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In this study, the carbohydrate composition of high-fructose corn syrups (HFCS) from commercial

manufacturers as well as from beekeepers was characterized by GC-MS. Sucrose syrups (SS) were

also included in this work for comparison. Fructosyl-fructoses and some unknown carbohydrates,

which could correspond to fructosyl-glucoses, have been detected in HFCS for the first time, whereas

SS were mainly characterized by the high contents of sucrose. Hydroxymethylfurfural (HMF) content

of samples supplied by beekeepers was much more variable; the mean level of HMF was 64.61 ppm

((16.92 ppm, 95% CI ranging from 26.91 to 102.31 ppm). Syrups were used to feed caged bees

and the resulting honeys produced were analyzed in order to determine their influence in carbo-

hydrate composition. Fructosyl-fructoses were mainly detected in honeys from bees fed with HFCS,

but not from those honeys coming from free-flying bees or bees fed with SS.
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INTRODUCTION

High-fructose corn syrups (HFCS) are obtained by enzymatic
isomerization of corn syrups, which can be produced by both acid
and enzymatic hydrolysis of cornstarch; the enzymatic procedure
is the most utilized in the manufacturing process. Three different
enzymes (R-amylase, glucoamylase, and glucose-isomerase) are
needed to transform cornstarch into the simple sugars glucose
and fructose. After a complex fractionation and combination
process, mixtures with various amounts of fructose can be obta-
ined:HFCS-42 (42%of fructose),HFCS-55 (55%of fructose), or
HFCS-90 (90%of fructose) (1). These syrups are commonly used
as sugar substitutes in processed foods, especially in soft drinks,
mainly for economical reasons (2).

The sugar profile of certain HFCS has a basic composition
similar to that of natural honey: fructose and glucose are themain
components, and a high number of oligosaccharides appear in
minor amounts (3). Because of its low cost, fraudulent additions
of HFCS to honey can be carried out. Many studies have been
conducted todetect these syrups inhoney (4-6). In addition, their
similar compositions encouraged commercial beekeepers to use
HFCS as a bee feed (7). However, there is some concern that
HFCS contains compounds that are detrimental to bees. More-
over, as described by Cordella et al. (8), feeding HFCS can affect
the quality of the resulting honey, especially if it is done without
proper safeguards.

Although beekeepers in many other parts of the world com-
monly use sucrose syrup (SS) as a supplement (9), in the United

States, HFCS has become a more readily available carbohydrate
source, because corn is widely planted and supported. This made
HFCS relatively inexpensive and is now used as supplementary
feed by many commercial beekeepers (over 500 colonies) as a
source of carbohydrates during periods of dearth (when no nectar
is available, such as in winter or early spring), to boost food
reserves for overwintering colonies, or to stimulate brood rearing
in the spring (10). It is easy to transport to the hives, and the ratio
of sugars allows the solution to maintain a high concentration of
dissolved sugars (71-77%), which is economical in terms of deli-
vering a high number of calories in a small volume. The fructose/
glucose ratio is such that crystallization is avoided, and the low
pH allows the HFCS to resist fermentation and bacterial con-
tamination. HFCS-55 and HFCS-42 are both commonly used
as bee feed; additionally, some suppliers are providing HFCS-
sucrose blends (11).

AlthoughHFCS is easy to distribute to a large number of colo-
nies, testing its efficacy and safety as a bee feed has been limited
(12, 13). In the 1970s, some bee deaths were reported from colo-
nies fedHFCS, andwhen the syrupwas examined, it was found to
contain high levels of hydroxymethylfurfural (HMF), which can
be a contaminant from the acid-hydrolyzed process used tomake
HFCS (14). These observations of detrimental health effects are
likely attributable to HMF contamination and/or the further
dehydration products of HMF and levulinic and formic acid,
which readily form in acidic fructose solutions. HMF also forms
inHFCS under high-heat conditions (a result of improper storage)
because of its fructose composition and pH (1, 15).

Beekeepers have reported mixed results from HFCS feeding
(11). Currently, with the reports of large numbers of colony
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deaths, called colony collapse disorder (CCD), the authors exa-
mined HFCS more closely, taking into account that a detailed
study of the minor compounds of these syrups has not yet been
done and the identity of most of their oligosaccharides is still
unknown. Sucrose syrups (SS) were also included in this work for
comparison.

A bee-feeding experiment was performed in Tucson, AZ, to
evaluate the effect of supplying hives with SS and HFCS. Bees
were fed in an enclosed flight arena and in an apiary, and the
carbohydrate compositions of both the bee feed and the honeys
produced were evaluated and compared to those made by free-
flying bees outside.

MATERIALS AND METHODS

Standards. Cellobiose, fructose, gentiobiose, glucose, isomaltose, koji-
biose, laminaribiose, maltose, nigerose, panose, phenyl-β-D-glucoside, and
sucrose were obtained from Sigma Chemical Co. (St. Louis, MO). Mal-
tulose was purchased from Aldrich Chemical Co (Milwaukee, WI), and
leucrose, palatinose, R,R-trehalose, R,β-trehalose, and turanose were pur-
chased fromFluka (Madrid, Spain). Trehalulosewas providedbyDr.Wach
from S€udzucker (Mannheim, Germany). Beneo P95 containing inulobiose
was provided by Orafti (Tienen, Belgium).

Samples. HFCS samples were procured directly from the manufac-
turers, Roquette, Archer Daniels Midland, and Tate & Lyle, and from a
bee supply house,MannLake Ltd. (Hackensack,MN). These consisted of
three samples of HFCS-42 (71% dissolved solids; M1-M3) and four
samples of HFCS-55 formulation (77% dissolved solids; M4-M7).

Other syrup samples were supplied voluntarily by beekeepers from
various regions and of different sized beekeeping operations. The samples
were variable in terms of formulation andmanufacturer: HFCS-75 (n=2;
B1, B2), HFCS-55 (n=5; B3-B7), HFCS-42 (n=1; B8), and mixtures
HFCS þ SS (n=4; B9-B12) and SS (n=3; B13-B15). A survey was
taken to ascertain the storage conditions and feeding requirements of the
syrups; for example, samples B1, B4, B5, andB6had been stored outside in
metal tanks for up to 1 year. Beekeepers mailed the samples to the Carl
Hayden Bee Research Center (CHBRC) in Tucson, AZ, using cold-storage
shipping packages to avoid a high-heat transit period during which HMF
might form.

Nine honeys (five from HFCS and four from SS) produced by bees
inside a flight arena and four honeys produced by bees in an apiary (fed on
HFCS or not fed but allowed to collect natural nectar) were obtained as
indicated below. Ten control honeys produced by free-flying bees were
included in this study for comparison.

Colony Feeding in Greenhouse. Ten nucleus (nuc) colonies (5 frames
each, about 10000workers) were placed in a closed foraging arena (modified
Quonset style greenhouse) at theUniversity ofArizonaAgriculturalResearch
Center, Tucson, AZ; another 10 nuc colonies were placed in the CHBRC
apiary. All colonies were fitted with a nuc-top feeder in which the randomly
assigned treatment of either commercially purchasedHFCSor sucrose syrup
was continually supplied (both solutions, 67% solids w/v). All colonies
were supplied withMegaBee (Castle Dome Solutions) protein supplement
ad libitum; this material contained no natural pollen. Syrup fed to the nuc
colonies and “honey” produced from these feedings were collected.

HydroxymethylfurfuralAnalysis.HMFcontent was determined colo-
rimetrically using amethod adapted byLeBlanc et al. (1) afterWinkler (16).
For each sample, 5 g of syrup was diluted in 5 mL of deoxygenated de-
ionizedwater. Five hundredmicroliters of this dilutionwas incubated with
p-toluidine and barbituric acid and absorbance measured at 550 nm using
a 96-well plate reader (SynergyHT). Absorbances were interpreted against
a polynomial curve generated using serial dilutions of an HMF standard
(Sigma-Aldrich).

Carbohydrate Analysis. Carbohydrates of syrups were converted to
their trimethylsilyl oximes (TMSO) after reaction with 350 μL of 2.5%
hydroxylamine chloride in pyridine (30 min at 75 �C), 350 μL of hexa-
methyldisilazane, and 35 μL of trifluoroacetic acid (45 �C for 30 min).
Derivatized samples were centrifuged, and 1 μL of supernatant was injec-
ted into the injection port of the gas chromatograph (4).

GC-MS analyses were carried out using a Hewlett-Packard 7890 gas
chromatograph coupled to a 5975 quadrupole mass detector (both from
Agilent, PaloAlto,CA), using heliumas carrier gas (average linear velocity

of∼20 cm s-1). A 30m� 0.25mm i.d.� 0.25μmfilm thickness fused silica
column coated with SPB-1 (cross-linked methyl silicone) from Supelco
(Bellefonte, PA) was used. Oven temperature was held at 200 �C for 20min,
then programmed to 270 �C at a heating rate of 15 �C min-1, then prog-
rammed to 290 �C at 1 �C min-1, and finally programmed to 300 �C at
15 �C min-1 and held for 40 min. The injector was kept at 300 �C, and
injections were made in split mode with a split ratio 1:40. Mass spectro-
meter was operated in electronic impact (EI) mode at 70 eV, scanning the
m/z 35-700 range. Interface and source temperatures were 280 and 230 �C,
respectively. Acquisition was done using HPChem Station software
(Hewlett-Packard, Palo Alto, CA).

Identification of TMSO derivatives of carbohydrates present in syrups
was carried out by comparison of their retention times with those of stan-
dard compounds; mass spectral data were used to confirm peak assigna-
tion and to tentatively identify those peaks that were not available as com-
mercial standards.

Quantitative data for disaccharides of control honeys were calculated
from FID peak areas according to the method proposed by de la Fuente
et al. (17). However, taking into account the appearance of unknown
carbohydrates coelutingwith identified disaccharides in honeys fromHFCS
and SS, results could not be independently given.

GC analyses were carried out in a gas chromatograph equipped with a
flame ionization detector (FID) (HP 5890, Palo Alto, CA). Experimental
conditions other than the carrier gas (nitrogen; average linear velocity of
∼12 cm s-1) and detector temperature (300 �C) were the same as those
previously described for GC-MS analysis. Chromatographic peaks were
measured using a Chrom-Card 1.20 acquisition system (CE Instruments,
Milan, Italy). Standard solutions of carbohydrates covering the expected
concentration range in honey were prepared to determine the response
factor (RF) relative to phenyl-β-D-glucoside (internal standard). Due to
the lack of standards, concentration of difructose anhydrides (DFAs) was
estimated assuming a response factor equal to 1. All analyses were carried
out in duplicate.

RESULTS AND DISCUSSION

Syrups. Carbohydrates. Figure 1 shows the gas chromato-
graphic profiles obtained for a HFCS (Figure 1A) and a SS
(Figure 1B). Glucose, fructose, and sucrose were detected in both
kinds of syrups, whereas several peaks eluting between 22 and
29 min, characterized as disaccharides (Figure 2), were observed
in only HFCS. It is noteworthy that the disaccharide profile was
very similar in all examined HFCS samples. Maltose (peaks 19
and 22), which coeluted with other unknown carbohydrates, and
isomaltose (peaks 26 and 27), composed by glucose units with
R linkages in 1-4 or 1-6, respectively, were identified in these
syrups by comparison of their MS and retention data with their
corresponding standards. These disaccharides are characteristic
of starch and undoubtedly are from the incomplete hydrolysis of
cornstarch during HFCS production. The high intensity of the
m/z 307 ion observed in MS of peaks 10, 11, 15-18, and 23 is
characteristic of disaccharides with a reducing ketose substitu-
ted in C1 or C3. In addition, the presence of the m/z 437 ion
(characteristic of ketohexoses at both pyranose and furanose
rings (18)) in their mass spectra means that these peaks could be
attributed to fructosyl-fructoses. Peak 11 was assigned to inulo-
biose by comparison with retention time andmass spectra of that
from Beneo P95 (4); however, linkages of the other remaining
fructosyl-fructoses cannot be determined due to the absence of
standards.

Some unknown disaccharides (peaks 8, 9, 12-14, 20, 21, 24,
and 25) showed the presence of m/z 437, 451, and 538 (char-
acteristic of oximes) ions in their mass spectra. These peaks could
be attributed to fructosyl-glucoses, although the identities of these
disaccharides cannot be assessed.

Peaks eluting from 20 to 23 min (peaks 1-5 and 7) were
identified asDFAs from theirmass spectra (m/z 217 and 509 ions).
These compounds were first detected in HFCS by Ruiz-Matute
et al. (4) and are called pseudodisaccharides, consisting of two
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fructose residues with a 1,4-dioxane intersaccharide ring and
different linkages (19).

Considering that these syrups have been obtained after enzy-
matic hydrolysis, we could assume that all of the detected dis-
accharides keep the R-configuration of starch. However, in those
cases when chemical hydrolysis is performed, linkage transglyco-
sylation can occur and the appearance of both R- and β- linkages
could be detected (20).

Table 1 shows mean values of carbohydrates (mg g-1 syrup)
detected inHFCSsamples, SS samples, andmixtures ofboth syrups.
As has been previously indicated,HFCS can be classified depending
on their isomerization degree. In this work, we have analyzed three
different types of HFCS (42, 55, and 75% isomerized), and their
carbohydrate composition is independently shown in Table 1.

As expected, glucose and fructosewere themain carbohydrates
detected in HFCS, whereas sucrose was the most abundant for
SS. Fructosyl-fructoses were the main disaccharides of HFCS.
Among the different types of syrups, HFCS-75 showed the highest
content of fructose and fructosyl-fructoses, these values decreas-
ing forHFCS-55andHFCS-42.However, novariationswereobser-
ved in maltose and isomaltose concentrations in these syrups.
Moreover, no differences were found between those syrups obta-
ined from beekeepers and from manufacturers.

Hydroxymethylfurfural. HMF contents of HFCS samples
from the manufacturers were on average below the level deemed
to be acceptable in honey by the international Codex Alimentar-
ius Commission [40 ppm (21)]. The mean level of HMF found
in HFCS supplied directly by the manufacturers was 23.48 ppm
(( 4.92 ppm, 95% CI 11.09-33.8 ppm) (Figure 3A). HMF
contents of samples supplied by beekeepers were much more
variable; the mean level of HMF was 64.61 ppm (( 16.92 ppm,
95%CI from 26.91 to 102.31 ppm) (Figure 3B). SS and blends of
HFCS and SS did not show or showed very low values of HMF.

In general,mean values ofHMFwere lower forHFCS samples
supplied by manufacturers, indicating that they were maintained
atmore controlled conditions than those provided by beekeepers.
Several of the beekeepers’ samples were well above the inter-
nationally accepted level of HMF for honey, whereas others were
quite low or nonexistent. As indicated before, syrups B1, B4, B5,
and B6 were stored outside in metal tanks in full sun for up to
12 months, which could explain the high HMF values of these
samples.

Honeys. Figure 4 shows the GC profiles of honeys obtained
after feeding bees HFCS (Figure 4A) and SS (Figure 4B) in the
flight arena. Table 2 shows the mean values of mono- and dis-
accharides (mg g-1 of honey) of the analyzed honeys.

It is worth noting the different profiles obtained for honeys
fromHFCSand fromSS. SShoneyswere clearly characterized by
the high amounts of sucrose present, whereas HFCS honeys
showed several carbohydrates with two fructose units from the
correspondent syrup. DFAs were detected in small amounts in

Figure 1. Gas chromatographic profiles of trimethylsilyl oxime derivatives
of carbohydrates in a HFCS (A) and a SS (B). Peaks: 1, fructose; 2,
glucose; 3, phenyl-β-D-glucoside (intenal standard); 4, difructose anhy-
drides (DFAs); 5, sucrose; 6, other disaccharides.

Figure 2. Gas chromatographic profile of trimethylsilyl oxime derivatives of
disaccharide region in HFCS. Peaks: 1-5, 7, difructose anhydrides
(DFAs); 6, sucrose; 8, 9, unknowns; 10, fructosyl-fructose; 11, inulobiose;
12-14, unknowns; 15-18, 23, fructosyl-fructoses; 19,maltoseEþ unknown;
20-21, unknowns; 22, maltose Zþ unknown; 24, 25, unknowns; 26, 27,
isomaltose E and Z..

Table 1. Carbohydrate Contents of High-Fructose Corn Syrups (HFCS) from Manufacturers and from Beekeepers, Sucrose Syrups (SS), and Mixtures of HFCS
and SS

carbohydrates (mg g-1 of syrup)

sample fructose glucose DFAsa sucrose

fructosyl-

fructoses

maltose þ
unknown DSb isomaltose

unknown

DS

manufacturers HFCS-42 (n = 3) M1-M3 304.8 (31.9)c 402.2 (36.8) 1.0 (0.3) 0.4 (0.1) 9.5 (0.9) 9.0 (2.7) 6.2 (1.0) 7.9 (3.0)

HFCS-55 (n = 4) M4-M7 413.9 (25.2) 346.9 (24.9) 0.7 (0.4) 0.8 (1.0) 15.3 (5.7) 9.1 (1.7) 6.2 (2.4) 6.5 (3.0)

beekeepers HFCS-75 (n = 2) B1, B2 543.2 (31.7) 234.4 (27.1) 2.8 (3.4) 1.9 (0.3) 29.8 (22.8) 8.0 (2.0) 5.0 (3.1) 10.2 (8.2)

HFCS-55 (n = 5) B3-B7 405.7 (26.8) 331.8 (24.9) 0.9 (0.5) 0.4 (0.6) 17.3 (3.8) 9.2 (2.1) 6.1 (1.3) 5.7 (1.7)

HFCS-42 (n = 1) B8 315.6 342.2 1.2 0.2 13.5 11.5 7.0 7.0

HFCS þ SS (n = 4) B9-B12 165.9 (55.6) 212.6 (75.9) 0.1 (0.1) 356.7 (87.4) 8.4 (1.4) 3.7 (2.7) 1.9 (1.6) 2.1 (0.5)

SS (n = 3) B13-B15 12.7 (10.6) 25.1 (19.8) 0.0 725.2 (68.2) 0.0 0.0 0.0 0.0

aDFAs, difructose anhydrides. bDS, disaccharides. cStandard deviation is given in parentheses.
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HFCShoneys (0.4-0.8mg g-1 of honey), and only traces of these
compounds were observed in SS honeys. These compounds had
been previously described by Ruiz-Matute et al. (4) as indicative
of honey adulterations with HFCS.

Honey samples obtained from bees naturally foraging were
also included in this study for comparative purposes (Figure 4C).
Natural honeys contain complex mixtures of glucosyl-glucoses
and glucosyl-fructoses, although some fructosyl-fructoses such
as inulobiose have been also detected (4). SS honeys only diffe-
red from natural honeys in the high levels of sucrose (131.7 (
17.1 mg g-1 of SS honey). These values are extremely high com-
pared with those found in control honeys (5.0 ( 7.1 mg g-1 of
honey). This may be due in part to the confinement of the nuc-
leus colonies as theywere under stress and had lower than normal
bee populations, which could lead to improperly cured honey.
Nevertheless, although the control honey samples included in this
study did not show high amounts of sucrose, its concentration is
commonly variable and can achieve values even higher than those
found inSShoney [up to 15%for honeydewhoneys (22)]. For this
reason, the use of this carbohydrate as indicative of bee-feeding
with these syrups cannot be used if its value does not exceed the
legal limits.

On the other hand, whereas differences in fructose and glucose
amounts between HFCS honeys and control honeys were not
appreciable, noticeable changeswere observed in the disaccharide
profile of both types of honeys. As mentioned above, disacchar-
ides identified in the original syrup (most of them fructosyl-
fructoses) could be easily detected togetherwith those characteris-
tic of honeys (glucosyl-glucoses and glucosyl-fructoses). However,
as described by Cordella et al. (8), a dilution effect on these last
compounds was observed. This composition can be explained
considering the action of secreted enzymes by bees: It has been
described that honey invertase is an R-glucosidase which is
responsible for sucrose hydrolysis into glucose and fructose, but
it also transfers the glucosyl moiety of sucrose to other acceptors,
giving rise to the oligosaccharides present in honey (23).However,

no fructosidase activity, apart from that from pollen (24), has
been reported in honey. As caged bees produce honey without
pollen, the hydrolysis of fructosyl-fructose disaccharides from the
syrup is not possible and could explain the characteristic carbo-
hydrate profile observed in these samples.

However, when the GC carbohydrate content of honeys pro-
duced by the bees confined in the flight arena was compared with
that of those from the apiary, only a lower value of sucrose for
these last was observed (see Table 2). These results may indicate
that the low activity of pollen fructosidases is not sufficient to
remove the content of fructosyl-fructoses from HFCS.

In conclusion, the disaccharide fraction of HFCS has been
studied in great detail, and the presence of fructosyl-fructoses in
these products has been detected for the first time.Mean values of
HMFwere lower for samples supplied bymanufacturers than for
those provided by beekeepers, which may have been stored in
temperature ranges that would favor HMF formation. Carbohy-
drate composition of honeys produced by bees fed HFCS was
characterizedby thepresenceof fructosyl-fructoses from the syrups;
this composition was notably different from those from free-
foraging bees and from bees fed SS. Honey from bees fed HFCS
canbe easily detectedusingGC-MS, althoughmore studieswith a
higher number of honeys from confined and free-flying bees
would be necessary to confirm these results. Further studies are

Figure 3. Hydroxymethylfurfural (HMF) concentration of high-fructose corn
syrup (HFCS) samples supplied by manufacturers (M1-M3=HFCS-42,
M4-M7 = HFCS-55) (A) and by beekeepers (B1 and B2 = HFCS-75,
B3-B7=HFCS-55, B8=HFCS-42, B9 and B10=HFCSþ SS) (B). HMF
values of samples B11-B15 were zero and are not shown. The con-
centration of HMF (ppm) was measured colorimetrically by visible
spectroscopy.

Figure 4. Gas chromatographic profile of trimethylsilyl oxime derivatives
of disaccharide region in honeys obtained from caged bees fed HFCS
(A) and SS (B) and from unfed foraging bees (C). Peaks: 1, monosaccha-
rides; 2, phenyl-β-D-glucoside (intenal standard); 3, sucrose; 4, other
disaccharides.
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being done to determine the effects of these carbohydrates on
bees.
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inulobiose 3.6 (0.3) 5.5 (1.8) 1.1 (0.3) 3.3 (2.0)

unknown DSd 1.3 (0.1) 4.2 (3.2) 1.0 (0.6) 2.7 (1.8)

fructosyl-fructose 0.6 (0.1) 0.9 (0.3)

cellobiose 1.7 (0.8)

laminaribiose þ unknown DS 9.1 (3.0)

laminaribiose 1.9 (1.1)

fructosyl-fructose þ unknown DS þ maltulose 1 9.0 (1.0) 9.3 (1.8)

fructosyl-fructose þ maltulose 2 0.9 (0.2) 1.0 (0.2)

maltulose 8.4 (2.6) 15.7 (11.8)

fructosyl-fructose þ nigerose E 4.1 (0.2) 5.2 (0.9)

nigerose 4.7 (2.3) 9.2 (5.7)

maltose E þ turanose 10.7 (2.6) 11.3 (1.5) 19.5 (6.7)

maltose E þ turanose þ unknown DS 55.4 (21.0)

maltose 16.8 (6.1)

kojibiose 2.4 (0.2) 2.9 (0.3) 5.2 (4.0) 15.0 (9.3)

maltose Z þ trehalulose 1 þ unknown DS 4.6 (0.5) 5.2 (0.3)

nigerose Z þ trehalulose 2 1.2 (0.1) 1.5 (0.2)

trehalulose 4.4 (0.8) 11.0 (7.3)
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aStandard deviation is given in parentheses. b tr, traces. cDFAs, difructose anhydrides. dDS, disaccharides.
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