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Several clinical studies have shown that grapefruit furanocoumarins (FCs) can inhibit the intestinal cytochrome P450
CYP3A4. As a result, the levels of some oral drugs in blood have been shown to increase to various degrees. This drug
interaction has had a significant effect on the sale of grapefruit and grapefruit juice. Grapefruit diploid and triploid
hybrids were selected to quantify the concentration of different FCs and acid derivatives toward evaluation of their
biosynthetic relation and selection of new seedless (triploid) grapefruit varieties with low FCs and low acids. Measured
FCs included paradisin C, 6,7-dihydroxy bergamottin (6,7-DHB), bergamottin, bergaptol, isoimperatorin, 5,8-dimethylallyloxypsoralen (5,8-DMP), and epoxybergamottin (EBM). The concentrations of FCs varied greatly among those
hybrids, ranging from 0 to several hundred micrograms per liter juice (mg·L–1). There were varied degrees of correlations among the concentrations of these FCs, and acids. This effort, along with the valuable data, will lead to breeding
low-FC, low-acid, and possibly seedless grapefruit varieties for greater market appeal.

Florida has the world’s largest grapefruit industry, for both
fresh and processing markets. Grapefruit possess lots of benefits
for human health. For example, its abundant vitamin C promotes
cardiovascular health, its various carotenoids reduce the risk of
some cancers, and many of its micronutrients are essential for
humans (Gao et al., 2006; Hahn-Obercyger et al., 2005; Kurl et
al., 2002). The drawback for grapefruit marketing and consumption is the so-called grapefruit juice effect (GJE), which refers to
the adverse interactions of some organic chemical components
in grapefruit juice with certain medicinal drugs for humans (Aronson, 2001). Consumers taking these medications are advised
to avoid eating grapefruit and drinking the juice. Clinical reports
have indicated the most potent chemicals in grapefruit responsible
for the interactions are furanocoumarin (FC) derivatives (Bailey
and Dresser, 2004; Ohnishi et al., 2000), such as bergamottin
and 6,7-dihydroxybergamottin (6,7-DHB). FCs inhibit CYP3A4,
the isozyme of cytochrome P450 in the intestine and the liver.
When the action of this enzyme is blocked, early drug degradation does not occur and the blood levels of some medications
may increase. The inhibitory potency of the main FCs varied in
the order: paradisin C > 6,7-DHB > bergamottin > bergapten >
bergaptol (Ohnishi et al., 2000).
Chemical extraction, fungal absorption, ultraviolet radia-
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tion, and heat have been investigated to remove or reduce FCs
in grapefruit juices (Myung et al., 2008). Any treatment is an
extra process, likely increasing the cost and affecting the juice
quality. Using genetic and breeding approaches to select natural
FC-free grapefruit appears to be an ultimate solution to the GJE
issue. Some grapefruit varieties contain undetectable or low
FCs (Widmer and Haun, 2005). The segregating tendency of the
FC content in some sexual progeny shows the existence of an
inheritance pattern potentially useful for linkage mapping of the
gene(s) and conventional breeding of FC-free varieties (Chen et
al., unpublished data). In this study, we report quantification of FCs
and acids in several triploid grapefruit hybrid populations to assist
selection of low acids and low FC seedless grapefruit varieties.
Materials and Methods
Varieties and hybrids. Thirty-one triploid hybrids used for
selection of low FC grapefruit varieties were chosen for measurement of FC profiles, along with 12 diploid hybrids from the cross
of Citrus paradisi Macf. cv. Hudson (Hud) and C. maxima Merr.
cv. Hirado Buntan (HBP). The triploids included 13 from HBP
× (‘Succari’ + HBP) (a somatic tetraploid, designated SHB in
this paper), 11 low acid pummelo (LAP) × tetraploid ‘Walters’
grapefruit (TWG), and 7 LAP × SHB. Only the pollen parents of
these triploids were tetrapoids, most of which were produced by
somatic hybridization and protoplast fusion (Grosser and Gmitter,
2005, 2010). ‘Succari’ is an acidless sweet orange (C. sinensis).
‘Foster’ (Fos) grapefruit (C. paradisi) and its spontaneous mutant,
‘Low Acid Foster’ (LAF), were also included in the analysis.
Juice preparation, acidity titration, and FCs assay. Fresh
fruit juice was manually squeezed. Acidity was measured on 20
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g of juice with a Denver automatic titrator 290 (Denver Instruments, Bohemia, NY) using 0.3125 N sodium hydroxide (Kilburn,
1965). Titration was performed with the pH endpoint method
(pH 8.2) and the acidity provided as percent acid. Seven FCs,
paradisin C, 6,7-dihydroxy bergamottin (6,7-DHB), bergamottin,
bergaptol, isoimperatorin, 5,8-dimethylallyloxypsoralen (5,8DMP), and epoxybergamottin (EBM) were examined. FCs were
identified and concentrations estimated with high-performance
liquid chromatography (HPLC) by comparing their elution
times, UV absorbance at 320 nm, and mass spectrometry (MS)
data to authentic FCs, as previously described (Yu et al., 2009).
The concentration of each FC and citric acid was calculated in
milligram per liter juice (mg·L–1).
Statistical analysis. Analysis and all plotting were performed
using Microsoft Office 2007 EXCEL (Microsoft, Redmond, WA),
which has extra tools in the Data Analysis add-in, besides built-in
statistical functions.
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Figures

Results and Discussion
Profile of FC derivatives. The concentration reads of each
FC varied greatly among the individual varieties and hybrids,
according to HPLC analysis (Fig. 1 A and B). For example, 6,7DHB varied from 0 mg·L–1 to 106.60 mg·L–1, and bergamottin
from 0 mg·L–1 to 62.10 mg·L–1. On average, 6,7-DHB was the
most abundant FC (27.07 mg·L–1), bergamottin the second most
abundant (13.47 mg·L–1), and paradisin C the third most abundant
(9.96 mg·L–1), which was consistent with earlier reports that they
were among most abundant FCs in grapefruit juice. Bergaptol
and isoimperatorin were present at 0.34 mg·L–1 and 4.98 mg·L–1,
respectively. The concentrations of 5,8–DMP and EBM averaged
0.76 mg·L–1 and 0.17 mg·L–1, respectively.
Correlation between acid and 6,7-DHB, and among8three
FCs. As shown in Fig. 2, strong correlations existed between the
presence of bergamottin, 6,7-DHB, and paradisin C in all the
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Fig. 1 HPLC
chromatograms
of furanocoumarins
(FCs) in
andAcid
LAF
(B). aFos
is Foster
Fig. 1 HPLC chromatograms
(FCs)
in Fos (A) and LAF
(B). Fos is ‘Foster’ grapefruit,
andFos
LAF(A)
is ‘Low
Foster’,
spontaneous
mutant of
Foster. FCs are labeled above their detected peaks. Among the FCs, most were at very high concentrations in Fos, but undetectable or at extremely low concentration
in LAF.
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grapefruit, and LAF is Low Acid Foster, a spontaneous mutant of Foster. FCs are labeled above
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undetectable or at extremely low concentration in LAF.
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Fig. 2. Quantification of bergamottin,
and paradisin
C in the hybrids.
Strong correlations
between
them
observed.
The coefficient between bergamottin
and 6,7-DHB is 0.909, and between bergamottin and paradisin C is 0.854.
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correlations between them were observed. The coefficient between bergamottin and 6,7-DHB is
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0.909, and between bergamottin and paradisin C is 0.854.
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Fig. 3 Quantification of 162
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hybrids.
correlation existed
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coefficient
is 0.589).
The left y axis
Fig.
Quantification
citricSome
acidlevel
andof6,7-DHB
in selected
level
of correlation
represents the concentration of citric acid (mg·L–1), and the right y axis represents 6,7-DHB (mg·L–1).
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existed between them (the coefficient is 0.589). The left y axis represents the concentration of

triploid and diploid hybrids. The correlation -1coefficient between hybrids. The triploid hybrids in
-1 this study were all generated from
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citric
acid (mg·L
), and bergamottin
the right y axisthe
represents
6,7-DHB
(mg·L
).
bergamottin and 6,7-DHB
was 0.909,
and between
crosses of
diploid and
tetraploid
parents of high and low FC
and paradisin C was 0.854. Such strong correlations between contents. The correlation and segregating tendency of the FCs and
165 to assess the FCs and to select low-FC acid in the hybrids implies the existence of an inheritance pattern.
them are very helpful
hybrid varieties. As shown in Fig. 3, there was a certain level of It is therefore promising to continue breeding seedless grapefruit
correlational tendency (coefficient is 0.589) between citric acid varieties with low FCs and low acid for greater market appeal.
and 6,7-DHB in the randomly selected hybrids. Such a tendency Further assessments of diploid and triploid hybrid families and
provides some likelihood for selection of varieties of low FCs continued breeding with new pummelo and grapefruit parents, as
and low acids.
well as genomic dissection of metabolomic pathways to understand
Seedless varieties may be selected from bud sports or triploid the genetic control of this trait, are under way.
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