spectrometer (ND-1000

Spectrophotometer, Peqlab), as well as agarose gel elec-

trophoresis. cDNA libraries were constructed and

sequenced at Novogene high-throughput sequencing plat-

form (Beijing, China) using an Illumina HiSeq 2000 to

generate paired-end 50-bp reads. Sequencing raw data from

each library was preprocessed using TopHat software

(Trapnell et al. 2009), allowing up to 2 mismatches, to filter

out clipped adapter sequences, contamination of adapter

sequences, low-quality reads with the Phred quality score

\20 and reads that mapped to more than one position with

similar scores (within 1 % of the maximum likelihood

mapping) in the castor bean reference genome (http://cas

torbean.jcvi.org/index). For differential expression analy-

ses, the RPKM method described by Mortazavi et al.

(2008) was performed to test the gene expression of clean

reads mapped to exon regions by applying Fisher’s exact

test to the number of reads mapping uniquely to each locus.

Resulting P values for significance analysis were adjusted

to Q-values for multiple testing using the false discovery

rate (FDR) (Storey and Tibshirani 2003). A 5 % signifi-

cance level for FDR and normalized log2 transformed ratio

[1 were applied for detecting differentially expressed

genes between the two libraries (Benjamini and Hochberg

1995; Anders and Huber 2010). Functional annotation of

420 DEGs (differentially expressed genes) were performed

separately to test for enrichments in GO terms and KEGG

pathways, and significantly enriched GO and KEGG terms

were identified. P values B0.05 following Bonferroni

correction were used for term identification in both GO and

KEGG enrichment analyses (Kanehisa et al. 2004; Young

et al. 2010).

For semiquantitative PCR, total purified RNA was

quantified using 1 % agarose gel on a NanoDrop ND-1000

spectrophotometer. The first-strand cDNA was synthesized

from 1 lg of total RNA using Superscript II reverse tran-

scriptase (InVitrogen, USA). Gene-specific primers were

designed according to the gene sequences using Primer

Premier 5.0 (Premier Biosoft International, Palo Alto, CA).

Semiquantitative PCR amplifications were performed on a

GeneAmp PCR System (Applied Biosystems). The opti-

mized PCR reactions (25 ll) contained 200 ng of first-

strand cDNA template, 2.5 ll 10X PCR buffer, 0.5 lM of

each primer, 0.25 mM of dNTPs, and 1.2 lM of Trans-

startTM HiFi DNA polymerase (Transgen, Beijing, China).

The following conditions were used for PCR: initial

denaturation at 95 �C for 1 min, 30 cycles of denaturation

at 94 �C for 30 s, annealing at 55–58 �C for 20 s, and

extension at 72 �C for 5 min. The castor bean actin gene

(30131.m007032) was used as the internal control to nor-

malize the relative amount of mRNAs for all the samples.

The amplified products were analyzed by electrophoresis in

1 % agarose gels and visualized by ethidium bromide

staining (all primers used in this study are listed in

Table S4).

Statistical analysis

Statistical analysis was carried out using the SPSS statis-

tical software (SPSS Institute, Version 16.0) with the

General Linear Model procedure for one-way ANOVA.

Mean separations were analyzed using Duncan’s multiple

range test (in figures this is called as Tukey’s with

alpha = 0.05) to determine the significance. Unless

otherwise indicated, all experiments had at least six repli-

cations per treatment.

Results

Characterization of seed development

Seed development under light exposure was characterized

in terms of seed coat color and fresh and dry weight during

five stages at 12-day intervals (S1–S5), beginning at the

first day after pollination up to seed maturation when

capsules were fully developed (Fig. 1). The increase in dry

weight was generally modest at the early stage of seed

development and then rapid during the middle stage.

Simultaneously, both protein and oil accumulation

Fig. 1 Changes in fresh weight (FW), dry weight (DW), total lipid

content (oil), protein content (protein), and soluble sugar content

(sugar) during seed development under natural conditions. Rectangle

around seeds is equivalent to 1.0 cm 9 0.6 cm
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increased slowly in the early stage before a sharp increase

occurred from S2 to S5 stages. The accumulation of soluble

carbohydrate, however, was relatively higher at the early

stage and gradually increased at the mid-late stages of seed

development. Seed coat color appeared light green at the

early stages (S1–S3) before turning black gradually (S3–

S5). Correspondingly, chlorophyll content (including

chlorophylls a and b) was highest in the initial stage of seed

development and gradually decreased with seed develop-

ment (Additional file Fig. S3).

We opted to focus on the stage S2 in this study since it

appeared to be the optimal stage for examining the rela-

tionship between light and lipid accumulation due to the

slight green seed coat color with total chlorophyll content

of 7.58 ± 0.97 lg/g (chlorophyll a: 5.45 ± 0.48 lg/g;

chlorophyll b: 2.13 ± 0.59 lg/g) and the initiation of lipid

accumulation at this stage. Extensive field observations

showed that the color of seed coat at the early stage of seed

development appeared to be variable on exposure of cap-

sules to sunlight. The color of seed coat was slightly green

when the capsules were exposed to sunlight around

2000 lmol m-2 s-1 (with a chlorophyll content of 6–9 lg/

g) and white (with a chlorophyll content of about 2–3 lg/g)

when their capsules were exposed to reduced sunlight

around 200 lmol m-2 s-1 due to cover of the leaf canopy.

These field observations strongly implied that developing

castor seeds possess photosynthetic ability (though its

photosynthesis is plastic depending on the strength of light

exposure), and this observation only offered preliminary

evidence of this finding.

Effect of light on seed development and storage

reservoir accumulation in developing seeds in vivo

A series of shading experiments were performed in the

field to further investigate the photosynthetic potential of

developing castor seeds. The results showed that seeds

could still develop despite being shaded, but, there was a

delay in the development. In contrast to the seeds devel-

oped under light, the development of shaded seeds required

an additional 2 weeks from pollination for seed maturation.

To investigate the accumulation of storage materials,

developing seeds 28-DAP that had undergone 4 weeks of

shading treatment were analyzed which showed that the oil

content in shaded seeds (5.44 %) was significantly lower

(P\ 0.01) than the control (9.14 %), whereas the sugar

content (49.86 %) was significantly higher (P\ 0.01) than

the control (45.26 %). Dry weight, protein and sediment

contents did not differ from the controls, suggesting that

the difference of oil accumulation had occurred but had not

affected the total weight of developing seeds when seeds

were subjected to a 4-week shading treatment (Table 1).

Furthermore, testing of the fatty acid composition of seed

oils showed that the main compounds including palmitic

(C16:0), linoleic (C18:2), oleic (C18:1), stearic (C18:0),

and ricinoleic (C18:1, OH) acids did not differ significantly

between the shaded and control in the developing seeds

(Additional file Table S1). On the whole, these results

indicated that light exposure enhance lipid accumulation,

but without any observable change in the fatty acid com-

position of castor seeds.

Shaded seeds were dissected to allow further analysis of

embryos and inspect the effects of light on embryogenesis.

Likewise, seed vitality was tested by observing the ger-

mination rate of shaded seeds. All the seeds sampled ger-

minated well, suggesting that light may not substantially

influence embryogenesis of castor seeds.

Effect of light on seed development and storage

reservoir accumulation in developing castor seeds

in vitro

In vitro culture of seeds under controlled light was done to

assess the effect of photosynthesis. Using preliminary

results, an extensive screening for sucrose concentration in

the medium, semisolid medium with 3 % sucrose and

0.45 % agar was used for culturing the young seeds at S2

(*21 DAP). This medium allowed stable growth of seed

dry weight within 14 days. Under light (with a 16/8 h

photoperiod and a 50 lmol m-2 s-1 light intensity) and

dark conditions, the cultured seeds grew at dry weight rate

of 0.58 mg and 0.54 mg day-1, respectively.

In vitro seeds cultured for 6 days were harvested and the

dry weights were determined to characterize the accumu-

lation of storage materials for treatment differences. As

shown in Table 2, the net increase of dry weight differed

slightly between the light and dark conditions (3.45 and

3.21 mg, respectively), but was not statistically significant.

The net increase in proteins and sediments did not differ.

However, the net increase of lipids (0.78 mg) under light

treatment was significantly greater than in the dark-treated

seeds (0.31 mg), while the net increase of sugars under

light (1.29 mg) was significantly lower than under dark

conditions (1.57 mg). To further test the effect of light

intensity on the storage reservoir accumulation in cultured

seeds, the changes in storage material accumulation under

low and moderate light intensity (5 and 30 lmol m-2 s-1,

respectively) were measured. The results showed that the

overall accumulation of storage reservoirs (including

lipids, proteins, sugars, and sediments) under moderate

light intensity was comparable to that under the high light

intensity (Table 2), suggesting that the cultured seeds could

absorb light of an intensity around 30 lmol m-2 s-1 to

drive lipid accumulation. However, in contrast to moderate

light intensity, there was no difference of storage reservoirs

between low-light and dark condition (Table 2), reflecting
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that lipid accumulation is not driven under low light

intensity (5 lmol m-2 s-1).

Photosynthetic activity analysis

The photosynthetic activities of cultured seeds under both

light and dark conditions were analyzed by measuring the

intensity of chlorophyll fluorescence in order to determine

the effects of light on storage accumulation. As shown in

Fig. 2a, the chlorophyll fluorescence of seeds cultured

under high and moderate light intensities was significantly

higher than that observed in seeds cultured under low light

and dark treatments. The seed transection fluorescence

profile clearly showed chlorophyll fluorescence only in the

Fig. 2 Chlorophyll

fluorescence images of seed

surface and photosynthetic

activity. a Chlorophyll

fluorescence images and activity

analysis of in vitro cultured

seeds under the high-light (LH),

Moderate-light (LM), low-light

(LL) and dark (C) conditions.

Image D denotes the seed

transverse section profile with

light treatment. * denotes a

significant difference compared

to A and B (t test P\ 0.01).

The white bar indicates 1 mm;

b The chlorophyll fluorescence

induction curves of light

treatment (LH) and dark

treatment (C), Y(II) denotes the

effective quantum yield of

UPSII produced each 20 s, the

input photon flux density (PFD)

used for chlorophyll

fluorescence induction kinetics

is 50 lmol m-2 s-1

Table 1 Effect of light exposure on seed storage components accumulation during in vivo shading experiments

DW (mg) Oil (%) Protein (%) Sugar (%) Sediment (%)

28-DAP seeds Light 13.23 ± 1.03a 9.14 ± 1.49a 21.45 ± 1.08a 45.26 ± 1.37a 23.62 ± 0.65a

Dark 13.33 ± 0.31a 5.44 ± 0.39b 20.93 ± 0.97a 49.86 ± 1.52b 24.15 ± 0.82a

Values are presented as an average of at least six replications

‘‘a’’ and ‘‘b’’ denote statistical significance, i.e., values with the same letter indicating no a significant difference (P[ 0.05 level; Tukey’s

studentized range test), and with different letter indicating a significant difference between them (P\ 0.05 level; Tukey’s studentized range test)

Table 2 Effects of light

exposure on seed storage

components accumulation on

in vitro cultured seeds

DW (mg) Oil (%) Protein (%) Sugar (%) Sediment (%)

Control 8.15 ± 0.42a 8.16 ± 1.10a 18.50 ± 1.46a 50.83 ± 1.13b 20.51 ± 0.23a

Dark 11.36 ± 2.82b 8.60 ± 1.44a 18.69 ± 1.17a 50.29 ± 1.03b 20.92 ± 0.38a

Low light 11.27 ± 2.98b 9.04 ± 1.15a 18.25 ± 1.26a 49.86 ± 1.12b 21.15 ± 0.47a

Moderate light 11.48 ± 2.91b 12.06 ± 1.24b 17.95 ± 1.32a 47.21 ± 1.17a 21.34 ± 0.56a

High light 11.60 ± 3.01b 12.42 ± 1.35b 18.67 ± 1.07a 46.81 ± 1.41a 21.60 ± 0.46a

Values presented are an average of at least six replications

‘‘a’’ and ‘‘b’’ denote statistical significance, i.e., values with the same letter indicating no a significant

difference (P[ 0.05 level; Tukey’s studentized range test), and with different letter indicating a significant

difference between them (P\ 0.05 level; Tukey’s studentized range test)
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seed coat tissue suggesting that photosynthetic activity

occurred within the seed coat. Correspondingly, quantita-

tive analysis of photosynthetic activity displayed a signif-

icantly higher quantum yield (P\ 0.01) of PSII

photochemistry under light (Fv/Fm, 0.75 ± 0.03) than

under dark (Fv/Fm, 0.46 ± 0.05). The chlorophyll fluo-

rescence intensity of cultured seeds under moderate light

(30 lmol m-2 s-1) was slightly lower compared to high

light intensity (50 lmol m-2 s-1), but significantly higher

than low-light conditions (5 lmol m-2 s-1). Furthermore,

under induction with PAR (50 lmol m-2 s-1), the quan-

tum efficiency of PSII photochemistry (Y(II)) of seeds

cultured under light dramatically increased from 0.1 to 0.4

within 10 min (Fig. 2b), but only a small and negligible

increment was observed in seeds grown under dark (0.01 to

0.1). These observations meant that the amount of light

(30–50 lmol m-2 s-1) received by seed coat might stim-

ulate the chlorophyll formation, resulting in photosynthetic

activity in coat tissues.

The gas exchange of seeds grown under light and dark

conditions were tested, which indicated that the dark res-

piration rate (Rd) did not significantly differ between light

(-1.98 ± 0.05) and dark (-2.01 ± 0.04) treatments.

However, when the seeds were cultured under light expo-

sure with 50 lmol m-2 s-1, the net photosynthetic rate

(Pn) was -1.41 ± 0.02, and significantly higher than under

dark (-1.93 ± 0.05), suggesting that the photosynthetic

activity in developing seeds occur under light treatment.

Taken together, these observations indicated that cultured

castor seeds acquire photosynthetic activity under appro-

priate light conditions, and the photosynthetic activity

occurs only in the seed coat tissue.

RNA-Seq and transcriptome analysis

RNA-Seq analysis was performed to elucidate the potential

molecular basis of the effects of light on lipid accumula-

tion. After filtering out the low-quality reads, a total of 7.08

and 7.21 million clean reads were obtained from dark and

light treatment libraries (7.09 and 7.22 million raw reads,

respectively, as shown in Table 3). After mapping the

clean reads against the reference castor bean genome by

allowing two base mismatches, 68.58 and 62.87 % reads,

respectively, from dark and light libraries were mapped to

unique genes. To estimate the sequence quality and

sequencing depth, the read coverage and saturation were

analyzed for each library. Once the sequencing counts

reached 2 million reads, the number of detected reads

showed a trend toward saturation, indicating that the

sequencing depth was sufficient to detect the global gene

expression in both the libraries (Supplementary informa-

tion Fig. S1).

Global gene expression analyses

A total of 18,766 unambiguous reads-mapped genes were

identified with 420 differentially expressed genes (DEGs)

that comprised 260 up-regulated and 160 down-regulated

genes in the light treatment library (Fig. 3). In contrast to

the dark treatment, most of the 20 genes found to be highly

up-regulated (with a criterion of reads[ 5, log2-fold[ 2)

were involved in the photosynthesis pathway, while most

of nine genes that were highly down-regulated (with a

criterion of reads[ 5, log2-fold\-2) were involved in

cell wall biosynthesis (Additional file Table S2). To pro-

vide a functional overview of genes differentially expres-

sed between the two libraries and gain a clearer picture of

the differences, gene ontology (GO) term enrichment

analysis was employed that found 132 GO-annotated DEGs

categorized into 54 functional groups under biological

process, cellular components, and molecular functions

(Additional file Fig. S2). Among the highly enriched

groups (DEGs C 10), most DEGs exhibited an up-regu-

lated expression in the light treatment, particularly the

genes involved in chloroplast products in cell components

(Fig. 5), indicating that the most DEGs are from photo-

synthetic physiology of cells. Analysis of the KEGG

annotations of the DEGs further reveals the physiological

functions of identified DEGs, yielding 111 genes assigned

to 66 pathways in the KEGG database (Additional file

Table S3) with the most abundant being the metabolic

pathway (78 genes), followed by biosynthesis of secondary

metabolites (28 genes), photosynthesis (21 genes), photo-

synthesis-antenna proteins (12 genes), and carbon fixation

in photosynthetic organisms (12 genes).

To validate the initial RNA-Seq data, semiquantitative

PCR analysis using gene-specific primers for the 10 up-

regulated genes involved in the photosynthetic pathway

Table 3 Summary of high-

throughput RNA-Seq data
Dark treatment Light treatment

Total reads (raw reads) 7,090,326 7,221,025

Clean reads 7,078,172 7,209,334

Nucleotides (nt) 353,908,600 360,466,700

Unique reads 5,395,783 (76.23 %) 5,138,369 (71.27 %)

Uniquely mapped genes 4,854,044 (68.58 %) 4,532,665 (62.87 %)
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and lipid biosynthesis was done for seeds cultured under

both light and dark conditions. Results of PCR showed that

the validated genes exhibited similar expression profiles

which were in agreement with the RNA-Seq results

(Fig. 4).

Identification of genes encoding photosynthetic

carbon fixation enzymes

Both the in vitro and in vivo experiments showed that

nongreen seeds possess photosynthetic activity that resul-

ted in a change in storage reserve accumulation, but neither

experiments were conclusive of the underlying reasons for

this observation. To understand the mechanism of the

effect of light on storage reserve accumulation in seeds, we

focused on identifying genes encoding photosynthetic

carbon fixation enzymes, since these could potentially

provide clues to understanding the initial carbon fixation

during seed filling. Under light treatment, a total of 57

DEGs involved in photosynthesis metabolism were up-

regulated (except for 29794.m003406), suggesting a

physiological involvement in responses to light signals

(Additional file Table S2). Of these, 31 DEGs were

important since they were functionally involved in encod-

ing carbon fixation enzymes and photosynthetic electron

transfer proteins (Table 4); intriguingly, the genes encod-

ing light-induced key enzymes that trigger light reactions

of photosynthesis in thylakoid lumen were dramatically up-

regulated among seeds undergoing light treatment, such as

the gene 29842.m003589 encoding the gamma chain of

ATP synthase, 11 genes (Table 4) encoding the reaction

center subunits of NADPH synthase in Photosystem I, the

30225.m001694 encoding cytochrome b6-f complex iron-

sulfur protein, 5 genes (Table 4) encoding the reaction

center subunits in Photosystem II, and 3 genes

(29634.m002131, 29842.m003684 and 29676.m001695)

encoding oxygen-evolving enhancer proteins (see 1–5 in

Fig. 6). The up-regulation of these genes could likely be

seen to reflect the active photosynthetic reactions that

occurred during light treatment. Consequentially, four key

enzymes for CO2 refixation in Calvin cycle, viz, ribulose

bisphosphate carboxylase (29974.m000232 and

30167.m000889), glyceraldehyde-3-phosphate dehydroge-

nase (30131.m006931 and 30170.m013796), fructose-bis-

phosphate aldolase (30131.m007128 and 28623.m000391),

and phosphoribulokinase (30068.m002669) were all sub-

stantially up-regulated (see 6–9 in Fig. 6). Similarly, in

malate transport, two key up-regulated enzymes for driving

CO2 recycling were identified with light treatment which

include the phosphoenol pyruvate carboxykinase

(28179.m000470) catalyzing the irreversible decarboxyla-

tion of OAA to yield PEP and the NADP-malic enzymes

(29794.m003406 and 30030146.m510) producing the

release of CO2 and pyruvate (see 10 and 11 in Fig. 6).

These up-regulated genes suggest that the key enzymes

encoded therein may play key roles in light reactions of

photosynthesis, CO2 refixation in Calvin cycle, and carbon

transfer in malate transport.

Identification of lipid biosynthesis genes

The aforementioned experiments demonstrated that light

has the ability to boost lipid accumulation in nongreen

oilseeds. Concomitant with the increased lipid accumula-

tion in seeds cultured in vitro under light, 31 DEGs

involved in lipid metabolism were identified, including 23

Fig. 3 Global analysis of differentially expressed genes in castor

seeds cultured in vitro under light and dark treatments

Fig. 4 Semiquantitative PCR validation of differentially expressed

genes (DEGs) identified from high-throughput RNA-Seq analysis. A–

J indicates 10 DEGs randomly selected from high-throughput RNA-

Seq analysis (Table S4 for details)
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up-regulated and eight down-regulated genes (Additional

file Table S2). Likewise, eight key enzymes that participate

in fatty acid (FA) and tri-acyl glycerol (TAG) biosynthesis

were significantly up-regulated, involving de novo FA

synthesis, carbon chain elongation and modification, and

TAG assembly in Kennedy pathway (Table 4). Moreover,

in FA synthesis and carbon chain elongation, two genes

(27964.m000363 and 29844.m003186) encoding 3-ketoa-

cyl-CoA synthase catalyzing the FA carbon chain forma-

tion and 29844.m003365 encoding acyl-CoA synthetase

for elongating FA carbon chain were identified. For FA

carbon chain modification, three genes (27467.m000162

encoding allene oxide cyclase, 29613.m000358 encoding

Omega-6 fatty acid hydroxylase, and 29681.m001310

Table 4 Main differentially expressed genes (DEGs) identified in carbon conversion and lipid biosynthesis from KEGG pathways

Gene_ID Definition Pathway log2

Fold

29974.m000232 Ribulose bisphosphate carboxylase chain 1B Carbon fixation in Calvin cycle 3.97

30167.m000889 Ribulose bisphosphate carboxylase chain 1B Carbon fixation in Calvin cycle 2.57

30131.m007128 Fructose-bisphosphate aldolase, class I Carbon fixation in Calvin cycle 3.57

28623.m000391 Fructose-bisphosphate aldolase, class I Carbon fixation in Calvin cycle 1.84

30068.m002669 Phosphoribulokinase Carbon fixation in Calvin cycle 1.88

30131.m006931 Glyceraldehyde-3-phosphate dehydrogenase A Carbon fixation in Calvin cycle 1.62

30170.m013796 Glyceraldehyde-3-phosphate dehydrogenase B Carbon fixation in Calvin cycle 1.45

28179.m000470 Phosphoenolpyruvate carboxykinase [ATP] Malate transport 1.78

29794.m003406 NADP-malic enzyme 4 Malate transport -1.52

30030146.m510 NADP-malic enzyme 4 Malate transport 1.37

29726.m003892 Photosystem I reaction center subunit II-2 Light reaction center subunits of photosystem I 1.48

29647.m002069 Photosystem I reaction center subunit II-2 Light reaction center subunits of photosystem I 1.59

30125.m001259 Photosystem I reaction center subunit III Light reaction center subunits of photosystem I 2.25

30204.m001828 Photosystem I reaction center subunit IV A Light reaction center subunits of photosystem I 1.52

28657.m000392 Photosystem I reaction center subunit V Light reaction center subunits of photosystem I 2.38

30146.m003570 Photosystem I reaction center subunit VI-2 Light reaction center subunits of photosystem I 2.46

30178.m000877 Photosystem I reaction center subunit XI Light reaction center subunits of photosystem I 1.72

30137.m000439 Photosystem I reaction center subunit N Light reaction center subunits of photosystem I 2.03

30055.m001606 Photosystem I subunit O Light reaction center subunits of photosystem I 2.34

30170.m014291 Plastocyanin major isoform Light reaction center subunits of photosystem I 1.76

28725.m000314 Ferredoxin-2 Light reaction center subunits of photosystem I 1.11

29785.m000935 Photosystem II protein D1 Light reaction center subunits of photosystem II 2.20

29598.m000456 Photosystem II reaction center W protein Light reaction center subunits of photosystem II 1.57

29929.m004770 Photosystem II protein psbY-2 Light reaction center subunits of photosystem II 1.22

29908.m006139 Photosystem II 22 kDa protein Light reaction center subunits of photosystem II 5.63

29650.m000273 Photosystem II subunit R Light reaction center subunits of photosystem II 2.70

29676.m001695 Oxygen-evolving enhancer protein 1-2 Photosynthetic oxygen evolution 1.38

29634.m002131 Oxygen-evolving enhancer protein 2-1 Photosynthetic oxygen evolution 2.43

29842.m003684 Oxygen-evolving enhancer protein 3-2 Photosynthetic oxygen evolution 1.87

29842.m003589 ATP synthase gamma chain 1 ATPase 2.51

30225.m001694 Cytochrome b6-f complex iron-sulfur subunit Cyt b6/f 2.19

27964.m000363 3-ketoacyl-CoA synthase 1 Fatty acid biosynthesis and elongation 4.74

29844.m003186 3-ketoacyl-CoA synthase 17 Fatty acid biosynthesis and elongation 2.39

29844.m003365 Long-chain acyl-CoA synthetase 6 Fatty acid biosynthesis and elongation 1.77

27467.m000162 Allene oxide cyclase Fatty acids modification 1.03

29613.m000358 Omega-6 fatty acid desaturase, endoplasmic reticulum Fatty acids modification 1.13

29681.m001310 Cytochrome P450 86A1 Fatty acids modification 6.12

29784.m000369 Phospholipase D delta TAG assemble 1.05

30174.m008615 Glycerol-3-phosphate acyltransferase TAG assemble 1.00
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encoding cytochrome P450) functionally associated with

fatty acid hydroxylation were significantly up-regulated

after treatment under light conditions, implicating their role

in biosynthesis of ricinoleic acid and tri-ricinolein accu-

mulation in developing castor seeds (see 13 in Fig. 6). As

for the Kennedy pathway, two genes, 30174.m008615

encoding glycerol-3-phosphate acyltransferase (GPAT)

and 29784.m000369 encoding phospholipase D, were

simultaneously up-regulated under light treatment (see 14

and 15 in Fig. 6). The up-regulation of the GPAT cat-

alyzing the first FA into glycerol-3-phosphate in Kennedy

pathway may suggest that it could be a critical step-limit-

ing enzyme during oil accumulation in castor seeds.

Discussion

Photosynthesis capacity of nongreen seeds

Seeds are highly specific organs and play a vital role in

synthesizing storage materials during development and

filling stages. In green oilseeds, photosynthesis is charac-

terized by highly active Rubisco that acts to refix CO2

generated in the conversion of sugars to oils (Ruuska et al.

2004; Schwender et al. 2004). The main physiological

effects of light on seed development and storage reserve

accumulation seem to revolve around activating various

enzymes that initiate metabolism pathways via photosyn-

thesis in green seeds (Rolletschek et al. 2003; Schwender

et al. 2004; Borisjuk et al. 2013). Nongreen seeds are

comparatively quite a different entity. Unlike green seeds,

the seed development and storage reserve accumulation in

nongreen seeds have previously been thought to be non-

dependent on light as a necessary component in building

reserves during seed filling. Consequently, potential phys-

iological importance of photosynthesis if any, within

nongreen seeds, has received scant attention to date. The

results of our study present a different picture, which

showed that i) castor seeds are capable to develop even

without light, and ii) the seed coat tissues have the ability

to conduct photosynthesis during the early stage of seed

development. Surprisingly though, our comparative light

treatment experiments in vivo and in vitro showed that

light exposure significantly increased lipid accumulation.

Although photosynthesis seems to occur within the seed

coat tissues only during the early stage of seed develop-

ment and the seed filling time frame of our in vitro cultures

represents only a portion of the total filling period, the

effect was quite significant. Furthermore, in seeds that

received light, a wide range of genes encoding photosyn-

thetic enzymes was significantly up-regulated. These

results indicate that in nongreen castor seeds, photosyn-

thesis within the seed coat tissues is involved in

physiological processes of storage reserve accumulation

even though light itself is not vital to seed development.

Interestingly, it then stands to reason that photosynthetic

activity of seed coat tissues exhibits a degree of plasticity

that is dependent on light intensity (more specifically, on

whether the light can penetrate the thick capsule coat).

Castor is typically grown in tropical and subtropical areas

with high sunlight radiation. During seed filling, these con-

ditions have been known to result in much greater seed

production, but with no specific explainable cause (Rivarola

et al. 2011). The results of our study may offer some insights,

because increased seed production likely results from

increased oil accumulation produced by the photosynthesis

activity of seed coat tissues during the early stage of seed

development when the high levels sunlight radiation in those

areas is able to penetrate the thick capsule coat and provide

light for photosynthetic activity in seed coat tissues, thereby

resulting in an increased oil accumulation. More succinctly,

the main reason for high sunlight radiation resulting in

greater oil accumulation and seed production may be a direct

result of higher amounts of light radiation to capsules. Thus,

improving the light transmittance of capsule coat by breed-

ing or engineering varieties of castor with a thin capsule coat

may result in better yields of castor grown in temperate or

subtropical areas with low solar radiation. Alternatively, a

decrease in leaf canopy can also increase seed exposure to

sunlight and ideally genotypes with smaller or fewer leaves

could be bred for the temperate regions.

Over the course of our study, we observed a change of

seed coat color with different intensities of sunlight radi-

ation in Jatropha curcas, another nongreen oilseed plant.

The seed coat was slightly green under high sunlight

radiation during the early stage of seed development, while

the color of seed coat was ivory under low sunlight radi-

ation. In theory, the high solar radiation is able to penetrate

the fruit wall and promote the photosynthetic activity in J.

curcas seeds. When inspecting the photosynthesis capacity

of seed coat tissues in sunflower seeds, we did not observe

detectable photosynthetic activity in developing seed coat

tissues which probably could be due to the composite head

and white seed coat (data not shown). These observations

suggest that photosynthesis activity of nongreen seeds

(particularly, seed coat tissues) may vary in a species-de-

pendent manner even though light does not seem to be a

critical component in nongreen seed development.

Photosynthesis of seed coat tissue boosts lipid

accumulation and its potential mechanism in castor

seeds

Since most pathways of storage reserves biosynthesis are

branched, and there are alternate pathways, ineffective

cycles, and product turnover in developing seeds, the
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molecular mechanisms determining the differential parti-

tioning of seed reserves into the major storage components

remain largely unclear (Ekman et al. 2008; Borek et al.

2009). Lipids and proteins are the major storage compo-

nents in mature castor seeds, and the results showed that

photosynthesis of seed coat tissues significantly boosted

lipid accumulation in castor seeds even while protein

accumulation was not significantly affected due to light/-

dark treatments both in vivo and in vitro. Notably, the

soluble sugar content significantly decreased under the

light treatment in both in vivo and in vitro experiments.

Taken together, these results suggest that more of the

incoming sugars are probably transformed into lipids and

less of it is deposited as free sugar storage in the seeds

exposed to light.

Storage lipid biosynthesis mainly involves two pro-

cesses in plant seeds: fatty acid (FA) synthesis and tria-

cylglycerol (TAG) assembly (Ohlrogge and Browse 1995;

Rawsthorne 2002). The process of FA synthesis produces

many acyl-CoAs, using different substrates in plastids and

the TAG assembly sequentially consumes the acyl-CoAs

produced in FA synthesis using the substrate glycerol

3-phosphate (G3P) in endoplasmic reticulum (ER) (Figs. 5,

6). The amount of lipids accumulated in seeds is usually

dependent on the supply of several precursors, such as,

sucrose (Rosche et al. 2002; Baud et al. 2005), acetate

(Roughan et al. 1979; Roughan 1995), glucose 6-phosphate

(Kang and Rawsthorne 1996; Wakao et al. 2008), pyruvate

(Smith et al. 1992; Furumoto et al. 2011) or glycerol

3-phosphate (Vigeolas and Geigenberger 2004; Vigeolas

et al. 2007), and a number of active enzymes participate in

the synthesis and transfer of FA and the TAG assembly

(Baud and Lepiniec 2010; Chapman and Ohlrogge 2012).

Although the pathway of carbon conversion from sugars to

lipids during lipid biosynthesis has been documented in

seeds, the key precursors or enzymes that control the car-

bon flux rate seems to be different and species-dependent

in plants. Comparative proteomics of seeds between green

(Arabidopsis, soybean and rapeseed) and nongreen (sun-

flower and castor) oilseeds revealed distinct differences in

sucrose assimilation into organic acid intermediates in FA

synthesis (Houston et al. 2009; Hajduch et al. 2011). To the

best of our knowledge, the current study is the first to report

on photosynthesis in seed coat tissues of castor resulting in

the conversion of increased carbon flux from sugars to

lipids in nongreen seeds.

RNA-Seq analyses and DEGs in Calvin cycle

and lipid metabolism

The high-throughput RNA-Seq analyses showed that most

of the differentially expressed genes identified between

light and dark treatments were involved in photosynthesis,

carbon conversion, FA, and TAG biosynthesis pathways.

Seeds exposed to light resulted in up-regulated expression

of multiple genes (see 1–5 in Fig. 6) triggering the light

reaction of photosynthesis, in particular the ATP synthesis

gamma chain involved in ATP synthase and 11 Photosys-

tem I reaction center subunits involved in the NADPH-

producing pathway in Photosystem I. Production of

NADPH and ATP provided critical energy reductants

during carbon conversion from sugars to lipids (Borisjuk

et al. 2003; Ruuska et al. 2004). Correspondingly, four

genes encoding key enzymes (ribulose1,5-bishosphate

carboxylase/oxygenase, glyceraldehyde-3-phosphate

dehydrogenase, fructose-bisphosphate aldolase, and phos-

phoribulokinase) in the Calvin cycle were also significantly

up-regulated in response to light treatment, implying that

they play a role in carbon conversion in the Calvin cycle

(see 6–9 in Fig. 6). Generally, CO2 from environment and

generated from the respiratory process are the two sources

for CO2 fixation in Calvin cycle (Furbank et al. 2004).

Usually the high respiratory activity associated with active

metabolism in seeds releases a great quantity of CO2,

consequently, re-capturing and re-fixing the CO2 released

would be an efficient mechanism of enhancing carbon

utilization and conversion during seed metabolism (Chollet

Fig. 5 GO enrichment analysis of differentially expressed genes

(DEGs) identified from high-throughput RNA-Seq analysis. Note only

the number of DEGs above 10 from each GO term is shown
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Fig. 6 Potential depiction of carbon conversion and lipid biosynthe-

sis pathway in castor seeds after light treatment. Note Key enzymes

encoded by differentially expressed genes (identified from transcrip-

tome analysis) that may play critical roles in driving carbon

conversion and lipid biosynthesis under light treatment marked 1–

15, representing the following: ATP synthase gamma chain 1;

photosystem I reaction center subunits 2; cytochrome b6-f complex

iron-sulfur subunit 3; photosystem II reaction center subunits 4;

oxygen-evolving enhancer protein 5; ribulose bisphosphate carboxy-

lase 6; glyceraldehyde-3-phosphate dehydrogenase 7; fructose-bis-

phosphate aldolase 8; phosphoribulokinase 9; NADP-malic enzyme

10; phosphoenolpyruvate carboxykinase [ATP] 11; 3-ketoacyl-CoA

synthase and FA chain acyl-CoA synthetase 12; allene oxide cyclase,

ricinoleic acid desaturase and cytochrome P450 86A113; glycerol-3-

phosphate acyltransferase 14; and phospholipase D 15. Expressional

differentiation between light and dark treatment of these key enzyme

genes is shown in the left corner with the value of Log2 fold from

transcriptome analysis. PSII photosystem II, PS I photosystem I, Cyt

b6/f cytochrome b6-f complex, ATPase ATP synthase, TCA tricar-

boxylic acid cycle. Abbreviations for metabolites G-6-P Glc-6-

phosphate, F-1,6-bP Fructose 1,6 phosphate, GAP glyceraldehyde

3-P, DHAP dihydroxyacetone phosphate, 1,3-bPGA 1,3 bisphospho-

glyceric acid, 3-PGA 3 phosphoglyceric acid, 2-PGA 2 phosphoglyc-

eric acid, PEP phosphenolpyruvate, G3P glycerol 3-phosphate, LPA

lysophosphatidic acid, PA phosphatidic acid, DAG diacylglycerol, PC

phosphatidylcholine, TAG triacylglycerol, Ru-1,5-bP ribulose-1,5-

bisphosphate, Ru-5-P ribulose-5-phosphate
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et al. 1996; Schwender et al. 2004; O’Leary et al. 2011).

Two genes encoding the key enzymes PEPCK and ME in

malate transport involved in CO2 recycling were also up-

regulated under light treatment in this study (see 10 and 11

in Fig. 6). This suggests that re-fixing CO2 might be more

active in malate transport and produce additional pyruvates

for lipid accumulation when castor seeds are cultured under

light. This process probably differs from the pyruvate

transfer pathway in other nongreen seeds (such as sun-

flower) which are also mainly dependent on the direct

pyruvate transfer from the cytosol to the plastids (Alonso

et al. 2007).

During carbon conversion from sugar to lipid in green

oilseeds, most acetyl-CoAs consumed for FA synthesis are

provided by pyruvate produced from consumed 3-PGAs

derived from photosynthesis products in plastids (Sch-

wender et al. 2004). However, in nongreen oilseeds, the

acetyl-CoAs consumed for FA synthesis were provided by

pyruvate produced in the glycolysis pathway through

necessary carbon sources and reductant provision, while

partial acetyl-CoAs for FA synthesis in plastids could be

indirectly provided by the malate and triose phosphate

transport from the cytoplasm (Alonso et al. 2007; Houston

et al. 2009; Hajduch et al. 2011). Our results demonstrated

that the carbon conversion pathway in castor seeds

undergoing light treatment was connected to CO2 refixation

in the Calvin cycle and the CO2 recycling in malate

transport. The combined carbon conversion from sugars to

lipids and CO2 refixation that was observed in castor seeds

is likely the key underlying mechanism explaining the

increased oil accumulation in castor seeds following

exposure to light. However, it needs to be further ascer-

tained if this phenomenon is specific to castor or is com-

mon in other nongreen oilseed plants. The broader trend

among nongreen oilseed plants is certainly feasible, but

without further experimental evidence along these lines,

such possibilities are speculative and conceptual at best.

Six lipid genes known to be involved in the elongation

of carbon chain of FA and formation of ricinoleic acid were

found to be up-regulated among seeds undergoing light

treatment (see 12 and 13 in Fig. 6). The fatty acid

hydroxylase was especially highly expressed, strongly

suggesting that it plays a critical role in formation of castor

seed oil (Bafor et al. 1991; Brown et al. 2011; Wang et al.

2012), but again further targeted investigations are needed

to clarify this point. Likewise, two key enzymes incorpo-

rating the first Acyl-CoA to glycerol-3-phosphate carbon

frame in the Kennedy pathway (Jain et al. 2000; Takeuchi

and Reue 2009; Weselake et al. 2009) and phospholiase D

(PD) hydrolyzing phospholipids for TAG assembly (Dyer

et al. 1994) (see 14 and 15 in Fig. 6) were up-regulated in

seeds that were subjected to light treatment, implying that

they may function as rate-limiting enzymes during oil

accumulation in castor seeds and potentially in other non-

green oil seeds as well.

Thus, the results of the various experiments conducted

and subsequent analysis point to several potential mecha-

nisms that underlie the process by which light boosts lipid

accumulation in castor seeds. Activated photosynthesis in

seed coat tissues refixes CO2 released by cellular respira-

tion in the Calvin cycle, producing more substrates for lipid

biosynthesis in malate transport, leading to an increased

carbon flux to oil biosynthesis, and finally resulting in

markedly increased oil accumulation in castor seeds.

Although the present study is the first to report the effect of

light on nongreen oilseeds, further investigations in other

oilseeds are needed to examine this subject in a greater

detail. Furthermore, the effects of light on seed oil accu-

mulation is complex involving a series of metabolism

pathways in castor seeds, not all of which are clearly or

definitively understood. To unravel the mechanism of

cellular metabolism it will be essential to carry out RNA-

Seq analysis in seed coat, embryo, and endosperm which

could be difficult in this endospermic seed during various

developmental stages. Despite the suggestive nature of

some of our findings, the primary aim of this study was to

investigate the effect of light on seed development and

storage reserve accumulation during nongreen seed filling,

and our results shed a great deal of light on what was

previously a neglected aspect of nongreen seed develop-

ment. These results greatly add to the existing body of

research on the role of light in nongreen seed development,

providing insights into our understanding the physiological

processes of light on seed metabolism of nongreen oilseeds

and prompting several possibilities and directions for fur-

ther confirmatory research.

Conclusion

Characterization of seed development of castor under light

(sun) and dark conditions (shaded) indicated increased

lipid accumulation under light conditions. This observation

was further substantiated through experiments using seeds

cultured under dark and different light intensities. Our data

clearly demonstrated that it is the photosynthetically active

seed coat tissues though the photosynthesis is plastic,

depending on the strength of light exposure in environ-

ments that leads to an increased oil accumulation. Tran-

scriptional analysis not only confirmed the contribution of

photosynthesis in seed coat tissues to the enhanced oil

accumulation, but also identified several rate-limiting

enzymes that mediate oil biosynthesis in seed development

and filling. We have previously demonstrated photosyn-

thetic activity in the capsule walls which is comparable to

about 15–30 % of leaf photosynthesis. Here, we show that
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active photosynthesis exists even in castor seed coats and

greatly expand our understanding of the physiological roles

that light plays in seed metabolism of nongreen oilseeds.

The results of this study also indicated that there are

potential ways to enhance castor bean seed yield by alter-

ing the exposure of the inflorescences to sunlight either by

architectural changes to the plant or to its growing

environment.
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