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Abstract
Mutations in the aldolase B gene (ALDOB) impairing enzyme activity toward fructose-1-phosphate
cleavage cause hereditary fructose intolerance (HFI). Diagnosis of the disease is possible by
identifying known mutant ALDOB alleles in suspected patients; however, the frequencies of mutant
alleles can differ by population. Here, 153 American HFI patients with 268 independent alleles were
analyzed to identify the prevalence of seven known HFI-causing alleles (A149P, A174D, N334K,
Δ4E4, R59Op, A337V, and L256P) in this population. Allele-specific oligonucleotide hybridization
analysis was performed on polymerase chain reaction (PCR)-amplified genomic DNA from these
patients. In the American population, the missense mutations A149P and A174D are the two most
common alleles, with frequencies of 44% and 9%, respectively. In addition, the nonsense mutations
Δ4E4 and R59Op are the next most common alleles, with each having a frequency of 4%. Together,
the frequencies of all seven alleles make up 65% of HFI-causing alleles in this population.
Worldwide, these same alleles make up 82% of HFI-causing mutations. This difference indicates
that screening for common HFI alleles is more difficult in the American population. Nevertheless, a
genetic screen for diagnosing HFI in America can be improved by including all seven alleles studied
here. Lastly, identification of HFI patients presenting with classic symptoms and who have
homozygous null genotypes indicates that aldolase B is not required for proper development or
metabolic maintenance.

Introduction
Hereditary fructose intolerance (HFI) is an autosomal recessive metabolic disease caused by
a deficiency of aldolase B (EC 4.1.2.13) activity in the liver, kidney, and small intestine (Hers
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and Joassin 1961), in which tissues this enzyme is crucial for metabolism of ingested fructose.
The disease first appears in infancy after weaning when fructose-containing foods are
introduced. The incidence rate of HFI is between 10−4 and 10−5 and varies among ethnic
populations (Gitzelmann and Baerlocher 1973; James et al. 1996; Santer et al. 2005; Gruchota
et al. 2006). Based on this, a carrier frequency is predicted between 1:55 and 1:120. A more
accurate carrier frequency is difficult to estimate given that a large number of children and
adults likely are living undiagnosed in the general population (Cox 1988). Symptoms vary and
generally include abdominal pain, vomiting, and diarrhea following fructose ingestion. Infants
may present with a general failure to thrive. Heavy and/or persistent intake of the sugar can
lead to hypoglycemia, jaundice, progressive cirrhosis of the liver, renal tubular failure,
metabolic acidosis, seizures, coma, and eventually death (Morris 1968; Baerlocher et al.
1978; Laméire et al. 1978; Odiévre et al. 1978; Cox 1993; Steinmann et al. 2001). In order to
treat the disease and alleviate symptoms, fructose must be removed from the diet. Complete
exclusion of fructose is often difficult and a constant daily risk remains for fructose-intolerant
individuals due to the widespread use of fructose as a commercial sweetener and as a
component of some medicines, including parenteral infusions (Ali et al. 1993).

The consequences of fructose ingestion for HFI patients are most dire for the newborn infant
whose parents are unaware of the disorder and may coerce the persistent ingestion of the sugar,
making weaning during infancy the period of greatest risk. Those individuals that survive
develop a permanent and powerful protective aversion to sweet-tasting foods (Odiévre et al.
1978). However, later in life, acute exposure to the noxious sugar can lead to liver failure and
death (Heine et al. 1969; Schulte and Lenz 1977; Hackl et al. 1978; Cox 1993). It is therefore
crucial to make an accurate diagnosis as early as possible.

HFI should not be confused with fructose malabsorption, an uncomfortable yet benign
compilation of symptoms occurring in approximately a third of adults (Beyer et al. 2005). The
underlying cause of the malabsorption is unclear. It was originally hypothesized that
malabsorption was the result of mutations in glut5, the fructose-specific facultative transporter
responsible for transporting fructose from the small intestine (Kayano et al. 1990). However,
sequence analysis of glut5 in patients with fructose malabsorption failed to identify any
mutations (Wasserman et al. 1996). Diagnosis of fructose malabsorption is often done using a
hydrogen breath test (Choi et al. 2003; Gomara et al. 2008). It is important to emphasize that
this test that can be dangerous to those suffering from HFI and should be used with caution
only after a careful dietary history has been taken (Muller et al. 2003). The only relationship
between HFI and fructose malabsorption is in the treatment, whereby exclusion of the offending
sugar from the diet should alleviate symptoms. In fact, if mutations in the transporters (GLUT5
or GLUT2) did exist, this might protect people with HFI from any significant pathology.

There are two standard diagnostic methods for HFI. One is the direct assay of aldolase B activity
in liver biopsy samples taken from suspected HFI patients. Another monitors the levels of
specific metabolites in the blood following an intravenous fructose challenge in which HFI
patients show a distinct profile (Laméire et al. 1978; Steinmann and Gitzelmann 1981).
Although these two tests are diagnostic, they are relatively invasive and are often precluded
by the severity of the presenting symptoms. It is important to note that the increased use of the
hydrogen breath test following oral fructose ingestion is not diagnostic and may even be
dangerous for those suffering from HFI (Muller et al. 2003).

A noninvasive genetic test has been developed to screen patient DNA for the most common
and widespread alleles that are known to cause the disease. This test utilizes allele-specific
oligonucleotide (ASO) hybridization of polymerase chain reaction (PCR)-amplified genomic
DNA isolated from a small blood sample (Tolan and Brooks 1992). The missense mutation
A149P was the first HFI allele reported (Cross et al. 1988) and accounts for the majority of
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HFI alleles (Tolan and Brooks 1992). Another mutation, A174D, was discovered shortly
thereafter and is the second most common allele (Cross et al. 1990a; Tolan and Brooks
1992). Identified in 1992, the third most common allele is N334K (Cross et al. 1990b).
Together, these three alleles comprised 68% of HFI alleles worldwide (Tolan and Brooks
1992) and have been included in a standard DNA-based genetic test for HFI (Caciotti et al.
2008). This genetic test is highly dependent, however, on the population being tested. Its
diagnostic power is highest in the northern European population (Tolan 1995), for which allele
frequencies have been the most commonly reported (Santer et al. 2005).

Improving the genetic screen for American HFI patients by defining as many common alleles
as possible among this group would aid in prompt and accurate diagnosis. Such an analysis of
common alleles in an American population has not been reported for more than 15 years (Tolan
and Brooks 1992). Analysis of 153 American HFI patients harboring 268 independent alleles
is the largest study reported for any population. The updated allele frequencies revealed two
nonsense mutations in the aldolase B gene (Δ4E4 and R59Op) that are more common than
previously thought. It is recommended that a diagnostic test in the American population should
include analysis of these alleles. Moreover, the identification of multiple patients with
unremarkable phenotypes that are homozygous for these null alleles suggests that aldolase B
is not critically required for proper development.

Materials and methods
Patients

This study involved 153 HFI patients from 131 families from Argentina, Brazil, Canada, and
the United States. The fraction of families from the United States was 84%. HFI was diagnosed
in all patients by either direct assay of aldolase B activity in the liver, intravenous fructose
challenge, or an HFI genotype combined with clinical symptoms consistent with HFI. Specific
genotypes of four probands are reported. One patient was Canadian of Iranian descent. This
patient showed hepatomegaly and vomiting at weaning, with a positive test for HFI from a
liver biopsy. A second Caucasian was from the USA and of Irish descent. This patient was
diagnosed well into adulthood following a lifetime aversion to sweets. A third patient was from
the USA and tested positive for HFI following a liver biopsy. A fourth patient was of Native
American descent and was diagnosed by both a liver biopsy and fructose tolerance test.
Informed consent was obtained from all patients, as approved by the Institutional Review
Board.

DNA isolation and PCR
Genomic DNA was extracted from leukocytes isolated from whole blood, as described
previously (Orkin et al. 1978). Aldolase B exons 3, 4, 5, 7, and 9 were amplified by PCR (Saiki
et al. 1985) using the exon-specific primers, the optimized magnesium chloride (MgCl2)
concentrations, and the annealing temperatures described in Table 1. Cycling conditions were
as follows: 94°C for 5 min; (42–55°C for 1 min; 72°C for 1 min; 94°C for 1.5 min) repeated
for five cycles; (94°C for 1.5 min, 42–55°C for 1 min; 72°C for 3 min) repeated for 25 cycles;
72°C for 10 min; hold at 4°C.

Control clones
Plasmids containing DNA inserts with either wild-type or mutant allele sequence were used
as controls for screening. Each control insert was amplified from genotyped patient genomic
DNA, and the appropriate PCR-amplified exons were cloned into the TOPO TA cloning vector
(Invitrogen). All control clones were confirmed by DNA sequencing.
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Allele-specific oligonucleotide (ASO) hybridization
Amplified patient DNA (50–100 ng) and cloned control DNA were denatured and applied to
a nylon membrane (Zeta Probe, BioRad), as per manufacturer’s instructions, using a dot-blot
apparatus (BioRad). Blots were prehybridized at 37°C in prehybridization buffer [5× sodium
saline citrate (SSC), 20 mM sodium phosphate (NaH2PO4), pH 7.2, 1 mM
ethylenediaminetetraacetate (EDTA), 7% sodium dodecyl sulfate (SDS), and 10× Denhardt’s
solution). Allele-specific ASO for wild-type and mutant sequences were radioactively labeled
at the 5′-end with γ-[32P]adenosine triphosphate (ATP) and polynucleotide kinase (Sambrook
et al. 1989). Individual ASOs were added to each blot and incubated at 30–37°C for >1 h. Low-
stringency washes were performed in 5× SSC/0.1% SDS at room temperature, followed by
autoradiography to confirm hybridization. High-stringency washes were performed in the
aforementioned wash solution at the appropriate discriminatory temperatures, followed by
autoradiography. Probe sequences and corresponding discriminatory temperatures are listed
in Table 2.

Results and discussion
HFI alleles in the American population

The 153 American HFI patients included in this study were screened for mutations A149P,
A174D, and N334K, which are the most common HFI alleles in the European population (Cox
1994). In 1992, the frequencies of these three alleles in 31 North American HFI individuals
together accounted for 68% of the HFI alleles (Tolan and Brooks 1992). In this larger
population of 153 unrelated American patients, these same three alleles accounted for only
55% (Table 3). The decrease in the overall frequency of these three mutations likely was due
to a more appropriate sampling of the American population. Whereas individuals in the
previous study were predominantly of northern European extraction, ethnicities of the
individuals reported here were Caucasian (68%), Hispanic (18%), African American (14%),
Asian American (3%), and Native American (2%). This cross-section accurately represents
the ethnic demographic of the United States (American Community Survey 2006).

Given that 46% of the alleles in this population were still unidentified, screening for four
additional known HFI mutations was undertaken (Δ4E4, R59Op, A337V, and L256P). There
were indications from the literature that these four alleles may be more common than previously
thought. The nonsense mutation Δ4E4 was first identified as a private mutation in a British
patient (Dazzo and Tolan 1990) but was later identified in many reports from Italian
(Santamaria et al. 1993, 1996), North American (Ali and Cox 1995), German (Santer et al.
2005), and Chinese (Chi et al. 2007) patients. Another nonsense mutation, R59Op, was initially
described as widespread (Brooks and Tolan 1994), which was confirmed by reports of patients
from Germany (Ali et al. 1994b; Santer et al. 2005) and France (Davit-Spraul et al. 2008). In
this same report from France, A337V had a frequency of 3% among a cohort of 92 French HFI
families. Lastly, L256P has been reported in the Italian population (Ali et al. 1994a; Santamaria
et al. 1999; Stormon et al. 2003). Analysis for these four mutations was performed on the 153
American HFI patients using ASO hybridization. These four mutations occurred in 30 alleles,
accounting for a combined frequency of 10% (Table 3).

One important finding in the American population is that the frequencies of both the Δ4E4 and
R59Op alleles were greater than that of N334K. These two mutations are now the third and
fourth most common alleles, respectively. Whereas A149P and A174D remain the major HFI-
causing mutations in the American population, their frequency was less than previously
reported (Tolan and Brooks 1992). The N334K allele, on the other hand, showed no change.
Combined, the prevalence of these seven mutations in this American population equaled 65%.
Despite this larger number of widespread mutations, 34% of alleles remain unknown, which
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is similar to what was seen by Tolan and Brooks (1992) (28%). Clearly, more work is required
for a complete picture of the mutational spectrum for HFI in this diverse American population.

HFI alleles worldwide
This analysis of 268 alleles in American HFI patients represents the largest report of its kind
on any single population. Table 4 enumerates the alleles from this study and other reports in
the literature in the American population and compares them with studies in other populations
worldwide compiled from published reports on HFI genotypes. Whereas A149P remains the
most common HFI allele across all populations, there were differences in the distribution of
other alleles. Overall, A174D and N334K remained the second and third most common alleles
worldwide, except in the American population, where the Δ4E4 and R59Op alleles were the
third and fourth most common alleles. Interestingly, Δ4E4 was the second most common allele
in Spain (surpassing both A174D and N334K), and N334K was the second most common allele
in Yugoslavia.

Diagnosis of HFI based on allele frequencies
Genetic testing is a valuable, noninvasive method for diagnosing HFI, and establishing the
prevalence of known alleles for any given population can aid in accurate diagnosis. A
“diagnostic index” can be defined as the probability of finding at least one HFI allele in a
symptomatic individual in a given screen. If a 90% chance of finding at least one HFI allele in
a genetic screen is used as the definition of a diagnostic test, then the value of genetic screening
for HFI diagnosis in different countries can be assessed. For example, in the United Kingdom,
the single A149P mutation made up 72% of the HFI alleles, and screening for this one mutant
allele gives a diagnostic index of 92% (p=0.72; p2+2pq=0.722+2×0.72×0.28= 0.92). Therefore,
screening for only this single allele would be diagnostic in this population. Worldwide,
however, A149P represented only 57% of alleles known to cause the disease, and screening
for only this allele gives a diagnostic index of 82%, which would culminate in numerous false-
negative results. Diagnosis can be improved to more than 90% in most populations, except in
America, by routinely including two other common alleles, A174D and N334K, in the genetic
screen. Table 4 calculates the diagnostic index when screening for the three most common
alleles worldwide (A149P, A174D, and N334K) for each country. America was the only
population in which screening for these alleles, or even for the seven most common alleles (see
Table 3), results in a diagnostic index of <90% (88%). Perhaps identification of other common
HFI alleles in this population and their inclusion in an expanded genetic screen would improve
diagnosis in the Americas. Countries such as New Zealand, Portugal, India, and Japan did not
have enough published reports to accurately define alleles common to these populations.

Furthermore, this analysis revealed several alleles that were specific to certain populations
(Table 4). The L256P and A337V alleles seem more specific to Italy and France, respectively,
which is consistent with previous reports (Santamaria et al. 1996;Davit-Spraul et al. 2008). In
contrast, the Δ4E4 and R59Op alleles were very widespread, as they have appeared in a number
of populations across the world. Defining an accurate mutational spectrum for different
populations can aid in diagnosis using targeted mutation analysis. When a clinician suspects a
patient with HFI by clinical/dietary history, consideration of their ethnic background should
be incorporated for diagnosing the disease by a DNA-based test. The clinician can send the
blood sample to a lab that has established a screen for alleles common to that population. For
example, if the patient’s ancestry originates from the UK, screening for A149P would be
sufficient; however, for a patient with Italian ancestry, screening for at least three to five of the
most common alleles would be more beneficial.

As mentioned above, some countries had very few reports of HFI genotypes, with none having
been reported in Africa. This was likely either due to a decrease in the incidence of HFI in
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these populations or the lack of overall diagnosis. Perhaps in some countries, where the
consumption of sugars in the diet is less than that in Western diets, the disease symptoms do
not manifest (Cox 1990a, 2002).

Identification of null genotypes
Of particular interest was the identification of patients homozygous for three of the once-
considered rare mutations screened in this study (Δ4E4, R59Op, and A337V) (Fig. 1). ASO
hybridization analysis of exon 9 with ASO primers for A337V (Tables 1 and 2) identified an
A337V homozygous patient from a nonconsanguineous lineage (Fig. 1a). Similar ASO analysis
was done for R59Op and Δ4E4. Two patients were identified as homozygous for these null
alleles, and one was a compound heterozygote for these two alleles (Fig. 1b). The presence of
these two relatively uncommon alleles in one patient suggests that they may be more prevalent
in the American HFI population than observed in this study. This hypothesis can be tested by
calculating carrier frequencies based on number of homozygote genotypes for these alleles.
Predicted number of genotypes based on the frequencies of homozygotes was compared with
the observed genotype frequency to predict carriers and homozygotes for each of the common
American HFI alleles (Table 5). The expected versus observed genotype frequency for all
Americans in which homozygotes appear indicated that whereas the less common alleles
(Δ4E4, N334K, and R59Op) are in Hardy-Weinberg equilibrium (p>0.05), the A149P and
A174D alleles are not in equilibrium (p<0.05). For these two alleles, far fewer heterozygotes
and far more homozygotes were observed than predicted by Hardy-Weinberg. This loss of
heterozygosity could suggest heterozygotes are selected against, although this is not likely, as
even null homozygotes have the same phenotype as all other HFI patients (see below).
However, some dominant negative effects cannot be ruled out. The observed increase in A149P
and A174D homozygotes is likely due to positive assortive mating in ethnic groups where there
are cultural preferences in which the choice of mates is not random.

In addition, this loss of heterozygosity in the A149P and A174D alleles can be demonstrated
by calculating allele frequencies based on the number of homozygotes and determining a value
for the heterozygotes (2pq), again using Hardy-Weinberg (Table 6). This calculation showed
that the A149P and A174D heterozygotes were not as common as expected (p>0.05), thus
confirming the observation shown in Table 5. However, analysis of heterozygotes with Δ4E4,
R59Op, and A337V alleles based on allele frequencies (Table 6) predicted more heterozygotes
than was observed. This could also be a result of positive assortive mating, but a lack of
sufficient screening for HFI genotypes among some American ethnic groups would also
explain this difference.

Aldolase B is not critical for development
The identification of three unrelated patients harboring homozygous null alleles, Δ4E4 and
R59Op, was unexpected (Fig. 1). The Δ4E4 mutation is caused by deletion of four base pairs
in exon 4 that results in a frameshift and subsequent insertion of a premature stop codon. This
produces a truncated form of aldolase B that is only 132 amino acid residues. The R59Op
mutation inserts a premature stop codon in the open reading frame, resulting in a truncated
protein of only 59 amino acid residues. Patients harboring two null alleles are essentially human
“knock-outs.” The implication of the increased number of patients containing null alleles of
ALDOB is twofold. Finding these alleles segregating independently across populations (see
Table 4) suggests that these mutations arose from a single common ancestor and have spread
throughout multiple populations. It does not appear that evolution has selected against these
null mutations. The Δ4E4 allele was widely distributed around the world and has become the
third most common HFI mutation in the American population. In addition to the homozygous
null patients reported here, other cases of individuals with null genotypes have been reported
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(Table 7). This list shows homozygous genotypes are more common than compound
heterozygous genotypes. Therefore, some selection cannot be ruled out.

The first reports of patients harboring two null alleles suggested that these individuals exhibited
more severe phenotypes, which may have resulted in a higher incidence of death because they
retained no functional aldolase B activity (Cross and Cox 1990; Kajihara et al. 1990; Ali et al.
1993, 1994b). However, subsequent reports of such genotypes make no mention of any unusual
phenotypes (Table 7). This has been confirmed in this study where a clear phenotype for three
patients with homozygous null alleles indicated typical HFI symptoms. It seems that aldolase
B null persons do not exhibit more severe phenotypes, and these earlier reports that included
deaths are more likely due to untimely diagnosis of the disease.

The increased number of individuals unable to synthesize aldolase B calls into question its
biochemical role outside of fructose metabolism. It is known that the major causes of HFI are
due to missense mutations in ALDOB (Tolan 1995). Much work has been done to characterize
the activity (or lack thereof) of the resulting proteins, in particular, A149P (Malay et al.
2002, 2005). Surprisingly, some recombinantly expressed HFI-mutant proteins have activities
toward fructose-1-phosphate cleavage and are no more than twofold less than the wild-type
aldolase B enzyme. L256P and A337V, in particular, have approximately half the activity of
wild type toward fructose-1-phosphate cleavage (Rellos et al. 1999; Esposito et al. 2002). It is
clear that some HFI mutant proteins containing amino acid substitutions maintain significant
levels of residual activity. This could explain the wide range of symptoms reported by HFI
patients harboring missense mutations (Davit-Spraul et al. 2008). Whereas A337V retains
enzyme activity at 37°C, A149P is catalytically inactive (Malay et al. 2002). This highlights
the range of effects that various amino acid substitutions have on enzyme activity. It is
interesting that patients with null alleles, who are essentially knock-outs synthesizing no
aldolase B, do not exhibit phenotypes any more severe than their counterparts with missense
mutations. It seems clear from these HFI patients producing conceivably no aldolase B or
severely truncated, nonfunctional forms of the enzyme, that this protein is not required for
proper development or metabolic maintenance in the absence of fructose.

Conclusions
HFI is a rare but serious metabolic disease, with patients having an improved quality of life
once an accurate diagnosis is made. Toward this end, this study identifies the frequencies of
known HFI alleles in the American population. The five most common alleles are A149P,
A174D, Δ4E4, R59Op, and N334K. Unique to this population is the high prevalence of two
nonsense mutations (Δ4E4 and R59Op). In contrast to other populations worldwide, work
remains for a complete description of HFI mutant alleles common to the American population.
Furthermore, the frequency of null alleles, including homozygous individuals, confirms that
aldolase B is not critically required for proper development. There remains a number of
unidentified HFI-causing mutations in ALDOB, and work toward uncovering them is required
to improve genetic-based diagnosis of this disease in the American population.
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Fig. 1.
Allele-specific oligonucleotide dot-blot analysis performed on four American HFI patients.
Panel A: The proband and parents denoted by the pedigree and control DNAs were screened
for the presence of the A337V mutant allele. Wild-type (A337) and mutant (A337V) ASOs
(10 ng) were 5′-end labeled with [γ-32P]ATP and hybridized to blots containing 100 ng of exon
9 PCR-amplified genomic or control plasmid (Wt and Mut) DNA. Blots were washed at 67°
C and 65°C, respectively, and exposed for 1 d and 7 d, respectively. Panel B: Three patients
were screened for the presence of the R59Op and Δ4E4 mutant alleles. Wild-type and mutant
ASOs for each allele as noted on the left were 5′-end labeled with [γ-32P] ATP and hybridized
to 100 ng of exon 3 (patients 1 and 3) or exon 4 (patients 2 and 3) PCR-amplified genomic or
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control plasmid (Wt and Mut) DNA. Blots were washed at 66°C and blots exposed for 1 d
(R59, R59Op, E4) or 5 h (Δ4E4)
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Table 2

Allele-specific oligo-nucleotides used for dot-blot analysis

Exon Mutationa Allele Sequence (5′ to 3′) Discriminatory temperature (°C)

3 R59Op wt GGCAGTTCCGAGAAATCC 66

mut GGCAGTTCTGAGAAATCC 66

4 Δ4E4 wt GCAGGAACAAACAAAGAAAC 66

mut GCAGGAACAAAGAAACCACC 66

5 A149P wt AAGTGGCGTGCTGTGCTGA 67

mut AAGTGGCGTCCTGTGCTGA 67

5 A174D wt TCGCTACGCCAGCATCT 59

mut AGATGCTGTCGTAGCGA 59

7 L256P wt AACAGCTCTCCACCGTA 58

mut AACAGCTCCCCACCGTA 60

9 N334K wt GCTAACTGCCAGGCGG 64

mut GCTAAGTGCCAGGCGG 64

9 A337V wt ACTGCCAGGCGGCCAAAG 67

mut ACTGCCAGGTGGCCAAAG 65

wt wild-type DNA sequence, mut mutant DNA sequence

a
Trivial names (see Table 3)
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Table 3

Allele frequencies in the American hereditary fructose intolerance (HFI) population

Trivial namea Systematic name (cDNA based) Independent alleles Frequency in 268 allelesb Frequency in 47 allelesc

A149P c.448G>C 117 44% 55%

A174D c.524C>A 23 9% 11%

N334K c.1005C>G 5 2% 2%

Δ4E4 c.360-363delCAAA 12 4% nd

R59Op c.178C>T 10 4% nd

L256P c.770T>C 4 1% nd

A337V c.1013C>T 3 1% nd

Other 3 1% 4%

Unknown 91 34% 28%

nd not determined

a
Trivial names based on nomenclature in original publications;

b
this report;

c
Tolan and Brooks 1992
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Table 5

Genotype frequencies for common alleles in the American hereditary fructose intolerance (HFI) populationa

Allele Genotype Expected frequencyb Observed frequency

A149P p2 26 42

2pq 67 36

q2 44 59

A174D p2 1 3

2pq 22 18

q2 114 116

Δ4E4 p2 0 1

2pq 12 10

q2 125 126

N334K p2 0 0

2pq 5 7

q2 132 130

R59Op p2 0 1

2pq 10 8

q2 127 128

a
Genotypes calculated using the number of probands (n=137);

b
Calculation based on allele frequencies from Table 3, for example A149P, p=117/268=0.437, q=1−p=0.563. These frequencies are then multiplied

by the number of independent genotypes (137).
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Table 7

Phenotypes of null genotypes

Genotype Phenotype Reference

C239Op/C239Op Vomiting, appetite loss, abdominal fullness, hepatic dysfunction, death at 4 months old Kajihara et al. 1990

IVS2-1Δ4/IVS2-1Δ4 Death reported in proband’s family Cross and Cox 1990

M-1T/Y203Oc Nausea and vomiting following fructose ingestion; fructose infusion following surgery caused
coma, hepatic failure, and death

Ali et al. 1993

R3Op/R3Op Death reported in proband’s family Ali et al. 1994b

Δ4E4/Δ4E4 No phenotype reported Santamaria et al. 1996

Y203X/IVS3sas No phenotype reported Esposito et al. 2004

Δ4E4/Δ4E4 No phenotype reported Santer et al. 2005

IVS7+2/IVS7+2 No phenotype reported Santer et al. 2005

E8Δ2/E8Δ2 No phenotype reported Santer et al. 2005

L83ΔC/Y173X No phenotype reported Gruchota et al. 2006

Δ4E4/Δ4E4 Nausea, vomiting, gastrointestinal discomfort, and palpitation and cold sweat following fructose
ingestion

Chi et al. 2007

R59Op/R59Op Nausea and diarrhea following fructose ingestion; aversion to sweets This study

Δ4E4/Δ4E4 Classic hereditary fructose intolerance symptoms This study

R59Op/Δ4E4 Deterioration following weaning, including lethargy and hepatomegaly This study
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