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ABSTRACT. ‘White Jewel’ is a yellow-and-orange fl eshed spontaneous mutant of the orange-fl esh sweetpotato [Ipomoea 
batatas (L.) Lam.] cultivar Jewel. Mutations in storage root fl esh color, and other traits are common in sweetpotato. 
The orange fl esh color of sweetpotato is due to β-carotene stored in chromoplasts of root cells. β-carotene is important 
because of its role in human health. In an effort to elucidate biosynthesis and storage of β-carotene in sweetpotato 
roots, microarray analysis was used to investigate genes differentially expressed between ‘White Jewel’ and ‘Jewel’ 
storage roots. β-carotene content calculated from a* color values of ‘Jewel’ and ‘White Jewel’ were 20.66 mg/100 g 
fresh weight (FW) and 1.68 mg/100 g FW, respectively. Isopentenyl diphosphate isomerase (IPI) was down-regulated 
in ‘White Jewel’, but farnesyl-diphosphate synthase (FPPS), geranylgeranyl diphosphate synthase (GGPS), and lyco-
pene β-cyclase (LCY-b) were not differentially expressed. Several genes associated with chloroplasts were differentially 
expressed, indicating probable differences in chromoplast development of ‘White Jewel’ and ‘Jewel’. Sucrose Synthase 
was down-regulated in ‘White Jewel’ and fructose and glucose levels in ‘White Jewel’ were lower than in ‘Jewel’ while 
sucrose levels were higher in ‘White Jewel’. No differences were observed between dry weight or alcohol insoluble solids 
of the two cultivars. This study represents the fi rst effort to elucidate β-carotene synthesis and storage in sweetpotato 
through large-scale gene expression analysis. 

Sweetpotato is a hexaploid (2n = 6x = 90) member of the 
Convolvulaceae family with extensive variation within the spe-
cies. Commercial sweetpotato varieties are asexually propagated 
through adventitious sprouts from fl eshy roots. This vegetative 
propagation should theoretically ensure that clonal varieties are 
genotypically uniform (Villordon and LaBonte, 1995). How-
ever, various authors have described variations in sweetpotato 
that cannot simply be explained by genotype × environmental 
interactions. Variation occurs for both quantitative traits such as 
yield, and qualitative traits such as fl esh and skin color (Hwang et 
al., 1983; Steinbauer et al., 1943; Villordon and La Bonte, 1995, 
1996). The high ploidy levels should mask some of the mutations, 
but even so, for fl esh color it is estimated that sweetpotato have 
1000× more mutations than tetraploid potato (Solanum tuberosum 
L.) (Villordon and LaBonte, 1995).

The sweetpotato cultivar White Jewel (PI 634459) is a yel-
low-and-orange fl eshed spontaneous mutant of the cultivar Jewel 
(PI 566638). Whereas ‘Jewel’ has a uniform orange fl esh color, 
‘White Jewel’ storage roots have a yellow cortex and central 
parenchymous area with light, blotchy orange in the cambium 
ring and cork cambium. 

The orange and yellow color of sweetpotato fl esh is due to 
the presence of carotenoids. Carotenoids are isoprenoids (also 
called terpenoids or terpenes). There are two known pathways 
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that lead to the synthesis of isopentenyl diphosphate (IPP) and 
dimethylallyl diphosphate (DMAPP), the fi ve-carbon building 
blocks of isoprenoid compounds. Synthesis via the mevalonate 
(MVA) pathway takes place in the cytoplasm (Bach et al., 1999) 
while the methylerythritol (MEP) pathway [also known as the 
1-deoxy-D-xylulose 5-phosphate (DXP) pathway] is located in 
the plastids (Fig. 1) (Rohdich et al., 2002; Rohmer, 1999). Caro-
tenes are water insoluble and are synthesized and sequestered in 
plastids (chloroplasts and chromoplasts). The study of mutants 
has contributed signifi cantly to our current knowledge of carot-
enoid biosynthesis and storage (Carol et al., 1999; Isaacson et 
al., 2002; Li et al., 2001; Norris et al., 1995; Paolillo et al., 2004; 
Park et al., 2002).

β-carotene is the predominant carotenoid in most American 
orange-fl eshed sweetpotatoes, but in light fl eshed types, other 
carotenes might be the principal carotene type (Hagenimana et al., 
1999; Kays, 1992). Carotenoid intake is associated with a range of 
health benefi ts for humans (Beatty et al., 2004; Humphrey et al., 
1992; Yeum and Russell, 2002). β-carotene is the most important 
dietary precursor to vitamin A. Defi ciency in vitamin A leads to 
xerophthalmia, blindness, and premature death in humans (Mayne 
1996). It is estimated that vitamin A defi ciency causes 1.2 million 
deaths per year, mainly in children between 1 and 4 years of age 
(Humphrey et al., 1992). Several studies have highlighted the 
potential role of high β-carotene containing sweetpotato varieties 
in preventing vitamin A defi ciency, particularly in sub-Saharan 
Africa (Hagenimana et al., 1999; Jalal et al., 1998; Low et al., 
2001; van Jaarsveld et al., 2005).

Despite the importance of sweetpotato as a source of β-
carotene, relatively little research has focused on the molecular 
aspects of β-carotene synthesis and storage in sweetpotato roots. 
We aim to elucidate these aspects by comparing global gene 
expression between ‘Jewel’ and ‘White Jewel’ using microar-
ray technology.

826.indd   798826.indd   798 11/16/06   2:50:03 PM11/16/06   2:50:03 PM



799J. AMER. SOC. HORT. SCI. 131(6):798–805. 2006.

Materials and Methods

PLANT MATERIALS. Three-leaf shoot cuttings from virus tested 
sweetpotato cultivars Jewel and White Jewel were transplanted 
in pots in a temperature-controlled greenhouse. Storage roots 
from 45 plants of each cultivar were harvested 6 weeks after 
transplanting (WAT). Storage roots from 15 plants were pooled 
for each biological replicate and three biological replicates were 
used in total for each cultivar.

MICROARRAY ANALYSIS. Storage roots were ground in a War-
ing blender (model 33BL79; Dynamics Corp. of America, New 
Hartford, Conn.) cooled with dry ice, followed by further grinding 
in a mortar and pestle. RNA extractions were carried out with the 
RNeasy Maxi Kit (Qiagen, Valencia, Calif.) using lysis buffer 
RLT, but otherwise following the manufacturers protocol. RNA 
was further purifi ed and concentrated using the RNeasy Mini Kit 
(Qiagen). DNase I digestion was carried out on-column following 
the manufacturers instructions. RNA was extracted twice (technical 
replicates) from each biological replication, yielding a total of six 
RNA samples for each cultivar for microarray analysis.

Ten micrograms of total RNA was labeled using the Super-
Script Indirect cDNA Labeling System for DNA Microarrays 
(Invitrogen, Carlsbad, Calif.) according to the manufacturer’s 
protocol. Samples were labeled with Cy3 or Cy5 fl uorescent 
labels (Amersham Biosciences, Piscataway, N.J.) and hybridized 

onto 12 ARCS_Sp02 arrays in a connected loop design. (Rosa et 
al. 2005) using the Pronto hybridization kit (Corning, Corning, 
N.Y.). In the connected loop design a sample from ‘Jewel’ were 
labeled with Cy3 and hybridized on an array with a ‘White Jewel’ 
sample labeled with Cy5. On the next array, the same ‘White 
Jewel’ sample was now labeled with Cy3 and hybridized on an 
array together with another ‘Jewel’ sample labeled with Cy5. This 
process was continued until all samples were used in the loop 
(a total of 12 arrays). Arrays were scanned with the AlphaArray 
Reader (Alpha Innotech, San Leandro, Calif.) and quantifi ed 
using UCSF Spot (Jain et al., 2002).

The ARCS_Sp02 array contains 2788 sweetpotato cDNAs 
and 284 control features spotted in triplicate on GAPSII slides 
(Corning) using a Genemachines Omnigrid microarray printer 
(GeneMachines, San Carlos, Calif.). Slides were printed and sup-
plied by K. Burg (ARC Seibersdorf Research GmbH, Seibersdorf, 
Austria) with collaboration from B. Sosinski (Dept. of Horticultural 
Science, North Carolina State Univ., Raleigh).

Data transformation (log base 2), normalization, and statistical 
analysis were carried out using The Linear Models for Microarray 
Data (limma) software package (Smyth, 2005). Within-array loess 
normalization and between-array aquantile normalization were 
applied (Smyth and Speed, 2003). Triplicate spots on the array 
were dealt with using the duplicateCorrelation function (Smyth 
et al., 2005), while the loop design and technical replicates were 
handled as suggested by Smyth (2005). Differentially expressed 
genes were identifi ed using empirical Bayes methods (Smyth, 
2004). Genes were considered to be differentially expressed if 
the P value was smaller than 0.01 after Holm (1979) multiple 
testing correction. Throughout this paper we will refer to genes 
with higher expression in ‘White Jewel’ storage roots as up-
regulated and genes with higher expression in ‘Jewel’ roots, as 
down-regulated.

Putative descriptions for sweetpotato cDNA sequences were 
obtained by comparing (BLASTX E-value < 1E-5) translated 
sequences to Arabidopsis thaliana (L.) Heyhn. protein sequences 
(Garcia-Hernandez et al., 2002) and the NCBI protein database 
(Gish and States, 1993). Information from the Munich Informa-
tion Center for Protein Sequences (MIPS) (Schoof et al., 2002) 
was used to functionally classify genes.

QUANTITATIVE REVERSE TRANSCRIPTION-POLYMERASE CHAIN 
REACTION (Q-RT-PCR). Nine genes of interest were selected 
for validation with two-step Q-RT-PCR. The majority of genes 
were selected as a result of their involvement in carotenoid 
biosynthesis or the chloroplast (or chromoplast development). 
CB330166 was selected because it is generally considered a 
housekeeping gene. First-strand cDNA synthesis was carried 
out using the SuperScript III First-Strand Synthesis System for 
RT-PCR (Invitrogen) following the instructions of the manu-
facturer. The resulting reactions were diluted by adding 40 μL 
water and 1 μL of the dilution was used for RT-PCR on the ABI 
PRISM 7000 Sequence Detection System using SYBR Green 
PCR Master Mix (Applied Biosystems, Foster City, Calif.) and 
600 nM of each primer in a fi nal volume of 25 μL. Primers were 
designed with Primer Express (version 2.0; Applied Biosystems) 
and the sequences can be found in Table 1. In addition primers 
were designed for two recently isolated genes in the carotenoid 
pathway that were not represented on the array (K. Burg, personal 
communication) (Table 1). The relative standard curve method 
as described in the User Bulletin #2 (Applied Biosystems) were 
used to obtain relative expression levels for each sample. Disso-
ciation curves were examined to detect nonspecifi c amplifi cation 

Fig. 1. The carotenoid biosynthetic pathway. DMAPP = dimethylallyl 
disphosphate, IPP = isopentenyl diphosphate, IPI = isopentenyl diphosphate 
isomerase, FPPS = farnesyl-diphosphate synthase, GPP = geranyl dihosphate, 
FT = farnesyltransferase, FPP = farnesyl, GPS = geranylgeranyl diphosphate 
synthase, GGPP = geranylgeranyl diphosphate, PSY = phytoene synthase, 
PDS = phytoene desaturase, ZDS = ζ-carotene desaturase, CRTISO = carotene 
isomerase, LCY-b = lycopene β-cyclase, LCY-e = lycopene ε-cyclase, CHY-b 
= β-ring hydroxylase, CHY-e = ε-ring hydroxylase.
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Table 1. Primer sequences used for validation of microarray results with 
quantitative reverse transcription-polymerase chain reaction. Primers 
were also designed for two recently isolated genes in the carotenoid 
pathway (FPPS = farnesyl-diphosphate synthase, LCY-b = lycopene 
β-cyclase) that were not represented on the array (K. Burg, personal 
communication).

GeneBankz 
accession no./gene Primers (5´ → 3´)
DV034581 FWD TGCAGCCATCCTCTTTACCG
 REV TGGGCAGCATTTCTCACTCC
DV037120 FWD GCGGTGGAGATGATCCACAC
 REV CGGAGATCGTCGTTGTCCAT
CB330505 FWD TTCCCGGTCAGGTTCTCAGA
 REV GGGAGTGACCAAGACGCAGA
CB330580 FWD CAAATTGCCCGAAGCCTATG
 REV AAAAGAGCACAGGTATGACTGGC
CB330720 FWD TTCTCTCTTCATCTTCGGGTTCC
 REV CCAGGATTACGCCCTGGAT
CB330938 FWD CCGAGCTCAAGGTGAAGGAG
 REV CTGAACGAAGAAGCCAAACATG
CB330113 FWD GGGTCCAAGTGTTGTGAAGGA
 REV TTTTCCAGAAGCCACCAGCTA
DV037363 FWD AAGACCACCCTGGGCTCCT
 REV TTCAGCTCCTGCGACACTTG
CB330166 FWD TGGTCGCTAGGGTTGCTCTG
 REV GAACGGGTCGTTGACTGCA
FPPS FWD CCCCTACAAGGGTGGTAATCAG
 REV TCCAAACTGCCAGTGGGC
LCY-b FWD TCTGGCAGAAGTGGAGGAACA
 REV GGTGAGAGTCTCGCCAATCC
zBenson et al. (2005).

biological replicate. β-carotene content was determined using the 
following linear regression model described by Takahata et al. 
(1993): Carotene content (mg/100 g) = 0.864a* – 8.68.

Two-sample t tests were used to determine statistical sig-
nifi cance of the differences between measurements from ‘Jewel’ 
and ‘White Jewel’ samples using MINITAB (release 14.1; 
Minitab). Differences were considered statistically signifi cant 
if P < 0.05.

Results and Discussion

Forty genes were differentially expressed between ‘Jewel’ 
and ‘White Jewel’ (Table 2). Of these, 30 genes were down-
regulated in ‘White Jewel’ compared to ‘Jewel’ while 10 were 
up-regulated. Five genes showed no homology with known 
genes and two were homologous to “expressed proteins.” Fold 
changes for differentially expressed genes were small, ranging 
from –1.39 to –1.12 for down-regulated genes and 1.15 to 1.34 
for up-regulated genes. A possible cause for this is that the cam-
bium areas of ‘White Jewel’ are similar to that of ‘Jewel’ and 
that this causes a dilution effect. The fold changes are therefore 
the average for all cells in the root, and it is probable that if the 
cortex areas of the roots were dissected out, the fold changes of 
the genes would be larger.

Q-RT-PCR results for eight genes tested were in good agree-
ment with results obtained with microarrays (Table 3). Differential 
expression of the glyceraldehyde-3-phosphate dehydrogenase 
gene (CB330166) was not confi rmed with Q-RT-PCR analysis.

CIE color measurements, for skin and fl esh color of ‘Jewel’ 
and ‘White Jewel’ are given in Fig. 2A and 2B. All differences 
we statistically signifi cant, except for the skin L* value (Fig. 
2B). The β-carotene content calculated from fl esh a* color values 
were 20.66 mg/100 g fresh weight (FW) for ‘Jewel’ and 1.68 
mg/100 g FW for ‘White Jewel.’ Although genes for nearly all 
the steps in the carotenoid pathway (Fig. 1) have been identifi ed 
in plants (Cunningham, 2002), only a handful has been isolated 
in sweetpotato (Burg and Berenyi, 2004). Two genes involved 
in the β-carotene pathway, isopentenyl diphosphate isomerase 
(IPI) and geranyl-geranyl diphosphate synthase (GGPS), are 
represented on the ARCS_Sp02 array. A gene (DV034581) with 
homology to plastidal IPI was down-regulated in ‘White Jewel’ 
(Table 2 and Fig. 3). During isoprenoid synthesis IPI catalyzes the 
interconversion of IPP and DMAPP. In the MEP pathway both IPP 
and DMAPP are produced in the terminal branching step through 
the action of isopentenyl/dimethylallyl diphosphate synthase 
(IDDS) (Rodríguez-Concepción and Boronat, 2002; Rohdich et 
al., 2002). This makes low level isoprenoid biosynthesis possible 
without IPI, but IPI is required for full function of the pathway 
(Page et al., 2004). Two genes (DV037120 and CB330462) with 
homology to GGPS were not differentially expressed between 
‘White Jewel’ and ‘Jewel’ (DV037120, Fig. 3; CB330462, data 
not shown). GGPS catalyzes the condensation of (E,E)-farnesyl 
diphosphate and IPP to produce diphosphate and geranylgeranyl 
diphosphate (GGPP).

Recently two additional genes in the carotonoid pathway, 
farnesyl-diphosphate synthase (FPPS) and lycopene β-cyclase 
(LCY-b) were isolated in sweetpotato (K. Burg, personal com-
munication). In an effort to investigate as many genes in the 
pathway as possible, primers were developed from the sequences 
supplied by K. Burg and expression were measured using Q-RT-
PCR. Neither of these genes was differentially expressed (Fig. 3). 
FPPS catalysis a reaction early in the pathwasy, between IPI and 

and 18S ribosomal RNA specifi c primers (Applied Biosystems) 
were used for normalization. The same RNA samples used for 
microarray analysis were used for Q-RT-PCR. Each sample was 
done in duplicate and technical replicates were averaged to yield 
a single measurement for each biological replicate that was used 
for statistical analysis using MINITAB (release 14.1; Minitab, 
State College, Pa.). Differences were considered statistically 
signifi cant if P < 0.05.

ALCOHOL-INSOLUBLE SOLIDS (AIS, CRUDE STARCH), SUGAR, 
DRY WEIGHT (DW), AND β-CAROTENE CONTENT. Six roots were 
randomly chosen from each pool (biological replicate) for AIS, 
sugar content and DW determination as described by Picha (1987). 
Briefl y, unpeeled roots were halved and grated to produce two 
10-g samples. One sample was homogenized in 80% ethanol for 
1 min using a Brinkman homogenizer (Brinkman Instruments, 
Westbury, N.Y.) and then boiled for 15 min. After cooling the 
sample, it was fi ltered through Whatman no. 4 fi lter paper. The 
weight of the insoluble residue on the fi lter after drying was 
used to determine AIS content. The fi ltrate was adjusted to a 
fi nal volume of 100 mL and used to determine sugar content 
using high performance liquid chromatography (HPLC) using 
a SUPELCOSILTM LC-NH2 column (SUPELCO, Bellefonte, 
Pa.). The duplicate 10-g sample was dried at 70 °C for 48 h to 
determine DW.

Four representative roots from each biological replicate were 
selected for β-carotene determination. CIE L*, a*, b* (Commis-
sion Internationale d’Eclairage) color values were measured for 
the outside (skin) and a cross-section (fl esh) of each root using a 
Minolta spectrophotometer cm 3500d (Minolta Co., Osaka, Japan). 
The values of the four roots were averaged to get a value for each 
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Table 2. Differentially expressed genes (P < 0.01 after Holm multiple testing correction) between ‘Jewel’ and ‘White Jewel’ sweetpotato storage roots. Positive fold 
changes indicate up-regulation in ‘White Jewel’ roots, while negative fold changes indicated down-regulation in ‘White Jewel’ roots. 

GenBankz   Fold 
accession no. Putative gene descriptiony change P Homology Ex

Metabolismw

   CB330166 glyceraldehyde-3-phosphate dehydrogenase, cytosolic –1.17 5E-10 At3g04120.1 1E-159
   DV035409 inorganic pyrophosphatase (Nicotiana tabacum L.) –1.36 6E-07 CAA58701 7E-84
   DV034581 isopentenyl diphosphate isomerase 1 (N. tabacum) –1.23 5E-03 BAB40973 1E-97
   CB330580 psbK PSII K protein 1.29 3E-10 AtCg00070 3E-19
   CB330897 sporamin B [Ipomoea batatas (L.) Lam.] 1.34 7E-07 AAA33390 7E-38
   DV034610 sucrose synthase 2 (Solanum tuberosum L.) –1.27 7E-06 AAO34668 2E-90
   CB330358 triosephosphate isomerase, cytosolic, putative –1.29 2E-05 At3g55440.1 1E-109
Energy     
   CB329982 ATP synthase epsilon subunit (I. batatas) 1.16 3E-03 CAD23965 9E-66
   CB330938 light harvesting chlorophyll a/b-binding protein 
 (Nicotiana sylvestris Pfl anzl.)  –1.20 8E-04 BAA25392 3E-133
   CB330113 cytochrome c oxidase subunit Vc family protein –1.13 5E-04 At2g47380.1 4E-22
   CB330505 photosystem II oxygen-evolving complex 23 (OEC23) –1.19 1E-03 At1g06680.1 1E-110
   CB330720 photosystem II protein I (Ranunculus macranthus Scheele) 1.26 8E-08 AAZ04048 3E-14
Protein synthesis and fate    
   CB330804 cathepsin B-like cysteine protease, putative –1.18 2E-03 At1g02305.1 1E-106
   DV037272 chaperonin 1.17 7E-04 At3g18190.1 4E-37
   CB330700 elongation factor 1-alpha / EF-1-alpha –1.18 5E-03 At5g60390.1 1E-72
   CB330102 polyubiquitin (UBQ10) –1.21 3E-03 At4g05320.5 2E-77
   CB330932 ubiquitin extension protein 1 (UBQ1) –1.14 5E-03 At3g52590.1 1E-65
Transcription    
   DV035522 bZIP transcription factor family protein -1.22 7E-03 At3g30530.1 2E-24
   CB330144 remorin 1, putative [Oryza sativa L. 
 (japonica cultivar-group)] –1.19 8E-03 XP_466996 8E-37
Transport     
   CB330336 ADP-ribosylation factor –1.22 4E-07 At3g62290.1 3E-28
   CB330838 aquaporin (PIP1.3) –1.31 3E-08 At1g01620.1 1E-144
Biogenesis of cellular components    
   CB330125/
   CB330126v alpha tubulin 1 [Pseudotsuga menziesii (Mirbel) 
 Franco var. menziesii] –1.20 4E-04 AAV92379 4E-91
   CB330258 lipocalin, temperature-induced (Lycopersicon
  esculentum Mill.) –1.23 2E-05 ABB02390 3E-77
Cell cycle and DNA processing    
   DV036591 DNAJ heat shock protein, putative (J3) –1.18 2E-03 At3g44110.1 6E-57
Cell rescue, defense and virulence    
   DV037363 gp91-phox, whitefl y-induced (L. esculentum) 1.15 4E-04 AAF73124 9E-16
   CB330013 metallothionein-like type 1 protein (I. batatas) –1.17 2E-04 BAD95644 3E-79
   CB330561 thioredoxin peroxidase (Capsicum annuum L.) –1.12 9E-03 AAL35363 2E-75
Cellular communication/signal transduction mechanism  
   DV035500 CTR1-like protein kinase (L. esculentum) 1.16 2E-04 AAR89822 6E-107
   CB329975 cyclophilin / peptidyl-prolyl cis-trans isomerase, 
 cytosolic / rotamase (ROC3) –1.14 9E-03 At2g16600.1 4E-78
   CB330481 cyclophilin-like (S. tuberosum) –1.14 7E-04 ABB29940 3E-80
   DV034921 protein phosphatase 2C family protein  –1.27 5E-08 At1g07630.1 6E-35
Unclassifi ed   
   CB329950 allergen-like protein BRSn20 (Sambucus nigra L.) –1.23 8E-05 AAF16869 1E-39
   CB330730 early nodulin ENOD18 family protein / universal 
 stress protein (USP) family protein –1.22 2E-04 At3g03270.2 3E-43
Unknown
   DV035353 expressed protein –1.39 3E-06 At5g49100.1 2E-30
   DV034897 expressed protein (in thylakoid lumen) –1.23 1E-03 At3g29240.2 6E-63
   CB330777 no homology 1.32 2E-05  
   CB329930 no homology 1.28 8E-04  
   DV034780 no homology 1.15 8E-03  
   CB330067 no homology –1.12 6E-03  
   CB330200 no homology 1.17 9E-03  
z Benson et al., 2005
yPutative descriptions for sweetpotato genes were obtained using basic local alignment search tool (BLAST) (Garcia-Hernandez et al., 2002; Gish and States, 
1993).
xExpectation value. The lower the E value, the more signifi cant the score.
wFunctional classifi cation was done according to the Munich Information Center for Protein Sequences (Schoof et al., 2002). 
vIf two numbers (e.g., CB330125/CB330126) represent an EST, it means a single clone was sequenced from both sides and each sequence was assigned a GenBank 
accession number, but it represents only one feature (spot) on the array.
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GGPS. The nondifferential expression of GGPS and FPPS is not 
totally unexpected. FPP and GGPP are precursors of a wide range 
of isoprenoids (Fig. 1). In the plastid these include carotenoids, 
gibberellins, tocopherols, chlorophylls, and phylloquinones. 
LCY-b catalyses the formation of β-carotene from lycopene and 
the formation of α-carotene from δ-carotene. The nondifferential 
expression of LCY-b might therefore be related to α-carotene and 
lutein synthesis. Ducreux et al. (2005) reported higher β-carotene 

and lutein levels in S. tuberosum tubers transformed with pytoene 
synthase, but nondifferential expression of LCY-b between trans-
formed and untransformed plants. It therefore seems that LCY-b 
expression is not a rate-limiting step in this pathway.

It should also be kept in mind that different forms exist for 
several genes in the carotenoid pathway. For example 11 members 
of the GGPS family have been identifi ed in A. thaliana (Cun-
ningham, 2002). Our study does not represent a comprehensive 
picture of carotenoid biosynthesis in sweetpotato. However to our 
knowledge it is the fi rst study to investigate the expression of genes 
in this pathway in sweetpotato. Phytoene synthase (PSY) have 
been shown to be a key rate-limiting enzyme in the carotenoid 
pathway (Taylor and Ramsey, 2005). A substantial increase in β-
carotene levels was observed in tomato (Lycopersicon esculentum 
Mill.) fruit (Fraser et al., 2002), canola (Brassica napus L.) seed 
(Shewmaker et al., 1999), A. thaliana seed (Lindgren et al., 2003), 
and S. tuberosum tubers (Ducreux et al., 2005) after over-expres-
sion of PHY. PHY have not been isolated in sweetpotato despite 
recent efforts (Burg and Berenyi, 2004). For further studies of the 
very important carotenoid pathway in sweetpotato, it is essential 
that efforts to isolate this key gene should continue.

Table 3. Comparison of results obtained for nine genes with microarray analysis and quantitative reverse transcription-
polymerase chain reaction (Q-RT-PCR). Positive fold changes (FC) indicate up-regulation in ‘White Jewel’ sweetpotato 
storage roots, while negative fold changes indicate down-regulation. Numbers in bold indicate fold changes that are 
statistically signifi cant.

GenBankz  Microarray Q-RT-PCR

accession no. FC P FC P Homologyy

DV034581 –1.23 0.005 –1.99 0.036 isopentenyl diphosphate isomerase (IPI)
DV037120 –1.03 1.000 1.03 0.66 geranylgeranyl diphosphate synthase (GGPS)
CB330505 –1.19 0.001 –1.38 0.027 photosystem II oxygen-evolving complex 23
CB330580 1.29 0.000 2.15 0.030 psbK PSII K protein
CB330720 1.26 0.000 1.96 0.003 photosystem II protein I
CB330938 –1.20 0.001 –1.61 0.012 light harvesting chlorophyll a/b-binding protein 
CB330113 –1.13 0.001 –1.21 0.042 cytochrome c oxidase subunit Vc family protein
DV037363 1.15 0.000 3.31 0.000 gp91-phox, whitefl y-induced
CB330166 –1.17 0.000 –1.20 0.143 glyceraldehyde-3-phosphate dehydrogenase, cytosolic
zBenson et al. (2005).
yPutative descriptions for sweetpotato genes were obtained using basic local alignment search tool (BLAST) (Garcia-
Hernandez et al., 2002; Gish and States, 1993).

Fig. 2. CIE color values measured for (A) fl esh and (B) skin color of sweetpotato 
storage roots from ‘Jewel’ (OJ) and ‘White Jewel’ (WJ); L* = lightness, a* = 
red-green, b* = blue-yellow; bars indicate SE.
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Fig. 3. Relative expression values of isopentenyl diphosphate isomerase (IPI), 
farnesyl-diphosphate synthase (FPPS), geranylgeranyl diphosphate synthase 
(GGPS), and lycopene β-cyclase (LCY-b) in sweetpotato storage roots of ‘Jewel’ 
(OJ) and ‘White Jewel’ (WJ) determined by quantitative reverse transcription-
polymerase chain reaction. Relative expression levels were statistically 
signifi cantly different (P < 0.05) for IPI; bars indicate SE.
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Several genes associated with the chloroplast and the photo-
synthetic apparatus were differentially expressed between ‘Jewel’ 
and ‘White Jewel’ (Table 2). A gene (CB330938) with homol-
ogy to light harvesting chlorophyll a/b-binding protein and one 
(CB330505) with homology to photosystem II oxygen-evolving 
complex 23 were down regulated in ‘White Jewel’. A 23-kDa 
oxygen-evolving-complex-like protein has been implicated in a 
respiratory redox chain linked to phytoene desaturation in daffodil 
(Narcissus pseudonarcissus L.) (Nievelstein et al., 1995). A gene 
(CB330580) with homology to psbK (PSII K) protein and one 
(CB330720) with homology to photosystem II protein I were up-
regulated in ‘White Jewel’. Carrotenoids are water-insoluble and 
in nonphotosynthetic tissue carotenoids accumulate in dedicated 
lipoprotein-sequestering structures in chromoplasts (Bartley and 
Scolnik, 1995; Vishnevetsky et al., 1999). During fruit ripening 
and fl ower development, chromoplasts are often derived from 
fully developed chloroplasts (Marano et al., 1993; Whatley and 
Whatley, 1987). During this transition the photosynthetic appara-
tus, including the thylakoid membranes are broken down (Livne 
and Gepstein, 1988; Piechulla et al., 1987). Our results seem to 
indicate differences between the chromoplast development of 
‘Jewel’ and ‘White Jewel’. Previous studies have indicated that 
sequestering of carotene in chromoplast (lipoprotein structures) 
is more strongly related with carotenoid buildup than expression 
levels of genes in the carotenoid biosynthetic pathway (Al-Babili 
et al., 1996; Deruere et al., 1994; Howitt and Pogson, 2006; Li 
et al., 2001; Paolillo et al., 2004; Pozueta-Romero et al., 1997; 
Rabbani et al., 1998; Vishnevetsky et al., 1996).

Practically nothing is known about sweetpotato chromoplasts 
and their development. Present knowledge of chromoplast devel-
opment has focused on studies of fruits and fl ower petals, where 
chromoplasts develop from chloroplasts. However, in Daucus 
carota L. roots, chromoplasts develop from nonphotosynthetic 
plastids (Marano et al., 1993). One would expect that chromoplasts 
in sweetpotato would follow a similar developmental process. 
At this stage it is unclear how the differential expression of 
chloroplast-related genes relate to chromoplast development in 
sweetpotato. The differential expression of chloroplast-associated 
genes between ‘Jewel’ and ‘White Jewel’ roots indicate putative 
differences in the plastids in these roots. However at this stage it 
is not possible to make defi nitive conclusions about chromoplast 
development. Light and electron microscopy studies of sweetpo-
tato chromoplasts are sorely needed and would yield insight into 
this important aspect of carotene content of sweetpotato roots.

Interestingly, Park et al. (2002) showed that chlorophylls and 
carotenoids themselves play an important role in chloroplast 
development. In a very elegant series of experiments using virus-
induced gene silencing (VIGS), Page et al. (2004) showed disrup-
tion of plastids in leaves of plants where IPI has been silenced. In 
the current study we observed down-regulation of IPI in ‘White 
Jewel’ and differential expression of chloroplasts-related genes. 
However it is not possible to determine cause and effect clearly. 
The leaves in the Page et al. (2004) study had a mottled, pale-
white appearance, while the expression of β-carotene in ‘White 
Jewel’ is more defi ned, with some accumulation in the cambium 
area, but very little (or none) in the cortex region. The β-carotene 
pathway is still functioning in ‘White Jewel’ as can be seen by 
the orange color of the cambium region. The mutation affects 
mainly the cortex and central parenchymaous regions. A muta-
tion associated with tissue specifi c accumulation of β-carotene 
has been described in caulifl ower (Brassica oleracea L. var. 
botrytis L.) (Li et al., 2001; Paolillo et al., 2004). No dramatic 

changes were observed in expression of genes involved in the 
B. oleracea carotenoid pathway, but structural modifi cations that 
allow β-carotene accumulation were observed in plastids of the 
mutant. This mutation did not affect carotenoid composition in 
leaves of fl owers.

The signals and mechanisms that regulate carotenogenesis are 
still largely unknown. Reactive oxygen species (ROS) have been 
implicated as secondary messengers of this process in bell pepper 
(Capsicum annuum L.) (Bouvier et al., 1998). It is thought that 
the regulation of carotenoids by ROS is related to the protection 
that extended chromophores provide against oxidative stresses. 
Two genes related to ROS regulation, thioredoxin peroxidase 
(CB330561) and gp91-phox (DV037363), were differentially 
expressed between ‘Jewel’ and ‘White Jewel’. Thioredoxin peroxi-
dase is a ROS scavenger, while gp91-phox is part of the NADPH 
oxidase complex. NADPH oxidase contributes to production of 
ROS and gp91-phox is induced by hydrogen peroxide in A. thali-
ana suspension cultures (Desikan et al., 1998). Since thioredoxin 
peroxidase is down-regulated in ‘White Jewel’ and gp91-phox 
is up-regulated, a higher level of ROS is implicated in ‘White 
Jewel’. However in the Bouvier et al. (1998) study, oxidative 
stress was associated with an increase in carotenoid synthesis in 
C. annuum. The differential expression of gp91-phox is surpris-
ing since NADPH oxidase is usually associated with pathogens 
or environmental stresses (Mittler, 2002). Since chromoplasts 
in C. annuum originate from actively photosynthesizing tissue 
(a source of ROS) and sweetpotato chromoplasts do not, it is 
possible that the effects of ROS on carotenoid synthesis in these 
tissues are different. Differences in the regulation of caroteno-
genesis and chromoplast development in fruits and fl owers have 
been observed, particularly the involvement of phytohormones 
in fl owers (Vishnevetsky et al., 1999).

Fructose and glucose levels were signifi cantly lower in ‘White 
Jewel’ than ‘Jewel’ (Fig. 4). However, sucrose levels were higher 
in ‘White Jewel’. In sweetpotato roots, sucrose is degraded via 
sucrose synthase (Susy) to produce UDP-glucose and fructose (Li 
and Zhang, 2003), which are then converted to hexose-phosphates 
used for starch synthesis in the amyloplasts. The lower fructose 
and glucose levels, and higher sucrose levels observed in ‘White 
Jewel’ are in agreement with the observed down-regulation of a 
gene (DV034610) with homology to SuSy. These observations 
raises the question whether more starch is produced in ‘Jewel’ 
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Fig. 4. Sugar content of sweetpotato storage roots from ‘Jewel’ (OJ) and ‘White 
Jewel’ (WJ) given in milligrams per gram fresh weight (FW); bars indicate 
SE.
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since more fructose and glucose are available for starch synthesis. 
However, no signifi cant differences were observed between dry 
weight or AIS of ‘Jewel’ and ‘White Jewel’ (Fig. 5). LaBonte et 
al. (2000) observed variations in fructose and glucose levels of 
‘Jewel’ storage roots during root development (7 to 19 WAT), 
but a steady increase in sucrose during this period. Interestingly 
they also found that the two cultivars (‘Travis’ and ‘Beauregard’) 
with the highest glucose and fructose levels also had the lowest 
DW and AIS levels. It seems therefore that the amount of starch 
(measured as AIS) is not related to the measured amount of glucose 
and fructose. These observations are in agreement with obser-
vations in S. tuberosum, where several studies have shown that 
elevated levels of hexose-phosphates do not translate to increased 
starch production (Geigenberger, 2003; Trethewey et al., 1998). 
Also, since no signifi cant difference was observed between AIS 
of ‘White Jewel’ and ‘Jewel’ it seems that the mutation does not 
affect amyloplast development in storage roots. 

Our study represents the fi rst effort to elucidate β-carotene 
synthesis and storage in sweetpotato at the molecular level. Of 
the four genes in the carotenoid biosynthetic pathway examined, 
only IPI were differentially expressed. However the differential 
expression of plastid-related genes point to putative differences 
in plastid development between ‘Jewel’ and ‘White Jewel’. This 
underscores recent observations in other plants that plastid devel-
opment plays an important role in carotenoid content of tissues. 
Future research should include isolation of all the genes of the 
carotenoid biosynthetic pathway in sweetpotato, and microscopic 
studies of chromoplast development in sweetpotatoes with dif-
ferent β-carotene contents.
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