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When it comes to carbohydrate, it has been assumed that only mono- and disaccharides,
but not oligo- and polysaccharides, can be tasted. However, because of its importance in
the human diet, oral detection of starch or its hydrolysis products would be beneficial.
The main goal of this study was to investigate whether humans can detect starch or its
hydrolysis products through the gustatory system. In the first study, the taste
responsiveness to sugars and maltodextrins were measured. Results showed that
maltodextrins could be tasted and that the responsiveness to maltodextrins were highly
correlated to one another (r = 0.69 – 0.82, P < 0.001) but not to sugars (r = 0.07 – 0.27,
P > 0.05). These results were suggestive of a gustatory detection of glucose oligomer and
polymer mixtures independent of that to sugars. Nevertheless, maltodextrins contain a
broad mixture of glucose oligomers and polymers of varying chain lengths. Thus, it was
unclear what target substrates can facilitate the detection of glucose oligomers and/or
polymers. The second study thus further elucidated the specific chain length ranges that
can be tasted. Results showed that the taste of glucose oligomers (degree of
polymerization, DP, 7 and 14) (P < 0.05) but not glucose polymers (DP 44) (P > 0.05)
can be discriminated from water blanks without the confounding effects of other sensory

cues (i.e., odor and texture). Further, when hT1R2/hT1R3 sweet taste receptors were
blocked by lactisole, a known sweet inhibitor, the sweet substances could not be
discriminated from blanks (P > 0.05) while glucose oligomers (DP 7 and 14) still could
be (P < 0.05). This suggests that glucose oligomer detection was independent of the
sweet taste receptor mechanism. Accordingly, during a focus group, subjects described
the taste of glucose oligomers as ‘starchy’ while they described sweet substances as
‘sweet’. While these data suggest that humans may have an independent taste receptor
that is activated by glucose oligomers, they also raise a question regarding the availability
of glucose oligomers in the human diet. Glucose oligomers can be produced in the mouth
during oral digestion of starch by way of salivary α-amylase hydrolysis. Thus, the third
study investigated whether starch or its hydrolysis products can be tasted and if at all,
what factors influence its perception. Results showed that cooking was effective in aiding
salivary α-amylase hydrolysis and the amounts of glucose oligomers produced increased
with increasing reaction time. Further, subjects with high amylase activity had higher
total amounts of glucose oligomers produced than those with low activity. Accordingly,
salivary α-amylase activity was found to modulate taste responsiveness. Overall, these
studies were the first to demonstrate that humans can taste glucose oligomers. The
‘starchy’ taste may represent the ‘sixth’ taste category. A novel taste receptor for
complex glucose-based saccharides has been previously proposed in animal models but is
yet to be identified. If such exists, its main function is presumably to identify and signal
the body of incoming starch, a substance that is an important source of energy.
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CHAPTER 1
1. General Introduction
The sense of taste is known to be essential to life and is primal to human’s experience of
flavor (Breslin, 2001; Liman et al., 2014). Certain criteria were proposed for a taste to be
considered basic: (1) has ecological consequence, (2) is elicited by distinct class of
chemicals, (3) stems from activation of specialized receptors, (4) is detected through
gustatory nerves and is processed in taste centers, (5) has a quality that does not overlap
with other primary qualities, and (6) evokes a behavioral and/or physiological response
(Kurihara and Kashiwayanagi, 1998; Mattes, 2011). At present, there are five taste
categories recognized in humans: salty, sour, bitter, umami, and sweet. Their primary
functions are to help regulate ion homeostasis, warn of spoiled and toxic foods, and
detect supply for energy metabolism (Lindemann, 1996). In addition to the canonical
tastes, there is growing evidence that many other species use their gustatory system to
detect the presence of other compounds that may include calcium (Tordoff, 2001), fat
(Mattes, 2005; Galindo et al., 2012), and starch hydrolysis products (Sclafani, 2004).
In 2012, while working on an independent project, our lab observed that some
human subjects can detect the taste from starch hydrolysis products, in the form of
commercially available maltodextrins, which are composed of mixtures of glucose
oligomers and polymers. Note that the definition of oligomers varies across fields of
study; some consider those that contain 2-10 monomer units as oligomers (Rocklin and
Pohl, 1983; Sclafani, 1987b), while others count monomer units up to 20 as oligomers
(Hughes and Johnson, 1981). Subjects described the taste of maltodextrins as “bread-“,
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“cereal-“, or “cracker-like” taste. This was quite surprising since it has long been
assumed that oligosaccharides and/or polysaccharides such as maltodextrins, are tasteless
and were thus used as tasteless caloric control in flavor conditioning studies (see
Yeomans 2012 for review). However, evidence in animal studies supports the idea that
glucose oligomer and polymer mixtures can be potentially detected through the gustatory
system. It has been shown that rats were attracted to the taste of Polycose, (i.e., a
commercial glucose oligomer and polymer mixture derived from cornstarch;
approximately 2% glucose, 7% maltose, and 91% glucose oligomers and polymers), and
preferred it over water, sucrose, and maltose especially at low equi-molar concentrations
(Feigin et al., 1987; Sclafani and Clyne, 1987). Electrophysiological studies further
confirmed that rats could differentiate between the tastes of Polycose and sucrose (Giza
et al., 1991; Sako et al., 1994). Further, combined genetic and behavioral studies showed
that T1R2/T1R3 single or double knockout mice have severely impaired responses to
sugars (e.g., glucose, maltose, sucrose, Na-saccharin) but near-normal responses to
Polycose (Treesukosol et al., 2009, 2011; Zukerman et al., 2009; Treesukosol and
Spector, 2012). These data suggest that glucose oligomer and polymer mixtures can be
potentially tasted independent of the sweet taste of sugars.
Nevertheless, it is not yet clear if the same is true in humans. Two psychophysical
studies were conducted previously to determine whether humans can also taste glucose
oligomer and polymer mixtures independent of sugars. Feigin et al., (1987) found that
Polycose was rated by subjects as significantly less sweet than sucrose and maltose
although equally intense for overall flavor. They also found that Polycose was less
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pleasant than sucrose and maltose and concluded that humans may lack the taste
receptors for glucose oligomer and polymer mixtures. In another study, it was found that
when the patterns of quality descriptors for sucrose, maltose, and Polycose were
compared, Polycose was no more unique than maltose (Hettinger et al., 1996). However,
in both studies, some of the results may have been misinterpreted. For example, in Feigin
et al.’s study (1987), just because the sweetness intensity and the pleasantness of
Polycose did not match that of sucrose and maltose did not provide concrete evidence
that humans cannot taste or lack the taste receptor for glucose oligomer and polymer
mixtures. In fact, Polycose in water or even sugar in water is probably inherently less
pleasant (or not at all pleasant) to humans than to rats due to the complexity of the basis
of humans’ food preferences (e.g., genetics, prior experience, context). In Hettinger et
al.’s study (1996), the quality descriptors provided were sweet, salty or sour, bitter, soapy
or sulfurous, metallic, other, and no taste. Since subjects were forced to pick an attribute
from that list to characterize Polycose and maltose, it is possible that both stimuli got the
same profile because of the limited differentiating attributes provided to subjects.
Therefore, there is a need to re-examine whether humans can also detect the taste from
glucose oligomer and polymer mixtures.
1.1. Factors to consider when investigating glucose oligomer and/or polymer
perception
1.1.1. Salivary α-amylase in the mouth
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An important factor to consider when investigating taste perception of glucose oligomers
and/or polymers is the presence of salivary α-amylase in the mouth. Salivary α-amylase is
an endo-enzyme that catalyzes the hydrolysis of α-1,4 glucosidic linkages to produce
shorter chain glucose polymers, glucose oligomers, and maltose (Robyt and French,
1970; Jacobsen et al., 1972). In this case, the original composition of the glucose
oligomer and/or polymer could be altered and could confound the identification of the
target substrates (i.e., optimum glucose chain length ranges) that could be tasted. To
further complicate the confounding effect of salivary α-amylase hydrolysis, it has been
found that there is a sizeable individual differences in its activity (Perry et al., 2007;
Mandel et al., 2010; Nantanga et al., 2013) and within individual, the activity levels vary
depending on several factors including diet, physical stress, and diurnal pattern (Walsh,
1999; Nater et al., 2007; Rohleder and Nater, 2009; Hanson et al., 2012). As such, it is
necessary to control for factors that influence variations in salivary α-amylase activity
when investigating glucose oligomer and/or polymer taste detection.
In our series of studies, acarbose, a complex oligosaccharide was used to inhibit
salivary α-amylase activity. Acarbose acts as a reversible, competitive inhibitor of αglucosidase enzymes that are responsible for digestion of complex carbohydrates and
disaccharides to absorbable monosaccharide (Clissold and Edwards, 1988; Martin and
Montgomery, 1996; Balfour and McTavish, 2012). Acarbose is currently approved as a
drug for the treatment of non-insulin dependent diabetes mellitus. The inhibition of the
digestive enzymes by acarbose results in a diminished and delayed rise in blood glucose
following a meal (Martin and Montgomery, 1996). Consequently, this results to reduction
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in postprandial hyperglycemia (Martin and Montgomery, 1996). The within individual
variation in salivary α-amylase activity was also controlled for by (1) testing all subjects
in the morning so that everyone will be on the same phase of the diurnal cycle, (2) asking
the subjects to refrain from eating certain known food that affect levels of α-amylase
activity (e.g., acidic, caffeinated food and beverages) and (3) to refrain from performing
any intensive physical activity a few hours before the test (Walsh, 1999; Nater et al.,
2007; Rohleder and Nater, 2009; Hanson et al., 2012).
1.1.2. Other sensory cues
It can be argued that the most notable sensory property of glucose oligomer and polymer
mixtures is its unique texture, which varies greatly depending on many factors including
concentration and moisture-heat treatments (Conde-Petit et al., 2006; Mason, 2009). In
fact, glucose polymers (e.g., starch) and glucose oligomer and polymer mixtures (e.g.,
maltodextrin) are used for a variety of purposes including thickening, gelling, and
stabilizing (Crehan et al., 2000; Domagała et al., 2006; Mason, 2009). They also evoke a
mild odor, potentially due to the presence of volatiles that are present in the raw materials
(Robyt, 2008). Therefore, to effectively investigate whether humans can detect glucose
oligomers and/or polymers through the gustatory system, the contribution of texture and
odor should be minimized, if not at all eliminated.
1.2. Potential evolutionary origin of glucose oligomer and/or polymer sensing
So far, evidence using animal models suggests that glucose oligomer and polymer
mixtures can be tasted independent of the sweet taste of sugars, potentially suggesting a
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separate detection mechanism or taste receptor(s). Glucose oligomer and polymer
mixtures, however, are not abundant in nature as a source of food. They are usually
manufactured commercially as hydrolysis (e.g., chemical or enzymatic or a combination
of both) products of starch and are used in different food applications including
thickening or gelling agent, filler, and flavor carrier (Kennedy et al., 1995). Starch, on the
other hand, is readily available in nature and accounts for 60 - 70% of all calories
consumed by humans in the contemporary environment (Robyt, 2008).
Therefore, it is suspected that if they can be tasted by humans, the significance of
glucose oligomers and/ or polymers detection must stem from the natural abundance and
ecological importance of starch. Starch can be found from various botanical sources such
as cereals (e.g., corn, rice) and root vegetables (e.g., potato, cassava). It has been assumed
that starch is tasteless due to its inability to bind to taste receptor(s) i.e., it is insoluble in
water and has a bulky structure. However, upon heat treatment, it becomes soluble as
starch granules swell and lose their crystalline character. In addition, the concurrent
action of mastication and enzymatic hydrolysis (i.e., by salivary α-amylase) during oral
digestion degrades the starch into shorter chain saccharides. Thus, oral digestion of starch
can be viewed as the natural micro-model system of enzymatic hydrolysis to produce
shorter chain glucose oligomers and polymers that were of interest in this study.
If there is an independent mechanism or taste receptor(s) for glucose oligomers
and/or polymers, they must have an evolutionary advantage such that human physiology
was optimized to the diet that was available in the evolutionary past (Hardy et al., 2015).
It can be argued that ample starch consumption only started relatively recently during the
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boom of agriculture about 11,000 years ago (Childe, 2014). Some may argue that this
might not be enough time for evolutionary pressure to take place and “develop” an
independent taste receptor(s) that detects glucose oligomers and/or polymers especially
since key features in hominin evolution that are directly linked to changes in dietary
composition were achieved around 2 million to 800, 000 years ago (e.g., changes in tooth
morphology, reduction in size of digestive tract, increase in brain size, and increase
aerobic capacity) (Aiello and Wheeler, 1995; Lee and Wolpoff, 2003; Bramble and
Lieberman, 2004; Ungar and Sponheimer, 2011). However, it has been hypothesized that
starch-rich plant underground storage organs (USOs) such as bulbs, corms, and tubers
were a critical food resource even beginning with the humans’ ape ancestors (e.g.,
Pliocene hominids, 3-4 million years ago) (Laden and Wrangham, 2005). Some believe
that starch from plant foods was crucial to meet the increased metabolic demands of a
bigger brain, aerobic capacity, and successful reproduction (Ungar and Teaford, 2002;
Wrangham, 2009; Hardy et al., 2015).
It is also believed that USOs became one of the major drivers of human evolution
especially when they were subjected to thermal processing or cooking. In humans,
cooking promotes increased digestibility of starch through starch gelatinization (e.g.,
+28% for oats to +109% for green banana) (see Carmody and Wrangham 2009 for
review). The increased digestibility of starches steadily improved the energetic value of
USOs. Although the exact dates are a bit contentious, some proposed that the
development of cooking was at around 1.8 million years ago (Wrangham et al., 1999;
Ungar and Teaford, 2002; Wrangham, 2009; Wrangham and Carmody, 2010). Based on
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anatomical adaptations, cooking has been proposed to begin with Homo erectus (lived 1.9
million to 143,000 years ago) (Wrangham et al., 1999, Wrangham 2006). H. erectus
fossils exhibited reduced postcanine dentition (Wood and Aiello, 1998), reduced
masticatory strain such as facial shortening (Lieberman et al., 2004), and smaller gut
(Aiello and Wheeler, 1995). Despite these anatomical constraints, they showed signals of
increased energy use such as larger body and relative brain size (Leonard and Robertson,
1994; Ruff et al., 1997; Aiello and Wells, 2002), a suite of locomotor adaptations that
improved human capacity for long-distance running (Bramble and Lieberman, 2004), and
possibly reduced interbirth intervals (Aiello and Wells, 2002). Note that the evolutionary
benefits were not exclusive to cooking USOs since hominins also cooked meats, which
also increased digestibility of proteins and fats. The softer, more digestible, and higher
energy diet of H. erectus was thought to be consistent with the expected effects of
cooking (Wrangham 2006).
Another key factor that is suspected to support the evolution of key features of
hominin is the increase and variation in AMY1 (i.e., human salivary α-amylase gene)
copy number. This was also suspected to correspond with the dietary shift (e.g., increase
in USO consumption) in hominin evolutionary history (Perry et al., 2007). The exact date
of the multiplication of AMY1 gene remains unknown although it is thought to be about 1
million years ago (Samuelson et al., 1996; Lazaridis et al., 2014). In summary, it seemed
like our human ancestors have long been consuming starch-rich USOs, which became an
important pressure in hominin evolution. Further, the coevolution of cooking and
increased copy number variation in AMY1 increased digestibility of starch, enabling
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increased production of shorter chain glucose oligomers and polymers in the oral cavity.
Consequently, it does not seem far-fetched that if an independent mechanism or taste
receptor(s) for glucose oligomers and/or polymers were to exist, the main purpose is
presumably to detect and signal the body of incoming starch-rich foods, which are
important sources of energy.
1.3. Research objectives
The general goal of this study was to investigate the human taste perception of glucose
oligomers and/or polymers. Specifically, the study has 3 aims:
Aim 1: To measure individual differences in (1) taste perception of commercially
available glucose oligomer and polymer mixtures (i.e., maltodextrins) and other
carbohydrates and (2) salivary α-amylase activity. Within this aim, it was also of interest
to investigate the role that salivary α-amylase may play in the taste perception of glucose
oligomers and/or polymers. It was hypothesized that the taste responsiveness would be
independent of that to simple sugars. We also expected that subjects with high salivary αamylase activity, relative to those with low salivary α-amylase activity, would more
efficiently hydrolyze glucose oligomers and polymers, thus, they would perceive more
intense taste sensations from glucose oligomer and polymer mixtures due to the
generation of simple sugars.
Aim 2: To determine which specific ranges of glucose chain lengths could be tasted while
controlling for the confounding effect of salivary α-amylase activity and other sensory
cues (i.e., odor and texture). It was also of interest to determine whether the taste
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detection mechanism is independent of the sweet taste receptor. We hypothesized that
subjects’ taste discrimination would be greater for glucose oligomers specifically for
those with mostly DP 4-8, the suspected optimum stimuli for the putative taste receptor
based on animal models. We also expected that the taste detection of glucose oligomers
and/or polymers is not through the sweet taste receptors such that when sweet taste
receptors were blocked, subjects could still detect the taste from glucose oligomers and/or
polymers but not from sugars. Further, the taste quality of glucose oligomers was
expected to be different from the sweet taste of sugars.
Aim 3: To investigate the factors that influence taste perception and oral digestion of
starch. The factors considered were method of sample preparation (i.e., cooking), length
of tasting time, and individual differences in degree of salivary α-amylase activity
production and complex carbohydrate consumption. It was hypothesized that (1) starch
itself cannot be tasted because of its insolubility and bulky structure; (2) cooking would
solubilize starch making it more readily available for salivary α-amylase hydrolysis and
thus the hydrolysis products would then be more readily detectable especially with longer
tasting time; (3) the level of salivary α-amylase activity production would influence oral
digestion and taste perception of starch due to differences in efficiency of hydrolysis; and
(4) the degree of carbohydrate consumption would also influence taste perception.
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2. Evidence that Humans Can Taste Glucose Polymers
2.1. Abstract
The sense of taste is essential for identifying potential nutrients and poisons.
Accordingly, specialized taste receptor cells are activated by food-derived chemicals.
Because of its importance in the human diet, oral detection of starch, or its degradation
products, would presumably be highly beneficial. Yet, it has long been assumed that
simple sugars are the only class of carbohydrates that humans can taste. There is,
however, considerable evidence that rodents can taste starch degradation products (i.e.,
glucose polymers composed of maltooligosaccharides with 3-10 glucose units and
maltopolysaccharides with >10 glucose units) and that their detection is independent of
the sweet taste receptor, T1R2/T1R3. The present study was designed (1) to measure
individual differences in human taste perception of glucose polymers, (2) to understand
individual differences in the activity of salivary α-amylase, and (3) to investigate the role
that salivary α-amylase may play in the taste perception of glucose polymers. In the first
experiment, subjects rated taste intensity of glucose, sucrose, NaCl and glucose polymers
of various chain lengths, while their noses were clamped. Saliva samples from the
subjects were also collected and their salivary α-amylase activity was assayed. Results
showed that the perceived intensities of glucose, sucrose, and NaCl were significantly
correlated (r = 0.75-0.85, P < 0.001), but not with the longer chain glucose polymers,
whereas intensity ratings of all glucose polymers were highly correlated with one another
(r = 0.69-0.82, P < 0.001). Importantly, despite large individual differences in α-amylase
activity among subjects, responsiveness to glucose polymers did not significantly differ
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between individuals with high and low α-amylase activity, suggesting that enzymatic
hydrolysis products were not responsible for their detection. A follow up experiment was
conducted to quantify the concentrations of glucose and maltose that were inherently
present in the glucose polymer stimuli and to determine whether the amounts were within
a perceptually detectable range. Results revealed that the amounts of simple sugars
present in the test stimuli were trivial and were mostly at an undetectable level. These
data together provide strong evidence that humans can taste glucose polymers and that
the responsiveness to glucose polymers is independent of that to simple sugars.
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2.2. Introduction
Carbohydrates are the most abundant group of biological compounds found in nature
(Sharon 1975) and consequently, humans, like many other animal species, utilize them as
a source of energy that enables the body to perform its functions. Thus, oral detection of
starch, or its degradation products (i.e., maltopolysaccharides, maltooligosaccharides,
maltose, and glucose), would be highly beneficial. However, it has long been assumed
that simple sugars (i.e., mono- and disaccharides) are the only class of carbohydrates that
humans can taste (Ramirez 1991). Two previous psychophysical studies supported this
assumption, although some of the results may have been misinterpreted. In the study of
Feigin and others (1987), Polycose® [i.e., a glucose polymer mixture derived from
cornstarch; approximately 2% glucose, 7% maltose, 55% maltooligosaccharides (DP 310), and 36% maltopolysaccharides (DP 11+) (for detailed composition see
http://www.savoymed.org/Foods/Polycose.pdf)] was rated as significantly less sweet
than sucrose and maltose, although equally intense for overall flavor. Based on the
finding that Polycose® was judged less pleasant than sucrose and maltose, it was
concluded that humans may lack the taste receptors for starch-derived
maltooligosaccharides (with 3-10 glucose units) and/or maltopolysaccharides (with >10
glucose units). In another study, by comparing the patterns of quality descriptors used for
sucrose, maltose, and Polycose® Hettinger and colleagues (1996) concluded that the taste
of Polycose® is no more unique than that of maltose, but that Polycose® has a flavor
consisting of an olfactory component.
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In contrast, there is mounting evidence indicating that rodents (e.g., rats, hamsters,
gerbils, mice) −and even some nonhuman primates (see Laska et al. 2001)−are attracted
to the taste of oligo- and polysaccharides derived from starch (also referred to as glucose
polymers or maltodextrin). Such evidence includes: 1) rodents show a strong preference
for Polycose® over water (Feigin et al. 1987; Sclafani 1987; Vigorito and Sclafani 1988);
2) rodents also prefer Polycose® to sucrose and maltose especially at low equi-molar
concentrations (Feigin et al. 1987; Sclafani and Clyne 1987); 3) rats avidly drink
Polycose® solutions in sham-feeding tests (Nissenbaum and Sclafani 1987b; Sclafani and
Nissenbaum 1987), which minimize postingestive nutritive effects; 4) gustatory
deafferentation in rats reduces their intake of sucrose and Polycose® solutions by the
same degree (Vigorito et al. 1987); and 5) mice lacking the signaling proteins Trpm5 or
α-gustducin show no (or attenuated) preference for Polycose® (Sclafani et al. 2007).
Moreover, behavioral, electrophysiological, and molecular data suggest that rodents
may have separate taste receptors for simple and complex carbohydrates. For example,
aversions conditioned to simple sugars or Polycose® are only weakly cross-generalized
(Nissenbaum and Sclafani 1987a; Sako et al. 1994), although taste aversions to maltose
generalize more to Polycose® than to sucrose (Nissenbaum and Sclafani 1987a). Thus,
rats appear to taste Polycose® as somewhat similar to maltose, but qualitatively different
from sucrose. Electrophysiological studies confirmed that rats can differentiate between
the tastes of Polycose® and sucrose. Giza and colleagues (1991) showed that the single
unit activity response to Polycose® in the nucleus of the solitary tract was poorly
correlated with that to sucrose, implying that Polycose® represents a unique taste quality
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that cannot be related to the sweet taste of sugars. In addition, Sako et al. (1994) found
that an anti-sweet peptide strongly suppressed the responses of the whole chorda tympani
of rats to sucrose but not to Polycose®. Combined genetic and behavioral studies further
supported the potential existence of the hypothesized separate taste receptor(s) for
complex glucose polymers in rats. It was found that T1R2/T1R3 single or double
knockout mice have severely impaired responses to sugars (e.g., glucose, maltose,
sucrose, Na-saccharin), but near-normal responses to Polycose® (Treesukosol et al. 2009;
Treesukosol et al. 2011; Treesukosol and Spector 2012; Zukerman et al. 2009).
During an independent study testing the role of nutrient conditioning in dietary
learning (Towers 2013), we noticed that some subjects can consistently taste
maltodextrin, a commercial glucose polymer preparation, in the absence of olfactory
cues. Those subjects often reported that test samples to which maltodextrin was added
had a “bread-”, “cereal-”, or “rice-like” taste, which they could differentiate from the
sweet taste of sugars. This observation supports the idea that humans may also be able to
detect glucose polymers and may have a separate receptor(s) that responds independently
to simple sugars. This possibility has recently been raised by several exercise scientists
who reported oral exposure to maltodextrin solutions significantly improves exercise
performance compared to a water rinse (Carter et al. 2004; Jeukendrup and Chambers
2010; Rollo and Williams 2011), and by others who have suspected such improvement
might be achieved by the activation of brain regions associated with reward (i.e.,
insular/frontal operculum, orbitofrontal cortex and striatum) (Chambers et al. 2009).
These findings imply that, unlike thought, glucose polymers may elicit a taste sensation.
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A potential confound of this idea, however, is that some of the hydrolysis
byproducts of maltodextrin produced through the catalytic action of salivary α-amylase
may have played a role in the detection of glucose polymers and thereby influenced the
improvement of exercise performance. Note that salivary α-amylase, an endo-enzyme,
catalyzes the hydrolysis of α-1,4 glycosidic linkages to produce maltooligosaccharides
and maltose (Jacobsen et al. 1972; Robyt and French 1970). The effect of salivary αamylase on the breakdown of maltodextrins is especially critical in exercise studies, since
physical exertion causes a significant increase in α-amylase activity (Chatterton et al.
1996; Dawes 1981; Walsh et al. 1999), which may facilitate more efficient breakdown to
simple sugars, in particular maltose.
The present study was therefore designed (1) to measure individual differences in
the taste perception of carbohydrates including simple sugars and glucose polymers, (2)
to understand individual differences in activity of salivary α-amylase, and (3) to
investigate the role that salivary α-amylase may play in the taste perception of glucose
polymers. We hypothesized that taste responsiveness to glucose polymers, in particular
maltooligosaccharides present in the stimuli employed for the current study, would be
independent of that to simple sugars. We also expected that subjects with high salivary
amylase activity, relative to those with low activity, would more efficiently depolymerize
the glucose polymers and thus those with high salivary amylase activity would perceive
more intense taste sensation from glucose polymers due to the generation of simple
sugars. In the current study, glucose polymer is defined as glucose-based saccharides
containing maltooligosaccharides (DP 3-10) and maltopolysaccharides (DP >10).
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2.3. Experiment 1
2.3.1. Materials and Methods
2.3.1.1. Subjects
A total of 33 subjects (18 F, 15 M) between 18 and 36 years of age (mean = 25 yrs old)
were recruited from the Oregon State University campus and surrounding areas.
Individuals who were interested in participating in a taste perception study were asked to
fill out a screening questionnaire, which consists of questions about general health.
Subject inclusion criteria were individuals who are: 1) non-smokers; 2) not pregnant; 3)
not diabetic; 4) not taking any prescription medication; 5) free from taste deficit or other
oral disorders; and 6) without a history of food allergy. Respondents who met all of the
above criteria were invited to participate in the study. The subjects were further asked to
comply the following restrictions prior to their test sessions: 1) no dental work within 48
hrs; 2) no alcohol consumption within 12 hrs; 3) no consumption of foods and beverages
that are acidic or caffeinated, and/or contain dairy within 4 hrs; 4) no consumption of
food or beverage of any kind except water within 1 hr; 5) no use of any mentholcontaining products (e.g., toothpaste, mouthwash, chewing gums) within 1 hr prior to
their scheduled sessions. In order to prevent further deviation from normal α-amylase
activity, the subjects were also asked not to engage in physically demanding activity on
the morning of the test sessions (Chatterton et al. 1996; Rohleder and Nater 2009). The
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experimental protocol was approved by the Oregon State University Institutional Review
Board. Subjects gave written informed consent and were paid to participate.
2.3.1.2. Stimuli
A total of 6 test stimuli, prepared as aqueous solutions (% w/v), were used in the
experiments: 10% glucose polymer preparations with different levels of dextrose
equivalency [DE 20, 10, and 5 (Star-Dri® 20, 10, and 5; Tate & Lyle Ingredients
Americas, Decatur, IL)], 10% glucose monohydrate (equivalent to 9.1% glucose,
Staleydex® 333, Tate & Lyle Ingredients Americas, Decatur, IL), 6% sucrose (Macro
Chemicals, Center Valley, PA), and 0.6% sodium chloride (JT Baker, Phillipsburg, NJ).
Dextrose equivalency (DE) is a measure of the percentage of reducing sugars relative to
glucose on a dry basis (Dokic et al. 1998) and thus indicates the degree of starch
hydrolysis (Sun et al. 2010). In general, as DE increases, the proportion of the shorter
chain saccharides increases (see Table 2.1). The concentration of glucose polymer
samples was chosen to elicit a distinctive taste sensation without noticeable viscosity
based on extensive pilot testing. Note that sodium chloride was also included as a taste
control. The concentrations of sucrose and NaCl were chosen to approximate the
intensity of 10% glucose. All stimuli were prepared using deionized water at least twelve
hours before the test session to allow for complete mutarotation of glucose tautomers
(Pangborn and Gee 1961) and were stored at 4−6°C. All stimuli were allowed to come up
to room temperature (20−22°C) before providing to the subjects.
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Table 2.1. Saccharide composition of the glucose polymer preparations used in the
present study.

Star-Dri ®
DE 5

DE 10

DE 20

Monosaccharide, DP1 (%)

0.9

0.6

2.1

Disaccharide, DP2 (%)

0.9

2.8

8.1

Trisaccharide, DP3 (%)

1.0

4.4

10.0

Tetrasaccharide, DP4 (%)

1.1

3.5

6.8

Pentasaccharide, DP5 (%)

1.3

3.8

8.4

Hexasaccharide, DP6 (%)

1.4

5.7

11.4

Heptasaccharide, DP7 (%)

1.5

5.4

6.6

Octasaccharide, DP8 (%)

1.4

4.0

4.0

Nonasaccharide, DP9 (%)

1.4

3.2

3.1

1.3

2.7

2.5

Higher saccaharide, DP 11+

87.8

64.0

37.1

Decasaccharide, DP 10 (%)

Note: Product specifications are representative values provided by Tate & Lyle
Ingredients Americas (Decatur, IL). DP = degree of polymerization.

2.3.1.3. Experimental Protocol
Each subject participated in 2 experimental sessions on 2 separate days: one for
psychophysical study and another for saliva collection. Salivary α-amylase level and
activity usually follow a diurnal pattern and are lower in the morning, especially close to
the time of awakening (Nater et al. 2007). Hence, subjects were tested from 8 to 10 a.m.
and each subject came to the laboratory at the same time of day. All testing was
conducted on a one-on-one basis in a psychophysics laboratory. Subjects were asked to
follow the same restrictions in both sessions (see Subject section above).
2.3.1.3.1. Psychophysical procedure
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Prior to data collection, subjects were verbally instructed on how to use the general
version of the Labeled Magnitude Scale (gLMS) (Bartoshuk et al. 2002; Green et al.
1993; Green et al. 1996). The scale was displayed on a computer monitor and subjects
used a mouse to move a cursor along the scale to make their ratings. After the
experimenter explained the unique structure of the scale in detail, the subjects rated a list
of 15 remembered or imagined sensations (e.g., the sweetness of cotton candy, the heat of
drinking boiling hot tea, the weight of a feather in the hand) to practice using the gLMS
in the broad context of sensations encountered in everyday life. The subjects were then
instructed to taste 10 mL of the practice stimuli [10% DE 10 glucose polymer preparation
and 1.8 mM caffeine (C8960, Sigma-Aldrich, St. Louis, MO)] for 5 sec, expectorate, and
rate the taste intensity on the gLMS. The practice stimuli, whose concentrations were
chosen to produce approximately equi-intense taste sensations, were presented to subjects
to give them an idea that they may encounter different taste qualities during the actual
test. Taste sensation was defined as any taste quality such as bitterness, saltiness,
sweetness, cereal-, cracker-, or bread-like tastes. Separate intensity ratings for each taste
quality were not obtained due to the lack of common language to call the potential taste
quality of glucose polymers. During pilot testing, it was noticed that the glucose polymer
preparations elicit a slight odor, which was consistent with the findings of Hettinger et al.
(1996) for Polycose®. To eliminate the olfactory input, subjects were asked to wear nose
clips while they sampled the stimuli and made their ratings.
Once the training was completed, the actual testing proceeded following the same
test protocol. Subjects rinsed at least 3 times with 37°C deionized water during a 1-min
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inter-trial interval. The order of the 6 test stimuli was randomized and counter-balanced
across subjects. Three replicate measurements were obtained and there were 3-min breaks
between replicates.
2.3.1.3.2. Saliva collection
Whole, stimulated saliva was collected from the subjects. They were asked to chew on a
3-cm plastic drinking straw to the beat of a metronome (80 beats/min) for 60 sec and then
expectorated their saliva into pre-weighed polypropylene tubes. The tubes were weighed
after the saliva collection to calculate the rate of salivary flow (mg/s). Saliva samples
were stored at 4-6°C until the α-amylase assay, which was conducted in the afternoon of
the same day.
2.3.1.4. Salivary α-amylase Assay
Salivary α-amylase activity was determined using a commercial amylase assay based on
the rate of dissolution of a chromaphore-labeled starch substrate (Phadebas® Amylase
Test, Magle Life Sciences, Lund, Sweden). Amylase test procedure was slightly modified
to reduce the amount of tablet suspension necessary to assay each saliva sample. Saliva
samples were first vortexed for 3 sec and centrifuged at 3000 rpm for 5 min. A 5% v/v
buffer (9 mM TRIS HCl + 89.9 mM CaCl2, pH 7) was added to the clear supernatant
saliva sample that was diluted to 1:2000 with deionized water (Stock 1). Meanwhile, a
tablet suspension was prepared by adding a Phadebas® tablet in 4.2 mL deionized water.
One ml of the suspension was pipetted into 2 mL centrifuge tubes and the tubes were preincubated in a water bath at 37°C for 5 min. 0.25 mL of Stock 1 was then pipetted into
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the centrifuge tubes and the tubes were incubated at 37°C for 15 min. The reaction was
stopped by adding 0.6 mL of 0.21 M NaOH (giving a 1:10000 final sample dilution) and
vortexing for 3 sec. Tubes were then centrifuged at 3000 rpm and the absorbance of the
blue supernatant was measured at 620 nm. An enzyme blank (i.e., water in lieu of saliva)
was included in all assays. One salivary α-amylase activity unit (SAU) is defined as that
amount of enzyme that changes the absorbance of the supernatant by one absorbance unit
during the 15 min reaction period under the above specified conditions. Rates of salivary
α-amylase activity production (SAU/s) were computed by taking the product of the
salivary flow rate and the corresponding SAU per mg saliva.
2.3.1.5. Data Analysis
Prior to statistical analysis, data from intensity ratings were log transformed since
responses on the gLMS tend to be log-normally distributed across subjects (Green et al.
1993; Green et al. 1996). Repeated-measures analysis of variance (ANOVA) and Tukey’s
honestly significant difference (HSD) tests were performed to determine significant
differences between the perceived taste intensity of the stimuli and also between the
replicate measurements of perceived intensity for each stimulus. The effect of gender on
the responsiveness to glucose polymers was also tested during the initial data analysis.
After finding that the effects of gender and replicated measurement were statistically
insignificant, gender factor was dropped from the subsequent statistical analyses. In
addition, arithmetic means of log intensity ratings were calculated across replicates
within subjects and were used for further analysis. The Pearson product-moment
correlation test was carried out to assess relationships between the responsiveness to the
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test stimuli. The t-test for independent samples was performed to determine if there were
significant differences in the intensity ratings of the stimuli between low and high
salivary amylase groups. A statistical significance criterion was set at P < 0.05. All
statistical analyses were performed using Statistica 12 (StatSoft Inc., Tulsa, OK).
2.3.2. Results
2.3.2.1. Taste perception of glucose polymers
Repeated-measures ANOVA performed on the log perceived intensity ratings for the 6
test stimuli showed that there was a significant main effect of stimulus (F5,160 = 106.28, P
< 0.00001), but not of replicate (F2,64 = 2.38, P > 0.05). Tukey’s HSD test revealed that
the effect of stimulus was derived from significantly lower average ratings of the 3
glucose polymers (DE 20, 10, and 5) compared to the ratings of the 3 prototypical
tastants (sucrose, glucose, NaCl). The perceived intensity of the 3 prototypical tastants
was rated, on average, about “moderate”, while that of the glucose polymers was rated
somewhat below “weak”. Importantly, subject ratings were quite consistent across
replicate measurements.
Figure 2.1 shows the results of Pearson product-moment correlation assessing the
relationships between the test stimuli. The perceived intensities of sucrose, glucose, and
NaCl were highly correlated to one another (r = 0.75 – 0.85, P < 0.001; Fig. 2.1A), and
the perceived intensity of the relatively shorter chain glucose polymer (DE 20) was also
moderately correlated with sucrose, glucose, and NaCl (r = 0.38 – 0.51, P < 0.05, Fig.
2.1B). On the other hand, the taste responsiveness to the two longer chain glucose
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polymers (DE 10 and 5) were not significantly correlated to sucrose, glucose, and NaCl (r
= 0.07 – 0.27, P > 0.05, Fig. 2.1C). Notably, the intensity ratings of the glucose polymers
(DE 20, 10, and 5) were highly correlated with one another (r = 0.69 – 0.82, P < 0.001,
Fig. 2.1D). It is also noteworthy that the taste responsiveness to glucose polymers (see
Fig. 2.1B and 2.1C, x axis) showed much greater variability across individuals than that
to the prototypical taste stimuli (see Fig. 2.1B, y axis).
2.3.2.2. Individual differences in the rate of salivary α-amylase production
Figure 2.2 shows the individual differences in (A) salivary flow rate (mg/s), (B) αamylase activity unit (SAU/ mg saliva), and (C) rate of α-amylase activity production
(SAU/s) of the subjects tested. Results showed an about 20-fold difference in salivary
flow rate (ranging from 3.0 to 59.7 mg/s, Fig. 2.2A) and an about 30-fold difference in αamylase activity unit across individuals (ranging from 1.8 to 55.1 SAU/mg saliva, Fig.
2.2B). Importantly, individuals’ salivary flow rates were not correlated to their α-amylase
activity unit (r = -0.10, P > 0.05). Hence, both parameters were considered to understand
the role that α-amylase plays in the perception of glucose polymers. Individual rates of αamylase activity production were thus calculated by multiplying the salivary flow rate
(mg/s) and α-amylase activity (SAU/ mg saliva). Once again, there were large individual
differences in the rates of α-amylase activity production (about 86-fold), ranging from 10
to 879 SAU/s (Fig. 2.2C). Similar data showing large individual differences in amounts
of salivary α-amylase activity have previous been reported (Mandel et al. 2010; Mandel
and Breslin 2012).
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Figure 2.1. Correlations between log perceived intensities of the stimuli tested. Each point represents each subject’s log
perceived intensity ratings for the paired stimuli. The solid line in each graph represents the regression line and the dotted lines
represent the 95% confidence interval of the regression line. Correlation coefficients (r) and p values are provided at the lower
right corners.
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Figure 2.2. Individual differences in: (A) salivary flow rate (mg/s); (B) amylase activity
unit (SAU/ mg saliva); (C) amylase activity production (SAU/s).
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2.3.2.3. The role of salivary α-amylase in the perception of glucose polymers
Before the data was statistically examined, the subjects were first divided into 2 groups
based on salivary flow rate, α-amylase activity unit and the rate of α-amylase activity
production: the bottom and top 50% of the subjects were categorized as ‘low’ and ‘high’
groups, respectively. Results indicated that there was no consistent effect on the intensity
ratings of stimuli between low and high groups based on salivary flow rate, α-amylase
activity unit, or rate of α-amylase activity production. Therefore, for ease of presentation,
only the role of the groupings based on the rate of α-amylase activity production are
shown. Figure 3 shows the mean log perceived intensity ratings of the test stimuli
grouped by the rate of α-amylase activity production status. Analyses revealed no
significant group differences between the low and high rate of α-amylase activity
production for the responsiveness to sucrose, glucose, and NaCl (t-test, P > 0.05, Fig.
2.3). The taste responsiveness to glucose polymers (DE 20, 10, and 5) were also not
different between the groups (t-test, P > 0.05, Fig. 2.3), although the high α-amylase
production group tended to rate the taste intensity of glucose polymers slightly higher
than the low α-amylase production group.
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Figure 2.3. Log means of perceived intensity ± standard error of the test stimuli grouped
by subjects’ rate of salivary α-amylase activity production (SAU/s). Similar results were
seen when the responses were grouped by subjects’ salivary flow rate or α-amylase
activity unit (SAU/mg saliva) (data not shown). Letters on the top x-axis indicate subject
grouping based on salivary α-amylase rate of production: L = low (bottom 50%); H =
high (top 50%). Letters on the right y-axis represent semantic labels of the gLMS: BD =
barely detectable; W = weak; M = moderate; S = strong.

2.4. Experiment 2
Results of the first experiment indicated that a majority of the subjects can consistently
taste glucose polymers of various chain lengths. Interestingly, the taste responsiveness to
the glucose polymers was statistically comparable between the low and high α-amylase
groups, despite the vast individual differences in the salivary flow rate (~20-fold),
amylase activity unit (~30-fold), and the rate of amylase activity production (~86-fold).
The latter finding implies that the salivary α-amylase activity and its hydrolysis
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byproducts do not play a significant role in the responsiveness to glucose polymers under
the experimental conditions used in the study. Nevertheless, the glucose and maltose that
were inherently present in the glucose polymer preparations could have affected the taste
responsiveness to the glucose polymers. Thus, a follow-up experiment was performed (1)
to quantify the concentrations of glucose and maltose naturally present in the 3
representative glucose polymer stimuli (DE 20, 10, and 5) and (2) to determine whether
the amounts of glucose and maltose present in the 10% solutions of the glucose polymer
preparations, as used in the first experiment, are within a perceptually detectable range.
2.4.1. Materials and Methods
2.4.1.1. High Performance Liquid Chromatography (HPLC)
The concentrations of glucose and maltose naturally present in the 3 glucose polymer
preparations (DE 20, 10, and 5) were quantified using a Shimadzu Prominence UFLC
HPLC system (Kyoto, Japan), equipped with a de-ashing guard cartridge (Bio-Rad Inc.,
Hercules, CA) and a refractive index detector (RID-10A). Solutions of 10 mg of glucose
polymer samples per 1 mL deionized water were prepared and 20 µL of the solutions
were injected into the HPLC system. Samples were eluted at 0.6 mL/min at 85°C using
deionized water as the mobile phase and Aminex HPX-87P (Bio-Rad Inc., Hercules, CA)
as the stationary phase. The LCsolution computer software (Shimadzu, Kyoto, Japan)
was used to integrate peak areas.
2.4.1.2. Psychophysical study

32
2.4.1.2.1. Subjects
A total of 23 subjects (11 M, 12 F) between 18 to 32 years of age (mean = 25 yrs old)
participated in this study. Eighteen subjects who participated in the first experiment also
served in Experiment 2. Inclusion/exclusion criteria and constraints for the subjects were
the same as Experiment 1.
2.4.1.2.2. Stimuli
Three mixtures of glucose and maltose were used in this experiment. The amounts of
glucose and maltose in each of the 3 mixtures were calculated by converting the
quantified amounts of glucose and maltose in the 3 maltodextin stimuli (DE 20, 10, and
5) through HPLC analysis to percent glucose and maltose present in 10% solutions of the
glucose polymer samples. Note that the conversion was made since 10% glucose polymer
stimuli were used in the first experiment. The final concentrations of glucose and maltose
used are shown in Table 2.2. The 3 glucose-maltose mixtures were prepared by
dissolving stated amounts of glucose monohydrate (Staleydex® 333, Tate & Lyle
Ingredients Americas, Decatur, IL) and maltose monohydrate (M5885, Sigma-Aldrich,
St. Louis, MO) in deionized water. Note that glucose and maltose concentrations of these
solutions were thus 91% and 95%, respectively, of the corresponding monohydrate
concentrations. The samples were made at least twelve hours before the test session to
allow for the complete mutarotation of glucose tautomers (Pangborn and Gee 1961) and
were stored at 4−6°C. All stimuli were allowed to come up to room temperature
(20−22°C) before providing to the subjects.
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Table 2.2. Percent glucose and maltose present in the 10% (w/v) Star-Dri ®.

Glucose (%)
Maltose (%)

DE 5

DE 10

DE 20

0.09
0.12

0.09
0.24

0.19
0.66

2.4.1.2.3. Procedure
Each subject performed three sets of the 3-alternative forced choice (3-AFC) test. On
each trial, subjects were given a set of 3 samples: 1 target glucose-maltose mixture and 2
blank samples. Their task was to taste 10 mL of each sample for 3 sec in a sequence
following a sip-and-spit procedure, and to report which of the 3 samples was the sweetest
by circling the 3-digit code of the corresponding sample on the ballot provided. Subjects
wore nose clips while they sampled the stimuli and made their decisions. Subjects were
asked to rinse once in between samples with 37°C deionized water. They were also asked
to rinse at least 3 times during the 1-min intertrial intervals. The order of stimulus
concentrations and presentations were randomized and counterbalanced across subjects.
2.4.1.3. Data analysis
Number of correct answers across subjects was counted for each of the test stimuli and
converted to d´ values. The d´ analysis (Ennis 1993) was further performed in order to
determine the significance.
2.4.2. Results
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The quantified concentrations of glucose and maltose in 10% solutions of the 3 glucose
polymer samples are shown in Table 2.2. As expected (Sun et al. 2010), the glucose
polymer sample of DE 20 contained the highest proportion of simple saccharides. Note
that DE is a measure of the percentage of reducing sugars relative to glucose on a dry
basis and thus indicates the degree of hydrolysis. Respectively, subjects’ discriminability
of the sugar mixtures, shown as d´ values, was generally better as DE increases (see
Table 2.3). Statistical analysis revealed that subjects can detect the amount of simple
saccharides present in 10% solution of DE 20 but not that of DE 10 and DE 5.

Table 2.3. The d' values from the 3-AFC discrimination task for the 3 mixtures of
glucose and maltose that represent their amounts in the 10% (w/v) Star-Dri ®.

d'

DE 20

DE 10

DE 5

1.78*

0.20

0.49

*P < 0.05 by the d' analysis.

2.5. Discussion
2.5.1. Taste perception of glucose polymers
The present results support the notion that humans can taste glucose polymers of various
chain lengths. This is a surprising result given that glucose polymers (e.g., maltodextrin,
starch) have long been assumed to be tasteless to humans (Feigin et al. 1987; Jacobs
1962; Ramirez 1991) and accordingly been used as tasteless caloric substances in studies
of flavor-nutrient conditioning (see Yeomans 2012 for review). There are at least 3
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possible explanations for our finding: 1) subjects could have responded to sensory cues
other than the “taste” of glucose polymers, 2) simple saccharides that are inherently
present in commercial glucose polymer samples and/or are produced as hydrolysis
byproducts of salivary α-amylase could have been responsible for the taste
responsiveness to glucose polymers, and 3) glucose polymers can elicit a unique taste
sensation(s).
Regarding the first possibility, it is known that glucose polymers (e.g.,
maltodextrin, Polycose®, starch) elicit a unique smell (Hettinger et al. 1996) as well as a
texture in solution especially at high concentrations. In order to eliminate sensory cues
other than taste sensation, we controlled for olfactory and tactile sensations in the current
study. First, the subjects were asked to wear nose clips to eliminate the olfactory cue. It
has been shown that nose clamps adequately reduce olfactory input to render odorous
compounds odorless (Hettinger et al. 1990). Second, based on the results of vigorous
psychophysical pilot tests, the concentration of the glucose polymer samples was set low
enough so that the viscosity of the solutions was not any different from that of taste
solutions. These other sensory cues were controlled for since the primary focus of the
current study was to test the role of taste in the detection of glucose polymers. Other
experiments are ongoing to investigate the role that other sensory cues play in the overall
perception of glucose polymers.
For the second possibility, we hypothesized that, due to the more efficient
depolymerization of glucose polymers to some of its hydrolysis byproducts, individuals
with high salivary α-amylase activity would perceive more intense taste sensations from
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glucose polymers. Salivary α-amylase is an endo-enzyme that catalyzes the hydrolysis of
the α-1,4 glycosidic linkages of starch to yield maltooligosaccharides and maltose
(Jacobsen et al. 1972; Mishra et al. 2002). Surprisingly, no statistical differences were
found in the taste intensity ratings of glucose polymers between the high (top 50%) and
low (bottom 50%) salivary α-amylase groups (see Fig. 2.3), regardless of the parameters
considered: efficiency and volume of the enzyme as well as their interaction measured by
specific enzyme activity (SAU/mg saliva), salivary flow rate (mg/s), and total salivary
amylase activity in the oral cavity (SAU/s), respectively. It is possible that the in vitro
methods used for quantification of salivary α-amylase activity do not appropriately
correlate with rates of oral glucose polymer digestion. That point notwithstanding, the
findings suggest that, contrary to our hypothesis, salivary α-amylase has an insignificant
role in the taste perception of glucose polymers under the experimental conditions used in
this study. In support of this finding, other studies concluded that the glucose produced
by salivary amylase is too low to be knowingly tasted and maltose is only weak tasting to
effect perceptible stimulation of sweet taste (Breslin et al. 1996; Mandel and Breslin
2012).
Another potential confounding source in the taste perception of glucose polymers
could have been the simple saccharides (i.e., glucose, maltose) inherently present in the
glucose polymer preparations. Results from Experiment 2 revealed that amounts of
simple saccharides in 10% solutions of DE 5 and 10 were below the detectable range,
although the concentrations of glucose and maltose present together in 10% DE 20
solution were above the detectable range (see Table 2.2 and 2.3). These findings, in fact,
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offer a potential explanation as to why responsiveness to DE 20 was significantly
correlated to the responsiveness to the sweet tastants, sucrose and glucose, as seen in
Experiment 1. Taken together, our data suggest that the responsiveness to glucose
polymers DE 5 and DE 10 as seen in Experiment 1 is not due to simple saccharides
originally present in the glucose polymer preparations and/or produced by salivary αamylase in the mouth, but is more likely due to the genuine response to the sensory cue
elicited by either maltooligosaccharides and/or maltopolysaccharides.
The elimination of both the first and second possibilities left us with the third
possibility; that is glucose polymers can elicit a genuine taste sensation. It might be worth
noting that the taste sensation elicited by the glucose polymers was generally weak (Fig.
2.3). This outcome is partially due to some experimental constraints due to the fact that
glucose polymers at higher concentrations can evoke a tactile sensation. As such, the
concentration of glucose polymer solutions was kept at a low level, below which
produces noticeable changes in solution viscosity. Independent of the experimental
constraint, its generally weak taste sensation can be viewed as an indication that the
gustatory-based detection system for glucose polymer is less robust than other taste
systems (e.g., sweet system). Alternatively, a slow increment in taste intensity (i.e., a
flatter psychophysical function) of glucose polymers may be considered as a
manifestation of its unique nutritional and digestive capacity (i.e., a macronutrient which
takes a longer digestion time) in human diet (Cummings et al. 1997) compared to other
taste stimuli (e.g., simple sugars). While the relative robustness of taste systems needs to
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be determined in the future, the current data nevertheless provide evidence that glucose
polymers can elicit a weak yet genuine taste sensation.
2.5.2. Qualitative differences between glucose polymers and simple sugars
During an initial testing, subjects were asked to rate the perceived intensity of sweetness
of the test stimuli, assuming that the simple sugar(s) produced by α-amylase-catalyzed
starch hydrolysis may play a significant role in the detection of glucose polymers.
However, several subjects pointed out that the glucose polymer stimuli were not sweet,
but rather “bread-”, “cracker-”, “cereal-”, or “rice-like”. This observation raised a
concern regarding the consistency of ratings across subjects, since it was unclear as to
whether all subjects could perceive qualitative differences between glucose polymers and
simple saccharides. Therefore, during the present study, subjects were asked to rate the
perceived intensity of taste, which was defined as any taste quality including sweetness,
saltiness, bitterness, “bread-like”, “cracker-like”, or “cereal-like” taste. While we do not
have direct evidence suggesting that the taste quality of glucose polymers differs from
that of simple sugars, our current results suggest that the taste of glucose polymers may
not be mediated by the sweet receptor. As shown in Fig. 2.1, the perceived intensities of
glucose and sucrose were significantly correlated (Fig. 2.1A, top), but not with the
glucose polymers (Fig. 2.1C) except the one containing relatively high concentrations of
glucose and maltose (Fig. 2.1B). In contrast, the intensity ratings of the glucose polymers
were highly correlated with one another (Fig. 2.1D). These findings suggest that the
responsiveness to glucose polymers is independent from that to simple sugars and thus
imply that the taste of glucose polymers is not necessarily mediated by the sweet
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receptor, T1R2/T1R3 heterodimer (Nelson et al. 2001) and/or taste cell-expressed
glucose transporters and ATP-gated K+ channels (Yee et al. 2011).
On a similar note, the perceived intensities of simple sugars were also found to be
highly correlated to NaCl. In the past, such correlation has been explained by individual
differences in both peripheral (i.e., receptor expression, innervation density) and central
(i.e., central neural processes) factors (Green and George 2004; Lim et al. 2008). In
particular, the relatively high correlation between simple sugars and NaCl was interpreted
as an outcome of less extreme individual variations in receptor expression for those
stimuli in comparison to other taste stimuli (e.g., PROP, PTC). While there is no reason
to believe that the central neural processes for glucose polymers are much different from
those of simple sugars, possible individual differences in peripheral factors between
glucose polymers and simple sugars are yet to be determined.
In any case, Hettinger and colleagues (1996) described the flavor of Polycose® as
having a maltose-like taste along with an olfactory component. This observation is
especially interesting given that the taste quality of maltose seems to be somewhat unique
compared to other simple saccharides, i.e., glucose, fructose, and sucrose. To test the
dimensionality of neural coding of sweet tasting compounds, Breslin and colleagues
(1996) tested the discriminability of simple saccharides using a whole-mouth forcedchoice paradigm, in which a standard solution was compared with a test solution of
varied concentrations. Their results showed that when relative concentrations were
properly adjusted, glucose, fructose, and sucrose were indiscriminable from one another.
In contrast, their results showed that maltose can be discriminable from fructose
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especially at relatively higher concentrations (> 100 mM). Note that the latter findings
were replicated while subjects were wearing nose clips. Based on these findings, the
authors concluded that maltose may activate at least one additional neural code over that
activated by other simple saccharides. In other words, maltose, at low concentrations,
effectively interacts with the same receptor with which glucose, fructose, and sucrose
interact, but at higher concentrations it interacts with a second class of receptor that gives
rise to a perceptually distinct neural signal (Breslin et al. 1996). Combined together, it
seems to be reasonable to speculate that glucose polymers and maltose may activate the
putative secondary carbohydrate receptor(s) and thereby produce a qualitatively similar
taste.
2.5.3. Potential existence of a secondary carbohydrate receptor(s)
The current data provide evidence of an unidentified taste receptor(s), which mediates the
perception of glucose polymers. This explanation is in line with the findings of animal
studies showing that the taste perception of glucose polymers is not facilitated by the
heterodimer nor the monomers of the sweet receptors; in a series of studies it was shown
that T1R2/T1R3 single or double knockout mice have severely impaired responses to
sugars, but near-normal responses to Polycose® (Treesukosol et al. 2009; Treesukosol et
al. 2011; Treesukosol and Spector 2012; Zukerman et al. 2009). Our suspect is also
supported by various reports in exercise science suggesting that humans can detect
glucose polymers in oral cavity; data showed that simple mouth rinse with maltodextrin
solutions (6~6.4%) significantly improves short-term high-intensity exercise performance
compared to a rinse with either water or an artificially sweetened placebo (Carter et al.
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2004; Chambers et al. 2009; Rollo et al. 2008). Based on the fact that the effect was
specific to glucose polymers (e.g., maltodextrin) and was independent of sweet taste, the
potential existence of unidentified carbohydrate receptor in human has been raised (see
Jeukendrup and Chambers 2010).
The nature and characteristics of the hypothesized glucose polymer receptor in
humans (and/or in rodents) is currently unknown. Only available data concerning the
range of stimuli that it may respond to is from the study investigated the rat’s hedonic
response to saccharides of specific chain lengths using brief intake tests (Sclafani et al.
1987). The authors reported that as the length of saccharide increased from 1 (glucose) to
2 (maltose) to 3 (maltotriose) to 4-8 glucose units (maltooligosaccharide), the rat’s
preference for the solution increased. They also reported that as saccharide length
increased further (> 20 units, maltopolysaccharide) palatability decreased somewhat
although maltopolysaccharide was preferred over maltose. These findings indicate that
the hypothesized receptor is most responsive to the saccharides of 4-8 glucose units in
length (i.e., maltooligosaccharides) (Sclafani et al. 1987). As much as these findings are
intriguing, it is yet to be seen whether the similar conclusion can be made in human data.
We currently hypothesize that: 1) the gustatory detection of maltooligosaccharides in
humans is independent of the sweet taste receptor, T1R2/T1R3 which is activated by
mono- and disaccharides; 2) maltose can activate both the T1R2/T1R3 and glucose
polymer receptors due to its unique composition (i.e., a disaccharide of 2 glucose units);
and 3) that taste responsiveness to maltooligosaccharides depends on the degree of
polymerization of glucose, with DP 3-8 as the primary source of taste.
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2.6. Summary
The current study showed evidence that humans can taste glucose polymers of various
chain lengths and that the responsiveness to glucose polymers is independent of that to
simple sugars. In addition, salivary α-amylase did not play a major role in the perception
of the glucose polymers tested. These findings support the potential existence of a
carbohydrate receptor that is independent of the sweet taste receptors. In rats, the
functional role of the glucose polymer receptor was presumed to be geared towards
identifying starch-rich foods (Sclafani 1987). Likewise, humans may also benefit from
having a separate glucose polymer receptor especially since humans depend on
carbohydrate-rich diet.
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3. Humans Can Taste Glucose Oligomers Independent of the hT1R2/hT1R3 Sweet
Taste Receptor
3.1. Abstract
It is widely accepted that humans can taste mono- and disaccharides as sweet substances,
but they cannot taste longer chain oligo- and polysaccharides. From the evolutionary
standpoint, the inability to taste starch or its oligomeric hydrolysis products would be
highly disadvantageous given their nutritional value. Here we report that humans can
taste glucose oligomer preparations (average degree of polymerization 7 and 14) without
any other sensorial cues. The same human subjects could not taste the corresponding
glucose polymer preparation (average degree of polymerization 44). When the sweet taste
receptor was blocked by lactisole, a known sweet inhibitor, subjects could not detect
sweet substances (glucose, maltose, and sucralose), but they could still detect the glucose
oligomers. This suggests that glucose oligomer detection is independent of the
hT1R2/hT1R3 sweet taste receptor. Human subjects described the taste of glucose
oligomers as ‘starchy’, while they describe sugars as ‘sweet’. The dose-response function
of glucose oligomer was also found to be indistinguishable from that of glucose on a
molar basis.
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3.2. Introduction
The primary function of taste is to identify substances that provide energy and/or
electrolyte balance, while avoiding ingestion of toxic substances (Breslin, 2013).
Currently, there are 5 recognized taste categories in humans: sweet, sour, salty, bitter, and
umami. Each taste quality is mediated by distinct transduction pathways expressed in
subsets of taste receptor cells (Lindemann, 1996; Adler et al., 2000). Specifically, sweet
and umami tastes are facilitated by the G protein-coupled receptor (GPCR), T1R family,
T1R2+T1R3 and T1R1+T1R3, respectively (Li et al., 2002; Zhao et al., 2003). Bitter
taste, on the other hand, is detected by GPCR T2R family (Chandrashekar et al., 2000).
Sour and salty tastes are modulated by specialized membrane channels: ion channels
[e.g., acid sensing ion channels, ASICS (Ugawa et al., 1998); hyperpolarization-activated
cyclic nucleotide-gated channels, HCNs (Stevens et al., 2001); and transient receptor
potential channels, PKD2L1 and PKD1L 3 (Ishimaru et al., 2006; Lopez Jimenez et al.,
2006)] and epithelial sodium channel (ENaC) (Heck et al., 1984; Kretz et al., 1999; Lin et
al., 1999), respectively. The idea that there are only 5 taste categories has been
challenged in recent years by evidence that rodents can detect other ecologically
important chemicals such as calcium (Tordoff, 2001), fat (Fukuwatari et al., 1997), and
starch hydrolysis products (Sclafani, 2004) by the gustatory system.
Because starch is one of the primary sources of energy that enables the body to
perform its function, its gustatory detection would be highly beneficial. However, the
gustatory detection of starch is thought unlikely because of its molecular structure and
size. This reasoning does not account for the fact that during mastication salivary α-
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amylase hydrolyses the polymeric starch chains to shorter chain glucose-based
saccharides, which are more likely to be detected by traditional receptor-based systems.
Recently, we showed indirect evidence that humans can detect glucose oligomer and
polymer mixtures commercially manufactured from starch (i.e., maltodextrins) (Lapis et
al., 2014). Results indicated that the responsiveness were significantly correlated to one
another but not to simple sugars (i.e., sucrose and glucose) (Lapis et al., 2014). These
data suggest that glucose oligomers and polymers can be detected through the gustatory
system, independent of the sweet taste (Lapis et al., 2014). Additional support for this
comes from animal studies wherein data suggest that rats were attracted to Polycose, a
glucose oligomer and polymer mixture derived from starch, and preferred it over water,
sucrose, and maltose especially at low equi-molar concentrations (Feigin et al., 1987;
Sclafani and Clyne, 1987). Electrophysiological studies further confirmed that rats could
differentiate between the tastes of Polycose and sucrose suggesting that they may have
separate taste receptors for simple and glucose oligomer and polymer mixtures (Giza et
al., 1991; Sako et al., 1994). Furthermore, combined genetic and behavioral studies
showed that T1R2/T1R3 single or double knockout mice have severely impaired
responses to sugars (e.g., glucose, maltose, sucrose, Na-saccharin) but near-normal
responses to Polycose (Treesukosol et al., 2009, 2011; Zukerman et al., 2009;
Treesukosol and Spector, 2012).
In all of the studies previously mentioned, the stimuli used contain a broad mixture
of glucose oligomers and polymers of varying chain lengths. For example, Polycose, a
commercial maltodextrin derived from cornstarch, contains approximately 2% glucose,
7% maltose, and 91% glucose oligomers and polymers. Note that the definition of
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oligomers varies across fields of study; some consider those that contain 2-10 monomer
units as oligomers (Rocklin and Pohl, 1983; Sclafani, 1987), while others count up to 20
as oligomers (Hughes and Johnson, 1981). Consequently, it was not clear what substrates
can facilitate the detection of glucose oligomers and/or polymers. Our lab, thus, recently
fractionated a commercially available maltodextrin preparation based on differential
solubility of its component saccharides in aqueous-ethanol solutions (Balto et al., 2016).
The following samples were produced: (1) glucose oligomers (i.e., S1 and S2 with
number-average degree of polymerization, DP, 7 and 14, respectively) and (2) glucose
polymer (i.e., S3 with number-average DP 44).
The objectives of this study were (1) to determine which glucose chain length
ranges can be perceived through the gustatory system when stimuli were prepared at
either equivalent % w/v concentrations or equivalent molar concentrations, (2) to
investigate potential gustatory mechanism of glucose-based saccharides, (3) to establish
the taste qualities of sugars and glucose-based saccharides, and (4) to establish the doseresponse functions for sugars and glucose-based saccharides.

3.3. Experiment 1A
Taste discrimination of glucose oligomer and polymer stimuli prepared as
equivalent % w/v solutions
In this experiment, the taste detection of glucose oligomers [S1 (average DP 7) and S2
(average DP 14)] and polymers [S3 (average DP 44)] was investigated. An important
factor to consider when investigating taste detection of glucose oligomers and polymers
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is glucose oligomer/ polymer hydrolysis due to the presence of α-amylase in saliva. This
hydrolysis results in a shift from the original DP profile of the test preparations, which
could be a confounding factor when trying to identify the target substrates. Acarbose, a
salivary amylase inhibitor (Clissold and Edwards, 1988; Balfour and McTavish, 1993;
Martin and Montgomery, 1996), was included in all test solutions to avoid this
complication. In separate experiments, the efficacy of acarbose was determined by
conducting in vitro salivary α-amylase hydrolyses of S1, S2, and S3, in the absence and
presence of acarbose, using saliva collected from subjects with low, medium, and high
activities (see Supplementary information). It was found that 5 mM acarbose was
sufficient in inhibiting α-amylase, i.e., no substantial amounts of hydrolysis products
were produced when acarbose was present (Supplementary Fig. 1). During pilot testing, 5
mM acarbose was also found to impart no detectable taste. In this experiment, the stimuli
and blanks were thus prepared with 5 mM acarbose. It was expected that subjects’
discrimination of the stimuli would be S1 > S2 > S3 based on suggestive findings in
animal models that gustatory stimulation for glucose oligomers was greater than that for
glucose polymers (Sclafani et al., 1987).
3.3.1. Materials and Methods
3.3.1.1. Subjects
A total of 22 subjects (11F, 11M) between 18 to 45 years of age (mean = 25) were
recruited from the Oregon State University campus and surrounding areas. Subjects who
participated in the study were non-smokers, not pregnant, not taking prescription pain
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medication or insulin, have no history of taste or smell loss or other oral disorders, have
no oral lesions, canker sores, or piercings, and are without a history of food allergy. Prior
to the test session, subjects were asked to comply with the following restrictions: 1) no
dental work within 48 hrs; 2) no alcohol consumption within 12 hrs; 3) no consumption
of foods and beverages that are acidic or caffeinated and/or contain dairy within 4 hrs; 4)
no consumption of food or beverage of any kind except water within 1 hr; and 5) no use
of any menthol-containing products within 1 hr prior to the scheduled sessions. In order
to avoid deviations from normal α-amylase activity, subjects were also asked not to
engage in physically demanding activity an hour before the test sessions. The
experimental protocol was approved by the Oregon State University Institutional Review
Board and complies with the Declaration of Helsinki for Medical Research. Subjects
gave written informed consent and were paid to participate.
3.3.1.2. Stimuli
Aqueous solutions of 6 and 8% (w/v) S1, S2, and S3 were tested. Deionized water served
as blank stimuli. Target and blank stimuli were prepared with 5 mM acarbose. Stimuli
were stored at 4-6°C for a maximum of 5 days. All stimuli were brought to room
temperature (20-22°C) before providing to subjects.
3.3.1.3. Experimental protocol
Each subject participated in two sessions, one session on each of two different days: 6%
(w/v) glucose oligomer and polymer stimuli were presented in one session and 8% (w/v)
stimuli were presented in the other. Half of the subjects tested 6% (w/v) first, the other
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half tested 8% (w/v) first. All testing was conducted on a one-on-one basis in a
psychophysical testing room. Before each test session, subjects were verbally instructed
on the task they performed. To prevent olfactory input, subjects were asked to wear nose
clips while performing the task. Subjects tasted 5 mL of each of the 3 stimuli, one at a
time following a 3-sec sip and spit procedure. After expectorating, the subject indicated
which of the three stimuli was different by circling the 3-digit code of the corresponding
sample on the ballot provided. Subjects were asked to rinse their mouth once with 37°C
water between each of the three samples within a set. They were also asked to rinse
between each set of stimuli at least three times during a 1-min break. The order of stimuli
presentations was counterbalanced and randomized across subjects and sessions.
3.3.1.4. Data analysis
The number of correct identification for each stimulus was counted and was converted to
d’ values. d’ represents the detectability of the signal (stimulus) from the noise (blanks)
and is a measure of separation of the nose and signal distributions. It is measured in terms
of the number of standard deviations of the noise distribution. The d’ analysis (Ennis,
1993) was then used in order to determine significant discrimination.
3.3.2. Results
Table 3.1 shows the discriminability (d’ values) of S1, S2, and S3 prepared as
equivalent % w/v solutions (see Condition A). Results showed that without the input of
other sensory cues such as odor and texture, subjects were able to significantly
discriminate S1 and S2 but not S3 (P < 0.05). The discriminability was highest for S1
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followed by S2 at both concentrations. The d’ values calculated for 8% w/v S1 was also
higher than 6% w/v, while it was about the same for 6 and 8% w/v S2.

Table 3.1. Detectability (d’ values) of S1, S2, and S3.
Concentration

d'

Condition
% w/v

mM RE

S1

S2

S3

6

-

3.26*

1.70*

0.00

8

-

4.90*

1.93*

0.00

-

75

2.05*

1.86*

0.77

A

B

Subjects performed sets of discrimination tasks by identifying an odd stimulus that is
different from the other two. d’ represents the detectability of the signal (stimulus) from
the noise (blanks) and is a measure of separation of the nose and signal distributions. It is
measured in terms of the number of standard deviations of the noise distribution. All
stimuli were tested in the presence of 5 mM acarbose to inhibit salivary α-amylase.
Conditions: (A) all stimuli were tested at equal 6% w/v, which is equivalent to 56, 26,
and 8 mM RE for S1, S2, and S3, and 8% w/v, which is equivalent to 75, 35, and 11 mM
RE for S1, S2, and S3, respectively. The stimuli were presented in 5mL aliquots and were
tasted by sip-and-split procedure; (B) all stimuli were tested at equal 75 mM RE, which is
equivalent to 8, 17, and 54% w/v for S1, S2, and S3, respectively. Tasteless
methylcellulose was added to the stimuli in order to mask textural differences between
stimuli. * P < 0.05 by the d’ analysis.

3.4. Experiment 1B
Taste discrimination of glucose oligomer and polymer stimuli prepared as
equivalent mM solutions
Results of Experiment 1 provided an important insight on the potential substrate that
humans can taste. However, comparisons across target stimuli may not be equitable since

57
the stimuli were prepared based on % w/v. For example, S1 and S2, with relatively
shorter saccharide chains, would have a higher molar concentration (i.e., more molecules
present) at the same % w/v than S3, with relatively longer chains. This could potentially
explain the discrimination of S1 and S2 but not S3. Consequently, in this experiment, we
measured the detectability of the substrates at equal molar concentrations of reducing
ends (RE). Each saccharide chain has one RE, thus moles RE is a direct measure of the
number of molecules present. Substrate solutions for this experiment were 75 mM RE
(i.e., equivalent to 8% w/v S1, 17% w/v S2, and 54% w/v S3). At these concentrations,
however, the stimuli, in particular S2 and S3, had perceptible viscosities. We therefore
prepared blank stimuli with matching viscosities from solutions of methylcellulose, a
tasteless, nonthixotropic, viscogenic/gelling agent that is not a substrate of salivary αamylase. The task was similar to the previous experiment except the stimuli were
swabbed on the tip of the tongue to further minimize any textural cues. Again, it was
expected that subjects’ discriminability of the stimuli would be S1 > S2 > S3 (Sclafani et
al., 1987).
3.4.1. Materials and Methods
3.4.1.1. Subjects
A total of 26 subjects (18F, 8M) between 18 and 33 years of age (mean = 25) were
recruited from Oregon State University campus and surrounding areas. Inclusion criteria
and restrictions were the same as in the previous experiment.
3.4.1.2. Stimuli
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In this experiment, 75 mM reducing ends (RE) S1, S2, and S3 were used as test stimuli.
Seventy-five mM RE solutions of S1, S2 and S3 correspond to 8, 17 and 54% (w/v),
respectively. In each case, the concentrations were based on RE due to the polydispersity
of the glucose oligomer/ polymer preparations (mmole RE/g stimuli are given in Balto et
al. 2016). Blank samples were comprised of methylcellulose; methylcellulose solutions
were prepared by heating solutions to 38-40°C to aid dissolution. The viscosity of all
solutions was determined using a Rapid Visco Analyzer 4500 (RVA; Perten Instruments,
Hagersten, Sweden) at 37°C, 960 rpm, after 2 min of stirring. The viscosities of blank
solutions were measured in triplicate, those of stimuli were measured without replicates
due to limited sample. Viscosities of the 0.5, 1.0, and 3.8% (w/v) methylcellulosecontaining blanks closely approximated those of the 75 mM RE S1, S2, and S3,
respectively (see Table 3.2). All stimuli and blanks were prepared with 5 mM acarbose.
In order to further minimize any textural cues, the stimuli were swabbed on the tongue
instead of using the 5 mL sip and spit procedure. Samples were served at room
temperature (20-22°C).
3.4.1.3. Discrimination task
Before the test session, subjects were verbally instructed on the discrimination task they
performed. With nose clips on, subjects extended their tongues out of the mouth and held
it immobile between the lips. In a sequential manner, a set of 3 stimuli (1 target stimulus
and 2 blanks) were applied by rolling a cotton swab saturated with the stimuli across the
tip of the tongue 3 times. Subjects then retracted their tongues without touching the roof
or sides of the mouth and rinsed with 37°C deionized water once before swabbing the
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next sample. After expectorating, subjects indicated which of the three stimuli was
different by marking the ballot provided. Subjects were given 1 min break between sets
of stimuli to rinse their mouths at least 3 times with 37°C deionized water; they were
allowed to remove nose clips during rinsing. The presentation order of the sets and the
stimuli within each set were randomized and counter-balanced across subjects.

Table 3.2. The viscosity (cP) of the test stimuli and their corresponding blank samples.
Samples

Concentration (% w/v)

Viscosity (cP)

S1

8.0

102

Blank 1

0.5

108 ± 1

S2

17.0

114

Blank 2

1.0

116 ± 1

S3

54.0

201

Blank 3

3.8

206 ± 4

All stimuli were equivalent to 75 mM RE. Blanks were prepared with aqueous solutions
of methylcellulose as described in text. Viscosity was measured once for S1, S2, and S3
due to limited sample amount. Viscosity (± standard error) was measured in triplicate for
all the blanks.

3.4.2. Results
The discriminability (d’ values) of S1, S2, and S3 at equivalent mM concentrations is
included in Table 3.1 (see Condition B). As observed in Experiment 1A, subjects could
significantly discriminate S1 and S2 against blanks in the absence of other sensory cues
such as odor and texture, but not S3 (P < 0.05). Unlike expected, however, the
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discriminability of S1 and S2 were about the same on a molar basis. Results suggest that
humans can taste glucose oligomers but not polymers.

3.5. Experiment 2
Taste discrimination of sugars and glucose oligomers in the absence and presence of
lactisole
While our data show that humans can taste glucose oligomers, the transduction
mechanism for its detection is unknown. Given that hT1R2/hT1R3 is responsible for the
detection of sugars and other sweeteners (Li et al., 2002), it was of interest to investigate
whether glucose oligomers are also detected through this receptor. To investigate this
possibility, we used lactisole, a sweet taste blocker that binds to a pocket in the
transmembrane region of hT1R3 and thus inhibits the sweet taste of sugars, proteins, and
artificial sweeteners (Jiang et al., 2005). Lactisole itself is tasteless, but under some
conditions it is known to cause sweet ‘water-taste’ after it is rinsed away (GalindoCuspinera et al., 2006). Nevertheless, available data suggest that colder temperatures
reduce the sweet ‘water-taste’ (Green and Nachtigal, 2013). During pilot testing, we
confirmed that presenting the stimuli with lactisole and the rinse water at ~10°C
eliminated the sweet ‘water-taste’. We then conducted a discrimination task using 3
sweeteners (glucose, maltose, sucralose) and 2 glucose oligomers (S1, S2), in the absence
and presence of 1.4 mM lactisole. It was expected all stimuli would be discriminated in
the absence of lactisole, while discriminability for sugars, but not glucose oligomers,
would be compromised in the presence of lactisole.
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3.5.1. Materials and Methods
3.5.1.1. Subjects
A total of 25 subjects (18 F, 7 M) between 18 and 41 years of age (mean = 25) were
recruited from Oregon State University campus and surrounding areas. Inclusion criteria
and restrictions were the same as in the previous experiments.
3.5.1.2. Stimuli
Two practice stimuli were provided: (1) 75 mM glucose and (2) 75 mM maltose. A total
of 5 test stimuli were provided: (1) glucose, (2) maltose, (3) sucralose, (4) S1, and (5) S2.
The sugars and glucose oligomers were prepared at 75 mM (mM RE for glucose
oligomers). Sucralose was prepared at 0.025 mM, which was equi-intense as glucose.
Water was used as blanks for sweeteners, while equi-viscous methylcellulose blanks were
used for glucose oligomers (Table 2). Acarbose (5mM) was added to all target and blank
stimuli. All target and blank stimuli were prepared in the absence and presence of 1.4
mM lactisole. Glucose solution was prepared at least the evening before the test session
to allow for complete mutarotation of glucose tautomers (Pangborn and Gee, 1961). All
target and blank stimuli and rinse water were presented cold (~10°C) to prevent sweet
water taste elicited by lactisole.
3.5.1.3. Discrimination task
Subjects participated in one session. During practice, subjects were given 2 sets of 3
stimuli (1 target substrate, 2 blanks) using the swabbing technique described in the
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previous experiment. The subjects rinsed their mouths with cold water (~10°C) between
each stimulus. After tasting all 3 stimuli, the task was to identify which was different.
The subjects were given a 1-min break between sets during which they rinsed their
mouths with cold water (~10°C) at least 3 times. Subjects proceeded to the test session
only if they correctly identified both practice stimuli. Note that the practice/screening
stimuli were provided to make sure that all subjects can detect the stimuli at the given
concentration, which were presented at a low temperature (~10°C). If they did not
correctly identify one of the two target substrates, they were given another chance and the
incorrectly identified target substrate was provided again. They only proceeded to the test
session if they identified the target substrate correctly. Twenty five out of the 33 subjects
tested proceeded to the test session.
During the test, 5 stimuli were presented in two blocks: in the absence and
presence of lactisole, giving a total of 10 sets of stimuli. The presentation order of blocks,
sets of samples within the block, and samples within a set were pseudo-randomized
across subjects. Pseudo-randomization was used because it was not practical to provide
all possible presentation orders. The samples were provided in the same manner as in the
practice session. Subjects were given 1 min break between sets of samples and 3 min
break between blocks so that they can rinse their mouths with cold water (~10°C) at least
3 times.
3.5.2. Results
Table 3.3 shows the discriminability (d’ values) of the stimuli in the absence and
presence of lactisole. Results showed that all 5 target stimuli were detectable to about the

63
same degree in the absence of lactisole. Lactisole, however, blocked the sweet taste of
glucose, maltose, and sucralose, i.e., they could not be discriminated. In contrast, lactisole
did not compromise the detectability of glucose oligomers. These finding suggests that a
mechanism(s) other than the hT1R2/hT1R3 sweet receptor is responsible for the taste of
glucose oligomers.

Table 3.3. Detectability (d’ values) of the stimuli in the absence and presence of
lactisole.
d'

Glucose

Maltose

Sucralose

S1

S2

Lactisole absent

1.77*

1.36*

1.77*

2.62*

1.36*

Lactisole present

0

0

0

1.57*

1.14*

Subjects performed sets of discrimination tasks by identifying an odd stimulus that is
different from other two. All stimuli were tested in the presence of 5 mM acarbose to
inhibit salivary α-amylase. All stimuli were tested at 75 mM concentration except for
sucralose (0.025 mM), which was tested at equi-intense concentration as glucose. * P <
0.05 by the d’ analysis.

3.6. Experiment 3
Determination of taste quality of glucose oligomers through a focus group discussion
If glucose oligomers were detected through a mechanism that is independent of the
hT1R2/hT1R3 sweet receptor, it is suspected that the taste quality of glucose oligomers
would be different from the sweet taste. To test this idea, we performed a psychophysical
study by conducting a focus group.
3.6.1. Materials and Methods
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3.6.1.1. Subjects
A total of seven subjects (6 F, 1 M; mean age = 28) participated in the study. They were
recruited from Oregon State University campus and surrounding areas.
3.6.1.2. Stimuli
Three equi-intense aqueous solutions of target stimuli were provided: (1) 100 mM
sucrose, (2) 0.125 mM sucralose, and (3) 224 mM S2. These concentrations were
determined through pilot testing. Acarbose (5mM) was added to all stimuli.
3.6.1.3. Focus Group
Subjects participated in a one-hour session held in a focus group room. Subjects were
asked to taste the stimuli by swabbing across the tip of the tongue with nose clips on.
They were unaware of the identity of the stimuli. They were encouraged to re-taste the
stimuli as often as needed and then provide quality descriptors for the taste of each
stimulus until the group agreed on one descriptor for each stimulus.
3.6.2. Results
As a group, subjects agreed that the taste perceived from aqueous solutions of sucrose
was “sweet” like sugar water and sucralose was “sweet” like an artificial sweetener. They
described the taste of glucose oligomers as “starchy” like a root vegetable, corn, bread, or
pasta. Subjects also pointed out that the taste qualities of sucrose and sucralose were
more similar to each other while the glucose oligomer was quite different from the other
two.
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3.7. Experiment 4
Establishing dose-response curves for sugars and glucose oligomers
In this experiment, it was of interest to know how the dose-response curves of glucose
oligomers compare to that of sugars. Subjects were asked to rate the perceived intensities
from different concentrations of sucrose, glucose, and glucose oligomers. The results
from this experiment were expected to provide an idea of the differences in the amounts
of simple sugars and glucose oligomers needed to elicit certain levels of responsiveness.
3.7.1. Materials and Methods
3.7.1.1. Subjects
A total of 20 subjects (13 F, 7 M; mean age = 25) participated in the study. They were
recruited from Oregon State University campus and surrounding areas. Inclusion criteria
and restrictions were same as in previous experiments.
3.7.1.2. Stimuli
Sucrose, glucose, and glucose oligomer (S2) were provided as stimuli. The
concentrations were 45, 100, and 224 mM. Acarbose (5mM) was added to all stimuli.
Glucose was prepared at least the evening before the test session to allow for complete
mutarotation of glucose tautomers (Pangborn and Gee 1961). All stimuli were presented
at room temperature (20-22°C).
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3.7.1.3. Procedure
Subjects participated in only one session. Before the test, they were provided instructions
and practice on the use of the general version of the Labeled Magnitude Scale (gLMS)
(Green et al., 1993, 1996; Bartoshuk et al., 2003). The scale was displayed on a computer
monitor and subjects used a mouse to move a cursor along the scale to make their ratings.
Subjects were provided the stimuli using a swabbing technique while wearing nose clips.
After swabbing, the subjects were asked to do a smacking motion twice and then they
rated the perceived overall intensities of the stimuli on the gLMs on a computer screen.
Subjects were provided a total of 11 stimuli and they were given 1 min break between
stimuli to rinse their mouth with 37°C water at least 3 times. Subjects were also be given
a 3 min break after the 6th sample. The order of stimuli presentation was pseudorandomized across subjects.
3.7.2. Results
Figure 3.1 shows the dose-response functions for sucrose, glucose, and glucose oligomer
based on molar and % w/v concentrations. Interestingly, on a molar basis, the doseresponse function for glucose oligomers is essentially indistinguishable from that for
glucose. At % w/v basis, sucrose and glucose had shorter functions and steeper slopes,
while glucose oligomer had longer function and gentler slope.
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Figure 3.1. Dose-response functions of glucose oligomer (S2), glucose, and sucrose
based on (A) molar and (B) % W/V concentrations. The different filled symbols represent
log means of intensity of the stimuli; the whiskers represent standard error. The x-axis
indicates log concentration (M) or concentration (% w/v) tested. Left y-axis represents
log perceived overall intensity. Right y-axis represents semantic labels of the gLMS: BD
= barely detectable, W = weak, M = moderate. Subjects wore nose clips when performing
the task. All samples were tested in the presence of 5 mM acarbose to prevent salivary αamylase hydrolysis of glucose oligomers.

3.8. Discussion
3.8.1. Humans can taste glucose oligomers
The taste discriminability of glucose oligomers and polymers were measured based on
both % w/v and mM RE. The results showed that subjects can discriminate S1 and S2
from water blanks but not S3. It is important to note that in all experiments, the
confounding effect of salivary α-amylase hydrolysis of the glucose oligomers and
polymers was controlled for by using acarbose, an α-amylase inhibitor. Certainly, taste is
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not the only sensory cue that can be used for the discrimination of the glucose oligomers.
The glucose oligomer samples evoke a very mild odor potentially due to the volatiles that
were not removed during processing. Nevertheless, in all the current sensory studies,
subjects were asked to wear nose clips to eliminate any olfactory cues. The glucose
oligomer samples also impart some notable texture depending on the concentration (i.e.,
higher concentration impart more noticeable viscosity). Accordingly, in Experiments 1B,
the viscosities of glucose oligomers were matched with appropriate concentrations of
methylcellulose, which were used as blanks in the discrimination task. With the
combined use of methylcellulose as blanks and the swabbing technique used to deliver
the stimuli (i.e., uses low volume of samples and imparts mechanical motion), the
contribution of texture should have been minimized, if not at all eliminated. Overall,
results suggest that in the absence of confounding effects of salivary α-amylase
hydrolysis and other sensory cues (i.e., odor and texture), glucose oligomers could be
discriminated from blanks through the gustatory system.
3.8.2. Target substrates for taste detection
The present results showed that the discriminability of the glucose oligomers, S1 with
average DP 7 and S2 with average DP 14 were about the same on a molar basis. This
finding is partly consistent with that of rats, which suggested that among the saccharides
tested (i.e., glucose, maltose, maltotriose, Polycose, glucose oligomer average DP 6,
glucose polymer average DP 43), the optimum stimulus for glucose oligomer and/or
polymer detection was glucose oligomer with average DP 6 (Sclafani et al., 1987). There
is a discrepancy, however, in whether glucose polymers can be tasted. Our findings
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showed that glucose polymer with average DP 44 could not be tasted, while animal data
showed that glucose polymer with average DP 43 could be (Sclafani et al., 1987). In that
study, however, the salivary α-amylase activity was not controlled for so it was possible
that some hydrolysis products produced in the oral cavity confounded their results. Future
studies that explore the lower or upper limit of glucose chain lengths that could serve as
target substrates must be conducted to further elucidate the mechanisms that support
glucose oligomer taste detection.
When psychophysical functions were measured, the function for glucose
oligomers was essentially indistinguishable from that for glucose on a molar basis.
However, when % w/v concentrations were plotted, there were differences observed in
the length and slopes of the functions. These results highlight the differences in the
amount of simpler sugars and glucose oligomers needed to prepare the aqueous solutions
to generate the same level of responsiveness. Since the discriminability of S1 and S2
were about the same, S2 was chosen as a stimulus in Experiment 4.
3.8.3. Taste discrimination of glucose oligomers is not through the sweet taste
receptors
At present, it is widely recognized that when it comes to carbohydrates, sugars are the
only ones that can be tasted through the T1R2/T1R3 taste receptors. The T1R2 and T1R3
are members of the large family of G protein-coupled receptors that combine to form a
heterodimer and are involved in the perception of sweetness (Nelson et al., 2001;
Fernstrom et al., 2012). A relevant question is whether or not the glucose oligomer
preparations are detected through the same set of taste receptors that detect sugars. To
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test this, lactisole was used as a T1R2/T1R3 taste receptor “blocker” [sweetness inhibitor;
(Jiang et al., 2005)]. Lactisole is tasteless by itself, however, it causes sweet ‘water-taste’
i.e., when lactisole is rinsed away, it is removed from the sweet receptor, which then
activates the cell and results to sweet perception of pure water (Galindo-Cuspinera and
Breslin, 2006; Galindo-Cuspinera et al., 2006). This could potentially be a confounding
factor when determining the discriminability of glucose oligomers in the presence of
lactisole. This confounding effect was eliminated when stimuli and rinse water were
presented to subjects at colder temperature (~10°C). Results of Experiment 2 showed that
while the taste of all stimuli (glucose, maltose, sucralose, S1, and S2) can be
discriminated against blanks in the absence of lactisole, only S1 and S2 can be
discriminated in the presence of lactisole. Note that other confounding factors (i.e.,
salivary amylase and other sensory cues, odor and texture) were again controlled for in
this experiment. This finding is consistent with that of animal models wherein combined
genetic and behavioral studies showed that T1R2/T1R3 single or double knockout mice
had severely impaired responses to sugars (e.g., glucose, maltose, sucrose, Na-saccharin)
but near-normal responses to Polycose, a glucose oligomer and polymer mixture
(Treesukosol et al., 2009, 2011; Zukerman et al., 2009; Treesukosol and Spector, 2012).
Results suggest that mechanisms other than the hT1R2/hT1R3 are responsible for the
detection of glucose oligomers. In fact, results of our focus group showed that glucose
oligomers were described as “starchy” instead of “sweet” like the other sweet substances
tested (i.e., sucrose and sucralose).
3.8.4. Potential mechanisms of glucose oligomer detection
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First, it is possible that T1R-independent sugar or sweet sensing pathways mediate the
detection of glucose oligomers. It has been found that glucose transportes (GLUTs),
sodium-glucose co-transporter 1 (SGLT1), and ATP-gated K+ (KATP) metabolic sensors
are co-expressed in the taste cells with T1r3 and function to detect sugars in mice
(Merigo et al., 2011; Yee et al., 2011; Margolskee et al., 2015). These particular T1rindependent pathways would, however, only explain responses to monosaccharides (e.g.,
glucose and fructose) but not disaccharides (e.g., maltose and sucrose), which are not
being transported by these sensors (Margolskee et al., 2015). If glucose oligomers utilize
this transduction pathway, they need to be hydrolyzed to monosaccharides by enzymes
involved in carbohydrate digestion. Interestingly, intestinal enzymes such as α-amylase
and maltase-glucoamylase, which hydrolyze glucose oligomers to glucose, are expressed
in taste tissues and cells (Merigo et al., 2009; Margolskee et al., 2015). Thus, it is
plausible that a T1R-independent sugar or sweet sensing pathway mediates detection of
glucose oligomers via their hydrolysis to glucose. Interestingly, the T1r-independent
pathways do not appear to generate salient taste sensation in mice, although it triggers
gustatory nerve responses (Glendinning et al., 2015). A more critical function of the
known and unknown T1r-independent taste transduction pathways in mice had been
associated with metabolic responses that prepare the body for digestion and nutrient
assimilation (e.g., cephalic phase insulin release (CPIR) and enhancing glucose tolerance)
(Glendinning et al., 2015; Schier and Spector, 2016). It was also reported that T1r3 KO
mice exhibited CPIR following oral administration of glucose and sucrose but they did
not alter the behavior of mice (i.e., they did not lick sugar more than water) suggesting
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that the T1r-independent pathway for sugars did not generate a salient taste sensation
(Glendinning et al., 2015).
If T1R3-independent pathway was involved in conscious perception of sugars, one
would expect that glucose and maltose should be perceived whether hT1R2/hT1R3 sweet
receptor was blocked or not. In our study, however, both glucose and maltose were not
discriminated from blanks in the presence of lactisole, while glucose oligomers still were.
These observations lead to the conclusion that the T1R-independent sugar sensing
pathway is not, at least, the primary mechanism in the salient taste perception of glucose
oligomers.
Alternatively, a novel taste receptor might be involved in the transduction
mechanism used to detect glucose oligomers. This has been proposed (Sclafani, 2004) but
not yet identified. If such a novel taste receptor exists, it must be capable of generating a
salient taste perception and the taste quality should be different from other taste
categories (e.g., sweet taste). Results from our focus group confirmed this idea as
subjects described sucrose, sucralose, and glucose oligomer as “sweet” like sugar water,
“sweet” like an artificial sweetener, and “starchy” like a root vegetable, corn, bread, or
pasta, respectively.

3.9. Summary
In light of our current data, this study provides the first direct demonstration that humans
can taste glucose oligomers (average DP 7 and 14) through the gustatory system without
the confounding effect of salivary α-amylase and other sensory cues (i.e., odor and
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texture). The detection of glucose oligomers seemed to be independent of the
hT1R2/hT1R3 sweet taste receptor. In addition, the taste quality of glucose oligomers is
in fact different from that of sugars.
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3.13. Supplementary Information
3.13.1. Determination of efficacy of acarbose in inhibiting salivary α-amylase.
3.13.1.1. Subjects
A total of 12 subjects (5 M, 7 F) between 22 and 46 years of age (mean = 31) were
recruited from the Oregon State University campus and surrounding areas. Subjects who
participated in the study were non-smokers, not pregnant, not taking prescription pain
medication or insulin, have no history of taste or smell loss or other oral disorders, have
no oral lesions, canker sores, or piercings, and are without a history of food allergy. Prior
to the test session, subjects were asked to comply with the following restrictions: 1) no
dental work within 48 hrs; 2) no alcohol consumption within 12 hrs; 3) no consumption
of foods and beverages that are acidic or caffeinated and/or contain dairy within 4 hrs; 4)
no consumption of food or beverage of any kind except water within 1 hr; and 5) no use
of any menthol-containing products within 1 hr prior to the scheduled sessions. In order
to avoid deviations from normal α-amylase activity, subjects were also asked not to
engage in physically demanding activity an hour before the test sessions. The
experimental protocol was approved by the Oregon State University Institutional Review
Board. Subjects gave written informed consent and were paid to participate.
3.13.1.2. Stimuli
Three glucose oligomer and polymer substrates with distinct DP profiles were tested:
(S1) average DP, 7; (S2) average DP 14; and (S3) average DP 44 (see reference 5 for
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complete characterization). The substrates were produced from a commercially available
maltodextrin preparation as described in Balto et al. (2016).
3.13.1.3. Saliva collection and salivary α-amylase assay
Each subject participated in one session to donate saliva. Since salivary α-amylase
activity usually follows a diurnal cycle (Nater et al., 2007), subjects were always tested in
the morning. Whole, stimulated saliva was collected from subjects on the day that
salivary α-amylase activity was determined spectrophotometrically using chromaphorelabeled starch (Phadebas Amylase Test, Magle Life Sciences) as the substrate (Lapis et
al., 2014). Based on the activity assay results, 5 saliva samples representing low,
medium, and high amylase activities were used to assess rates of glucose oligomer
hydrolysis (see protocol below, Supplementary Fig. 3.1). The selection of α-amylase
activities and calculation of percentile rank were based on activities determined for 60
subjects, which ranged from 1-78 SAU/mg saliva (Lapis et al., unpublished data). The
salivary α-amylase activity unit (SAU) is defined as the amount of enzyme that changes
the absorbance of the supernatant by one absorbance unit during the 15 min reaction
period under the specified conditions (Lapis et al., 2014).
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(A)
Subject No.

1

2

3

4

5

α-amylase activity
(SAU/mg saliva)

3.9

7.8

14.5

24.3

43.3

Percentile rank*

9th

25th

62nd

83rd

96th

(B)

Supplementary Figure 3.1. (A) Salivary α-amylase activities (SAU/mg saliva) of the
subjects (n=5) used in in vitro hydrolysis of S1, S2, and S3. *Percentile rank is based on
salivary α-amylase activity data previously collected from 60 subjects (Lapis et al.,
unpublished data). (B)Accumulation (mg/mL) of DP 2-4 of hydrolysis, produced from
the in vitro hydrolysis of S1, S2, and S3 for the 5 subjects. St = stimuli (S1, S2, or S3);

81
sal = saliva; acar = 5 mM acarbose. The white, black and gray bars represent the amounts
in the original stimuli, when the stimuli were reacted with saliva, and when the stimuli
were reacted with saliva in the presence of acarbose. Notice that when stimuli was
reacted with saliva (black bars), hydrolysis products were made. However, when stimuli
were reacted with saliva in the presence of acarbose (gray bars), the amounts were
reduced, about similar to that of stimuli alone (white bars). The % inhibition of salivary
α-amylase activity was calculated up to 98% in the presence of acarbose.

3.13.1.4. In vitro hydrolysis of glucose oligomer and polymers
Saliva collection was done as described above and saliva samples were kept at 4-6°C
prior to assays. Five mL of 10% (w/v) S1, S2, and S3 solutions with or without 5 mM
acarbose and containing 1.18% (w/v) myo-inositol (as internal standard), were transferred
to glass screw-capped tubes. Substrate solutions and saliva were brought to 37°C
immediately prior to initiating the reaction. To initiate the reaction, 0.75 mL saliva was
added to each substrate-containing tube and the reaction allowed to proceed for 3 sec at
37°C. The volume of saliva used was consistent with the amount reportedly found to
remain in the oral cavity after swallowing (i.e., resting saliva)(Lagerlof and Dawes,
1984). At the conclusion of the reaction period, the reaction was terminated by adding 5
mL ~100°C water to each tube followed by the immediate immersion of tubes in boiling
water for 15 minutes with intermittent mixing. Tubes were then cooled to room
temperature and the content filtered through 3 kDa centrifugal filters (Amicon Ultra,
EMD Millipore, Darnstadt, Germany) to remove particulates that could interfere with the
performance of the HPLC column. About 0.3-0.4 mL of the filtrate was transferred to
HPLC vials and diluted 2-fold with deionized water. Control samples (i.e., S1, S2, and S3
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solutions reacted with buffer instead of saliva) were included in all reactions and were
treated following the same protocol.
3.12.1.5. High performance liquid chromatography (HPLC)
Saccharide profiles of DP 2-4 were determined using a Prominence UFLC-HPLC system
(Shimadzu, Columbia, MD). The system is equipped with a system controller (CMB20A), degasser (DGU-20A), solvent delivery module (LC-20AD), autosampler (SIL10A), column oven (CT20-A), and evaporative light scattering detector (ELSD-LT II).
Samples were separated using a combined AG 2+ polystyrene ion-exchange guard and
analytical columns (Supelcogel, Hercules, CA) at 80°C using deionized water as the
mobile phase at a flow rate of 0.20 ml/min. Saccharide concentrations were calculated
from standard calibration curves generated from five levels (i.e., 0.1, 0.3, 0.5, 0.7, and 0.9
mg/mL) of DP 2-4 standards with myo-inositol (0.5 mg/mL) as an internal standard. All
standards and samples were analyzed in duplicate. All peaks were integrated using LC
solution computer software (Shimadzu, Kyoto, Japan).
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4. Oral Digestion and Perception of Starch: Effects of Cooking, Tasting Time, and
Salivary α-Amylase Activity
4.1. Abstract
Since starch is a significant part of human diet, its oral detection would be highly
beneficial. This study was designed to determine whether starch or its degradation
products can be tasted and what factors influence its perception. Subjects were asked to
taste 8% raw and cooked starch samples for 5, 15, and 35 sec and rate their taste
intensities. The subjects also donated saliva, which were assayed for salivary α-amylase
activity. In addition, the subjects filled out a survey to obtain carbohydrate consumption
scores. Results showed that the taste ratings were not influenced by cooking and tasting
time at the concentration used. However, salivary α-amylase activity and carbohydrate
consumption score were found to modulate taste ratings. In order to elucidate the effects
of cooking and tasting time on oral digestion of starch, in vitro hydrolysis of starch was
performed. Saliva was collected from 5 subjects with low and high amylase activities and
reacted with 8% raw and cooked starch at 2, 15, and 30 sec. Hydrolysis products were
then quantified using a HPLC. The results showed that cooking was effective in aiding
hydrolysis and the amounts of hydrolysis products increased with reaction time. Further,
subjects with high amylase activity produced higher hydrolysis products than subjects
with low activity. In summary, starch can be tasted after tasting for 5-35 sec, potentially
due to hydrolysis products from oral digestion. In addition, current study suggests that
cooking, longer tasting time, and higher level of amylase activity all promote oral
digestion of starch.
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4.2. Introduction
Carbohydrates are the most abundant and diverse class of organic compounds occurring
in nature (Izydorczyk, 2005). Even considering only those readily utilized and
metabolized in human body, carbohydrates encompass a wide range of molecules and can
be classified into three groups: mono- and disaccharides (low molecular weight),
oligosaccharides (intermediate molecular weight), and polysaccharides (high molecular
weight). Although all three classes of saccharides present in natural food products (i.e.,
fruits, vegetables, edible roots, and grains), research on human gustatory responses to
carbohydrates has focused almost exclusively on mono- and disaccharides (i.e., simple
sugars). It is perhaps due to the long standing assumption that simple sugars are the only
class of carbohydrates that humans can taste (Jacobs, 1962; Feigin et al., 1987; Ramirez,
1991a).
In contrast, there has been considerable amount of research on animals’ gustatory
responses to complex carbohydrates. Studies have shown that rodents (Sclafani, 1987)
and some nonhuman primates (Laska et al., 2001) can taste starch-derived glucose
polymer mixtures (i.e., mixtures of glucose oligomers and polymers; e.g., maltodextrin,
Polycose) and that they may have separate taste receptors for simple and complex
carbohydrates. The existence of a distinctive glucose oligomer and/or polymer taste was
initially suggested by the findings that rodents show a strong preference for Polycose
(i.e., a commercial glucose oligomer and polymer mixture derived from cornstarch) over
water at varying concentrations (Feigin et al., 1987), but that aversions conditioned to
simple sugars or Polycose are only weakly cross-generalized (Nissenbaum and Sclafani,
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1987; Sako et al., 1994). Subsequent studies showed that gurmarin, an anti-sweet peptide,
suppresses responses to sugars, but not to Polycose (Sako et al., 1994), and further that
sucrose and Polycose produce different neural response profiles in rats (Giza et al., 1991).
Consistent with these electrophysiological findings, more recent studies revealed that
deletion of one or both components of the sweet taste receptor (i.e., T1R2/T1R3) in mice
severely impairs responses to sugars, while responses to Polycose remain near-normal
(Treesukosol et al., 2009, 2011; Zukerman et al., 2009; Treesukosol and Spector, 2012).
Recently, our lab serendipitously discovered that subjects can taste maltodextrin, a
commercial glucose oligomer and polymer preparations, in the absence of olfactory cues.
Accordingly, we set up formal psychophysical studies and showed that humans can taste
maltodextrin (Lapis et al., 2014). In that study, it was shown that responsiveness to
maltodextrin samples were highly correlated with one another but not necessarily with
glucose and sucrose, whereas the responsiveness to glucose and sucrose were
significantly correlated. These findings suggest that humans can taste glucose oligomers
and/or polymers and that such responsiveness is independent of that to simple sugars.
More recently, we fractionated maltodextin to separate specific chain length of glucose
oligomers and polymers (Balto et al., 2016) in order to determine which can be tasted.
The following samples were produced: (S1) average DP (degree of polymerization) 7;
(S2) average DP 14; and (S3) average DP 44. A psychophysical study revealed that
human subjects can discriminate glucose oligomers (i.e., average DP 7 and 14) from
water blanks in the absence of olfactory and textural cues. The same subjects, however,
could not discriminate glucose polymers (i.e., average DP 44) under the same condition
(Lapis et al., submitted). In addition, when the sweet taste receptor was blocked by

88
lactisole, a known sweet inhibitor, subjects could not detect sweet substances (glucose,
maltose, and sucralose), but they could still detect the glucose oligomers. These results
suggest that the detection of the glucose oligomers was independent of the hT1R2/hT1R3
sweet taste receptor mechanism (Lapis et al., submitted). Correspondingly, a focus group
revealed that subjects described the taste quality of glucose oligomers as “starchy” like
root vegetable, corn, bread, and pasta (Lapis et al., submitted). While these data suggest
that humans may have a carbohydrate receptor that is activated by glucose oligomers,
they also raise a question regarding the availability of glucose oligomers in the human
diet. In fact, glucose oligomers are not ubiquitous in nature as a food source. However, it
is important to recognize that glucose oligomers can be produced in the mouth during
oral digestion of starch by way of salivary α-amylase hydrolysis.
Starches account for 60-70% of all calories consumed by humans in modern
environment (Robyt, 2008). Starch can be found in various botanical sources such as
cereals (e.g., corn, rice) and root vegetables (e.g., potato, cassava). It consists of two
types of glucose polymers; amylose, about 1,000 glucose units linked by linear α-1, 4
glucosidic linkages, and amylopectin, an average of ~100,000 glucose units linked by
branched α-1, 6 glucosidic linkages (Wang et al., 1998; Robyt, 2008). Taste perception of
starch was thought to be unlikely, since starch granules are stored in plants as water
insoluble granules and thereby cannot interact with taste receptors (Birch, 1987; Ramirez,
1991a; Wang et al., 1998). However, when aqueous starch suspensions are heated at their
gelatinization temperature (i.e., 61 – 99 °C depending on the botanical source) (Biliaderis
et al., 1980; Robyt, 2008), starch granules swell and lose their crystalline character;
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during and after this event some of the starch molecules leach into solution (Robyt,
2008).
While the structure of soluble starch may be too bulky to bind to a taste receptor
(Birch, 1987; Ramirez, 1991a), the concurrent actions of mastication and enzymatic
hydrolysis during oral digestion provide a degradation environment that alters both the
physical and chemical characteristics of starchy foods. During mastication, food is
physically converted into smaller particles and it is lubricated by saliva, allowing salivary
α-amylase to reach available starch molecules (Hoebler et al., 1998). Salivary α-amylase,
an endo-acting enzyme, catalyzes the hydrolysis of α-1,4 glucosidic linkages at the
interior of the polymeric starch chains to produce shorter chain saccharides including
maltose, maltotriose, and larger glucose oligomers (Robyt and French, 1970; Jacobsen et
al., 1972; Robyt, 2008).
A number of studies have investigated factors affecting the efficiency of α-amylasecatalyzed starch degradation. Results have shown that an acidic environment (e.g., acidic
drinks) negated the hydrolysis effect of salivary α-amylase on starch (Hanson et al.,
2012a, 2012b). On the other hand, cooking increased the rate of degradation, because
gelatinization and solubilization made starch more readily available for hydrolysis (Snow
and O’Dea, 1981). In addition, it was shown that starch breakdown occurred within a
short tasting time period (e.g., 10-20 sec) and as the reaction time increased, the extent of
starch hydrolysis increased (Snow and O’Dea, 1981; de Wijk et al., 2004; Ferry et al.,
2004; Hanson et al., 2012a, 2012b). Not only do the physical characteristics and tasting
conditions of starch directly affect the rate of hydrolysis, but genetic variation and diet
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have also been shown to be related to the level and/or enzymatic activity of salivary αamylase. Copy number of the salivary α-amylase gene (i.e., AMY1) was found to be
positively correlated both with salivary α-amylase protein levels (Mandel et al., 2010)
and with a diet high in starch (Perry et al., 2007). Those individuals with high amylase
levels were also found to hydrolyze starch solutions faster and more significantly than
those with low salivary amylase levels as shown through time-intensity ratings of
viscosity, which track the digestion of starch during oral manipulation (Mandel et al.,
2010). While findings of these studies are valuable to understand the initial digestion of
starch in the oral cavity (Hoebler et al., 1998; de Wijk et al., 2004; Ferry et al., 2004;
Hanson et al., 2012b) and the perceptual changes of oral viscosity or thickness of foods
(de Wijk et al., 2004; Mandel et al., 2010), previous studies have not examined the effects
of salivary amylase and related factors on taste perception of starch.
The current study was thus designed to investigate taste perception of starch and the
factors that influence its perception. The factors considered were method of sample
preparation (i.e., cooking), length of tasting time, and individual differences in the degree
of salivary α-amylase activity production and complex carbohydrate consumption. It was
hypothesized (1) that starch itself cannot be tasted because of its insolubility and bulky
structure; (2) that cooking would solubilize starch, which in return becomes more readily
available for salivary α-amylase hydrolysis and thus the hydrolysis products would then
be more readily detectable especially with longer tasting time; (3) that the degree of
salivary α-amylase activity production would influence oral digestion and the taste
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perception of starch due to differences in efficiency of hydrolysis; and (4) that the degree
of carbohydrate consumption would also influence taste perception.

4.3. Experiment 1
Taste Perception of Starch
4.3.1. Materials and Methods
4.3.1.1. Subjects
A total of 60 subjects (40 F, 20 M) between 18 and 44 years of age (mean = 23 yrs old)
were recruited from the Oregon State University campus and surrounding area.
Individuals who were interested in participating in a taste perception study were asked to
fill out a screening questionnaire, which consists of questions about general health.
Subject inclusion criteria were individuals who are: 1) non-smokers; 2) not pregnant; 3)
not diabetic; 4) not taking any prescription medication; 5) free from taste deficit or other
oral disorders; and 6) without a history of food allergy. Respondents who met all of the
above criteria were invited to participate in the study. In order to prevent deviation from
normal α-amylase activity, subjects were asked to comply with the following restrictions
prior to their test sessions: 1) no dental work within 48 hrs; 2) no alcohol consumption
within 12 hrs; 3) no consumption of foods and beverages that are acidic or caffeinated,
and/or contain dairy within 4 hrs; 4) no consumption of food or beverage of any kind
except water within 1 hr; 5) no use of any menthol-containing products (e.g., toothpaste,
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mouthwash, chewing gums) within 1 hr ; and 6) no physically demanding activity on the
morning of their scheduled sessions (Chatterton et al., 1996; Rohleder and Nater, 2009).
The experimental protocol was approved by the Oregon State University Institutional
Review Board and complies with the Declaration of Helsinki for Medical Research.
Subjects gave written informed consent and were paid to participate.
4.3.1.2. Stimuli
A total of 3 test stimuli, prepared as aqueous solutions (% w/v), were used in the
experiment: 6% glucose (Sigma-Aldrich, St. Louis, MO) and 8% raw and cooked corn
starch samples (73% amylopectin, 27% amylose; S4126 Sigma-Aldrich, St. Louis, MO).
Aqueous solutions of 8% w/v glucose and 8% w/v raw and cooked starch were also used
as practice stimuli. The cooked starch sample was prepared by heating a starch
suspension on a temperature-controlled magnetic stir plate at 90°C for 20 min with
continuous stirring using a magnetic stir bar. The concentration of starch was chosen to
use the maximum possible amount that can be incorporated into the solution without
incurring difficulty while stirring the starch samples. Concentrations higher than 8%
rendered the starch too viscous while cooking and too pasty upon cooling. Glucose
solution was included as a taste control and its concentration (6% w/v) was determined
during pilot tests. The concentration was chosen because it elicits a weak sweet sensation
that can be clearly differentiated from the taste of starch. Glucose solution was prepared
at least 12 h before the test session to allow for complete mutarotation of glucose
tautomers (Pangborn and Gee, 1961) and was stored at 4−6°C. Raw and cooked starch
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samples were prepared fresh daily. All stimuli were prepared with deionized water and
were allowed to come to room temperature (21-23°C) before providing to the subjects.
4.3.1.3. Experimental Protocol
Each subject participated in one experimental session, which was divided into three parts:
psychophysical study, saliva collection, and completion of survey. Since salivary αamylase levels usually follow a diurnal pattern (Nater et al., 2007), all subjects were
tested in the morning, from 9 to 11 a.m. The testing was conducted on a one-on-one basis
in a psychophysics laboratory.
4.3.1.3.1. Psychophysical procedure. Data were collected using the general version of the
Labeled Magnitude Scale (gLMS) (Green et al., 1993, 1996; Bartoshuk et al., 2003). The
gLMS was chosen to capture perceived intensities of the samples along with their
corresponding semantic labels and also to make valid comparisons across individuals and
groups. Prior to psychophysics data collection, subjects were verbally instructed on how
to use the general version of the Labeled Magnitude Scale (gLMS). The scale was
displayed on a computer monitor and subjects used a mouse to move a cursor along the
scale to make their ratings. After the experimenter explained the unique structure of the
scale in detail, the subjects rated a list of 15 remembered or imagined sensations (e.g., the
sweetness of cotton candy, the heat of drinking boiling hot tea, the weight of a feather in
the hand) to practice using the gLMS in the broad context of sensations encountered in
everyday life.
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In order for the subjects to become acquainted with the task to be performed and the
different types of stimuli, subjects were given practice ratings before proceeding to actual
taste intensity ratings. During practice, taste quality descriptors were first generated from
each subject. Subjects were instructed to actively taste 1 mL of practice stimuli (8% raw
and cooked starch, 8% glucose) by making gentle smacking motions between the tongue
and the roof of the mouth for 15 sec, expectorate, and describe the taste qualities
perceived from the stimuli. Active tasting was encouraged to allow for more efficient
incorporation of saliva into the stimuli and also to mimic a more natural eating condition.
To eliminate any olfactory input from the test stimuli, subjects were asked to wear nose
clips when tasting the stimuli, which were found to be effective in rendering odorous
compounds odorless (Hettinger et al., 1990). Since subjects wore nose clips, which posed
difficulty in breathing they were told to breathe by inhaling and exhaling while they open
their mouths halfway (after 7 sec) during the tasting period. They were not allowed to
remove the nose clips until after they have provided taste quality descriptors and also
were prompted to breathe at the 7 sec time point. Once quality descriptors were obtained,
subjects were asked to rate the perceived intensities of sweetness and “other” taste after
actively tasting 1 mL of 8% cooked starch for 15 sec. “Other” taste was defined as any
taste quality other than sweetness, which included the quality descriptors that the subject
described for starch (e.g., “cracker-“, “flour-“, “rice-“, “tapioca-“, and “starchy”). If
subjects could not provide specific descriptors, they were told that “other” taste can
include qualities such as “bread-”, “cracker-”, “cereal-”, or “rice-like”. After indicating
their ratings, subjects were also asked to verbally describe mouthfeel (e.g., gel-, puddinglike, thick) perceived from the stimuli. This encouraged the subjects to consider
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mouthfeel separately from taste and thus to help prevent dumping of mouthfeel into taste
ratings (Lawless and Clark, 1992; Clark and Lawless, 1994).
Once the training was completed, the actual testing proceeded following the tasting
procedure mentioned above. During the actual test, subjects tasted the test stimuli for
three different time periods: 5, 15, and 35 sec while wearing nose clips. Since the nose
clips made breathing impossible through the nose, subjects were asked to breathe through
their mouth once during the 15 sec tasting time period (after 7 sec) and three times during
the 35 sec tasting time period (after 9, 18, and 27 sec). Again, subjects were prompted to
breath at the designated time points. Each time period served as a tasting block. The
orders of tasting block and stimuli presentation within each tasting block were
randomized and counter-balanced across subjects. A three-minute break was provided
between each tasting block. All samples were directly put in the subjects’ mouth one by
one by the experimenter using mini spoons. This was done to avoid spills and to ensure
convenient and consistent delivery of the stimuli into the subjects’ mouths. Subjects
rinsed at least three times with 37°C deionized water during a 1-min inter-stimuli
interval.
4.3.1.3.2. Saliva collection. Whole, stimulated saliva was collected from each subject.
Subjects were asked to chew on a 3-cm plastic drinking straw to the beat of a metronome
(80 beats/min) for 60 sec and then expectorate their saliva into pre-weighed
polypropylene tubes. The tubes were weighed after the saliva collection to calculate the
rate of salivary flow (mg/s). Saliva samples were stored at 4-6°C until assayed for
salivary amylase activity, which was conducted in the afternoon of the same day. The

96
salivary α-amylase assay was conducted following the procedure described in (Lapis et
al., 2014). One salivary α-amylase activity unit (SAU) was defined as that amount of
enzyme that changes the absorbance of the test solution by one absorbance unit during
the 15 min reaction at 37°C and pH 7. Rates of salivary α-amylase activity production
(SAU/s) were computed by taking the product of the salivary flow rate (mg/sec) and the
corresponding SAU per mg saliva.
4.3.1.3.3. Survey for carbohydrate consumption. Subjects were asked to fill out a
questionnaire in order to estimate the amount of carbohydrate-rich food consumed at a
given time period. The questionnaire resembled the Block 2005 Food Frequency
Questionnaire (NutritionQuest, Berkeley, CA), but included only 22 carbohydrate-rich
food items (e.g., bagel, bread, crackers, pasta, potato, rice, etc.). For each food item, an
approximate serving size (e.g., ½ bagel, 1 slice of bread, ½ cup cooked pasta) was also
provided. The common serving sizes were adapted from web-based sources [United
States Department of Health and Human Services (US Department of Health and Human
Services) and Massachusetts Institute of Technology (MIT) Sports Medicine
(Massachusetts Institute of Technology)] as well as nutritional labels. Subjects indicated
the average number of servings (e.g., 1, 2, 3) and the frequency of their consumption (i.e.,
everyday, 6, 5, 4, 3, 2, 1, 0 times of the food items per week). Carbohydrate consumption
scores were calculated by multiplying the number of servings by frequency of
consumption.
4.3.1.4. Subject Screening
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Once data collection was completed, the taste intensity ratings from each subject were
examined. Data revealed that given the low concentration of starch samples provided, not
all subjects were able to detect the taste sensation of the samples. Therefore, data from
those subjects who rated the ‘other’ taste of the starch samples above ‘barely detectable’
were included in the actual data analysis (N=35; 12 M, 23 F).
4.3.1.5. Data Analysis
Data from taste intensity ratings were log transformed prior to statistical analysis since
responses on the gLMS tend to be log-normally distributed across subjects (Green et al.,
1993, 1996). Repeated-measures Analysis of Variance (ANOVA) and Tukey’s honestly
significant difference (HSD) tests were performed to determine the effect of tasting time
and sample preparation method. The t-test for independent samples was performed to
determine if there were significant differences in intensity ratings of the stimuli between
individuals with low and high rates of α-amylase activity production and carbohydrate
consumption scores. The statistical significance criterion was set at P < 0.05. All
statistical analyses were performed using Statistica 12 (StatSoft Inc., Tulsa, OK).
4.3.2. Results
4.3.2.1. Taste perception of starch
Repeated measures ANOVA performed on the log perceived sweetness and “other” taste
intensity ratings for the test stimuli showed significant effect of stimulus (F2, 68 = 220.6, P
< 0.05; F2, 68 = 37.8, P < 0.05, respectively) (see Fig. 4.1). Tukey’s HSD test revealed
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that the significant effect of stimulus on sweetness ratings was derived from higher mean
rating for glucose compared to raw and cooked starch samples (Fig. 4.1A). Conversely,
the significant effect of stimulus on “other” taste ratings resulted from lower mean ratings
for glucose compared to raw and cooked starch samples (Fig. 4.1B). On the other hand,
no significant effect of tasting time was observed on the mean perceived sweet and
“other” taste intensity ratings (F2, 68 = 0.06, P > 0.05; F2, 68 = 0.06, P > 0.05,
respectively).
4.3.2.2. The role of salivary α-amylase in the taste perception of starch
Similar to what was observed in our previous study (Lapis et al., 2014), subjects’ salivary
α-amylase activity unit (SAU/mg saliva) and salivary flow rate (mg/s) showed no
correlation. Hence, rates of α-amylase activity production (SAU/s) were calculated by
multiplying α-amylase activity unit per mg saliva and salivary flow rate (mg/s). The
subjects were then divided into two groups based on rates of α-amylase activity
production. The bottom and top 50% of the subjects were categorized as ‘low’ and ‘high’
groups, respectively. Results of independent t-tests showed that the ‘high’ group had
significantly higher mean rate of salivary α-amylase activity production than the low
groups (t = 3.55, P < 0.05; see Table 4.1).
The effect of salivary α-amylase rate of production on the taste responsiveness to
starch samples was tested. Since no significant main effect of tasting time effect was
observed, the taste intensity ratings were combined across the different time periods to
simplify data analysis and presentation. Figure 4.2 shows the mean log “other” taste
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intensities for glucose, raw starch, and cooked starch. Results showed that the high
amylase group had significantly higher “other” intensity ratings than the low group for
cooked starch (t = 3.02, P < 0.05) but not for glucose (t = 0.48, P > 0.05) and raw starch
(t = 0.61, P > 0.05).

Figure 4.1. Log means perceived sweetness and “other” taste intensities ± standard error
of the test stimuli at 5, 15, and 35 sec tasting times (n = 35). “Other” taste was described
by subjects as “cracker-“, “flour-“, “rice-“, “tapioca-“, and “starch-like”. Letters on the
right y-axis represent the semantic labels of the gLMS: BD = barely detectable; W =
weak; M = moderate.
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Table 4.1. Mean (± SE) rates of α-amylase activity production (SAU/s) and carbohydrate
consumption scores between groups of subjects1
Low group

High group

α-Amylase activity production *

81.3 ± 10.7

552.1 ± 132.3

Carbohydrate consumption
scoreb*

27.7 ± 2.2

67.5 ± 5.8

a

1

Groupings are made based on bottom and top 50% for low and high group, respectively
Total n = 35; n = 17 for low group, n = 18 for high group
b
Total n = 34; n = 17 for low group, n = 17 for high group
* P < 0.05, independent t-test
a

Figure 4.2. Log means perceived “other” taste intensity ± standard error of the test
stimuli grouped by subjects’ rate of α-amylase activity unit production (SAU/s). “Other”
taste was described by subjects as “cracker-“, “flour-“, “rice-“, “tapioca-“, and “starchlike”. Letters on the top x-axis indicate subject grouping: L = low [bottom 50%, n=17]; H
= high [top 50%, n=18]. The bottom x-axis shows the stimuli tested. Letters on the right
y-axis represent semantic labels of the gLMS: BD = barely detectable; W = weak; M =
moderate. *P < 0.05, independent t-tests between low and high groups.
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4.3.2.3. The role of carbohydrate intake in the taste perception of starch
Individual carbohydrate consumption scores were calculated by multiplying the amount
by the frequency of consumption of carbohydrate-rich foods listed in the survey provided
to the subjects. The subjects were then divided into two groups based on their
carbohydrate consumption scores (i.e., bottom and top 50% of the subjects corresponded
to low and high groups, respectively). The subjects consisted of a total of N=34 and thus
had N=17 each for low and high groups. Results of independent t-tests showed that the
high groups had significantly higher mean carbohydrate consumption scores than the low
groups (t = 6.43, P < 0.05; Table 4.1).
When the role of carbohydrate intake on “other” taste responsiveness of subjects
was determined (Fig. 4.3), it was found that subjects with high carbohydrate consumption
score showed significantly higher taste intensity ratings for cooked starch than those with
low scores (t = 2.71, P < 0.05), but not for glucose (t = 1.31, P > 0.05) and raw starch (t =
0.24, P > 0.05, Fig. 4.3).

102

Figure 4.3. Log means perceived “other” taste intensity ± standard error of the test
stimuli grouped by subjects’ carbohydrate consumption scores. “Other” taste was
described by subjects as “cracker-“, “flour-“, “rice-“, “tapioca-“, and “starch-like”.
Letters on the top x-axis indicate subject grouping: L = low [bottom 50%, n = 17]; H =
high [top 50%, n = 17]. The bottom x-axis shows the stimuli tested. Letters on the right
y-axis represent semantic labels of the gLMS: BD = barely detectable; W = weak; M =
moderate. * P < 0.05, independent t-tests between low and high groups.

4.4. Experiment 2
In Vitro Hydrolysis of Starch
Results of the first experiment showed that contrary to our assumptions, the taste
responsiveness was not influenced by cooking and tasting time. Thus, in this experiment,
the oral digestion of starch was investigated through an in vitro salivary α-amylase
hydrolysis to further understand the conditions that were involved in the modulation of
taste ratings to starch in the first experiment. Specifically, this experiment was conducted
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(1) to quantify the in vitro hydrolysis products of starch using high performance liquid
chromatography (HPLC) and (2) to determine the influence of method of sample
preparation, reaction time, and salivary α-amylase on in vitro hydrolysis products of
starch.
4.4.1. Materials and Methods
4.4.1.1. Subjects
A total of 5 subjects (2 F, 3 M) between 20-30 years of age (mean = 25) participated in
the study. These subjects were invited back to participate based on their relative αamylase activities measured in the first experiment. Two subjects had high α-amylase
activity while three had low activity. Inclusion/exclusion criteria and constraints for the
subjects were the same as Experiment 1.
4.4.1.2. Stimuli
A total of two stimuli, prepared as aqueous solutions (% w/v), were used in the
experiment: 8% raw and 8% cooked corn starch (S4126, Sigma-Aldrich, St. Louis, MO).
Stimuli were prepared in the same manner as described in the first experiment.
4.4.1.3. Experimental Protocol
4.4.1.3.1. Saliva collection. All subjects came in at 9 am and donated whole, stimulated
saliva following the protocol described in Experiment 1. To ensure that each subject’s
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activity was within the expected low and high range as determined in the first
experiment, the saliva samples were assayed for α-amylase activity.
4.4.1.3.2. In vitro hydrolysis of starch. On the same day, the saliva samples and starch
stimuli were separately placed in a water bath at 37°C for at least 30 min. One mL of the
starch stimuli was pipetted into screw-capped glass tubes, which contain 1 mL of 8
mg/mL myo-inositol (Sigma-Aldrich, St. Louis, MO). Myo-inositol was chosen as the
internal standard for HPLC analyses since it is not hydrolyzed by salivary α-amylase and
it does not impact the resolution of MOS of DP 1-8. Since no tasting time effect was
observed in the psychophysical study, we speculated that hydrolysis may occur even
before 5 sec. Thus, 0.75 mL saliva was reacted with the starch stimuli for 2, 15, and 30
sec at 37°C. The volume of the saliva used was the mean amount of residual saliva found
to remain in the oral cavity after swallowing (i.e., resting saliva) (Lagerlof and Dawes,
1984). A constant volume of saliva was used such that expected differences in the
amounts of hydrolysis products could be attributed to differences in α-amylase activities.
Saliva and stimuli were incubated for the specified times prior to terminating the reaction
by the addition of 5.25 mL boiling deionized water. The tubes were immediately
vortexed for 2 sec and immersed in a boiling water bath for an additional 15 min with
occasional vortexing. The sample solutions were then filtered using a Whatman® 1 filter
paper through a Buchner funnel to separate visible solids. The filtrate was again filtered
through a 3 kDa centrifugal filter (Amicon Ultra, EMD Millipore, Darnstadt, Germany)
for 1 h to remove biological compounds (i.e., proteins from saliva) that could interfere
with the performance of the HPLC column. A 0.3 – 0.4 mL aliquot of the filtrate was
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then collected, transferred to HPLC vial and diluted 2-fold with deionized water (i.e., 16fold final dilution). Control samples (i.e., two starch stimuli added with buffer instead of
saliva) were included in all reactions and underwent the same conditions as the stimuli.
The samples were then injected to HPLC to determine the amount of hydrolysis products.
4.4.1.3.3. High performance liquid chromatography (HPLC). The amounts of simple
sugars (i.e., DP 1-2) and MOSs DP 3-8 produced through salivary a-amylase hydrolysis
were quantified using a Shimadzu Prominence UFLC HPLC system (Kyoto, Japan) and
an evaporative light scattering detector (ELSD-LT II). DP 1-8 were the only saccharides
that were analyzed since there are no commercially available standards for DP 9+. MOS
were analyzed by injecting 20 µL of the hydrolysate-containing samples into the HPLC
system where they were eluted at 0.2 mL/min at 80 °C using deionized water as the
mobile phase and Ag2+ polystyrene ion-exchange guard and analytical columns
(Supelcogel, Hercules, CA) as the stationary phase. The simple sugar and MOS
concentrations were calculated from an internal standard curve generated from five levels
of DP 1-8 (0.1, 0.3, 0.5, 0.7, 0.9 mg/mL) with myo-inositol (0.5 mg/mL) as the internal
standard. DP 1 and 2 (i.e., glucose and maltose) were procured from Sigma-Aldrich (St.
Louis, MO) while DP 3-8 (i.e., maltotriose, maltotetraose, maltopentaose, maltohexaose,
maltoheptaose, maltooctaose) were procured from Carbosynth (Berkshire, UK). All peaks
were integrated by the LCsolution computer software (Shimadzu, Kyoto, Japan).
4.4.2. Results
4.4.2.1. Effects of cooking and reaction time on in vitro hydrolysis of starch
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Table 4.2 shows the amount of hydrolysis products (mg/mL) produced through in vitro
salivary α-amylase hydrolysis of raw and cooked starch samples at 3 different reaction
times. No DP 1 (i.e., glucose) was produced from both starch samples at all reaction time
points similar to data found in the literature (Whelan and Roberts, 1953; Parrish et al.,
1970; Robyt and French, 1970). Repeated measures ANOVA performed on total DP 2-8
showed significant effect of cooking (F1, 4 = 18.0, P < 0.05) and reaction time (F2, 8 =
11.0, P < 0.05) but not their interaction (F2, 8 = 4.1, P > 0.05). Cooked starch had
significantly higher amount of total DP 2-8 than raw starch at all three reaction times
tested (Table 2, see total DP 2-8 across time points, P < 0.05). Results also indicated that
raw and cooked starches were hydrolyzed even at 2 sec as shown by the presence of DP
2-8 at this reaction time. In raw starch, amounts of total DP 2-8 showed an increasing
trend with increasing reaction time, although the differences were not significant (P >
0.05). In cooked starch, amounts of total DP 2-8 increased with increasing reaction time
with those at 30 sec being significantly higher than at 2 sec (P < 0.05), but not necessarily
at 15 sec. The amounts of individual saccharides produced from the hydrolysis were also
examined. Results showed that there was a significant effect of cooking (P < 0.05) on DP
5, 6, 7, and 8 but not reaction time (P > 0.05). On the other hand, cooking had a
significant effect on DP 3 and 4 only when reacted at 30 sec (P < 0.05). Meanwhile, no
significant effect of cooking and reaction time was observed on DP 2 (P > 0.05). Further,
it seemed that over time, shorter chain saccharides (i.e., DP 2 and 3) were produced more
than the longer chain saccharides (i.e., DP 4-8), especially in cooked starch. This is due to
the fact that DP 2 and 3 are the hydrolysis end products and thus their products are built
up over time, while DP 4-8 are on a steady state (i.e., they are broken down as they are

107
utilized as substrates for α-amylase). Note that raw and cooked starch samples that were
not reacted with saliva were also tested as control samples and no DP 1-8 were found
(data not shown).
4.4.2.2. The effect of different levels of salivary α-amylase activity on the in vitro
hydrolysis of starch
To determine the role of different levels of salivary α-amylase on the in vitro hydrolysis
of starch, the subjects (n=5) were grouped according to their α-amylase activity unit.
Three subjects belonged to the low group (mean ± SE α-amylase activity unit: 4.0 ± 0.4
SAU/mg) while two belonged to high group (mean ± SE α-amylase activity unit: 24.1 ±
3.0 SAU/mg). The mean total DP 2-8 (mg/mL) were then calculated and compared
between subjects with low and high α-amylase activity unit (Fig. 4.4). Results showed a
trend for higher mean total DP 2-8 produced from raw starch at 2, 15, and 30 sec by
subjects with high α-amylase activity than with low activity, although the difference was
not significant (P > 0.05). The mean total DP 2-8 hydrolyzed from raw starch by subjects
with low α-amylase activity accounted for 5.0, 5.0, and 7.3% of the starting material at 2,
15, and 30 sec, respectively, while by those with high activity accounted for 9.8, 10.1,
and 11.2%, respectively. Results also showed that subjects with high α-amylase activity
produced significantly higher mean total DP 2-8 from cooked starch at 15 and 30 sec (F2,
8

= 11.0, P < 0.05) than with low activity but not at 2 sec (F2, 8 = 11.0, P > 0.05). The

mean total DP 2-8 from cooked starch from subjects with low α-amylase activity
accounted for 15.5, 17.3, and 20.0% of the starting material at 2, 15, and 30 sec,
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Table 4.2. Mean (± SE) levels (mg/mL) of hydrolysis products produced through in vitro α-amylase hydrolysis of 8% (w/v) raw
and cooked starch at 3 different reaction times
Raw starch

Cooked starch

2 sec

15 sec

30 sec

2 sec

15 sec

30 sec

ND

ND

ND

ND

ND

ND

Disaccharide, DP 2

1.0b ± 0.4

1.3b ± 0.3

1.9ab ± 0.1

2.0ab ± 0.3

3.6ab ± 1.1

5.1a ± 1.8

Trisaccharide, DP 3

1.4c ± 0.3

1.4c ± 0.4

1.9c ± 0.1

2.1bc ± 0.2

3.6ab ± 0.8

4.8a ± 1.0

Tetrasaccharide, DP 4

1.3c ± 0.3

1.3c ± 0.3

1.7bc ± 0.1

1.9abc ± 0.1

2.6ab ± 0.3

2.9a ± 0.3

Pentasaccharide, DP 5

0.7b ± 0.4

0.7b ± 0.4

0.7b ± 0.4

1.7a ± 0.1

1.7a ± 0.1

1.7a ± 0.1

Hexasaccharide, DP 6

0.3b ± 0.3

0.3b ± 0.3

0.3b ± 0.3

1.3a ± 0.3

1.6a ± 0.1

1.6a ± 0.1

Heptasaccharide, DP 7

0.7b ± 0.4

0.3b ± 0.3

0.3b ± 0.3

1.5a ± 0.1

1.6a ± 0.1

1.6a ± 0.1

Octasaccharide, DP 8

0.3b ± 0.3

0.3b ± 0.3

0.3b ± 0.3

1.8a ± 0.1

1.8a ± 0.1

1.8a ± 0.1

Total DP 2-8

5.6d ± 1.9

5.7d ± 1.8

7.1cd ± 1.5

12.4bc ± 0.3

16.5ab ± 1.8

19.6a ± 2.4

~74.4

~74.3

~72.9

~67.6

~63.5

~60.4

Monosaccharide, DP 1

Other saccharides, DP 9+ *

Values obtained from a total of 5 subjects; each sample was reacted with a constant volume of saliva from each subject.
Sample means with different superscripts (i.e., a, b, c) within each row indicate significant differences at P < 0.05 by Tukey’s
Honestly Significant Difference Test
* Theoretical values obtained by subtracting total DP 2-8 from 80 mg/mL, the starting concentration of the starch samples
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respectively, while those from high α-amylase accounted for 15.5, 25.8, and 31.3%,
respectively.

Figure 4.4. Mean total DP 2-8 ± standard error from 8% (w/v) raw and cooked starch at
2, 15, and 30 sec by subjects with low (n=3) and high (n=2) α-amylase activity unit
(SAU/mg). The bars represent subject grouping. Unfilled bar: L = low; filled bar: H =
high. * P < 0.05, independent t-tests between low and high groups.
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4.5. Discussion
4.5.1. Target substrates for taste perception of starch
The present data support the idea that starch can be tasted after it is actively tasted and
hydrolyzed by salivary α-amylase to shorter chain glucose oligomers and polymers. It is
unlikely that starch itself is the main source of the substrate for taste perception, if at all.
As mentioned earlier, starch consists of two types of glucose polymers that are large in
terms of molecular size; amylose, about 1,000 glucose units and amylopectin, about
100,000 glucose units (Wang et al., 1998; Robyt, 2008). Because of its bulky structure as
well as its insolubility, starch granules probably cannot bind to a taste receptor (Birch,
1987; Ramirez, 1991a; Wang et al., 1998). However, during oral digestion, salivary αamylase rapidly hydrolyzes α-1, 4 glucosidic bonds in the polymeric starch chains to
produce shorter chain saccharides, including maltose, glucose oligomers, and shorter
chain glucose polymers (Robyt and French, 1970; Jacobsen et al., 1972; Robyt, 2008).
Note that regular corn starch, which was used in this study, consists of 23% amylose and
73% amylopectin. The glucose units in the amylopectin molecule are mostly linked
linearly (i.e., α-1, 4 linkages) with branching (i.e., α-1, 6 linkages) only occurring about
5% of the time (e.g., 50 branch linkages for every 1,000 linkages) (Robyt, 2008). Also
note the absence of glucose in the salivary amylase-catalyzed hydrolysis of starch, as
evidenced by our in vitro digestion study (see Table 4.2). Thus, one may speculate on the
target substrates that are responsible for the perception of starch.
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First, it is possible that maltose contributed to the taste responsiveness to the starch
samples, although it is unlikely that maltose was fully responsible for the responsiveness.
Current results from the in vitro digestion study showed that only 1.0 – 1.9 and 2.0 - 5.1
mg/mL of maltose were produced by α-amylase from the original concentration (80
mg/mL) of raw and cooked starches, respectively (see Table 4.2). Considering only 8%
starch samples were presented to the subjects in our psychophysical study, approximately
0.1 - 0.2% and 0.2 - 0.5% (w/v) of maltose might have been produced from raw and
cooked starch samples, respectively. These estimated amounts are below the known
detection threshold of 1.3% for maltose (American Society for Testing and Materials,
1973), which suggest that without accounting for potential synergistic interaction with
other saccharides, maltose by itself was not the primary source of taste responsiveness to
starch samples.
Second possibility is glucose oligomers produced via salivary α-amylase hydrolysis
of starch. The presumption that humans can taste glucose oligomers is supported by our
recent data that showed that in the absence of olfactory and textural cues, humans could
taste 75 mM glucose oligomers with average DP 7 and 14 but not glucose polymers with
average DP 44 (Lapis et al., submitted). Note that the definition of oligomers varies
across fields of study; some consider those that contain 2-10 monomer units as oligomers
(Rocklin and Pohl, 1983; Sclafani, 1987), while others count monomer units up to 20 as
oligomers (Hughes and Johnson, 1981). Unfortunately, the full hydrolysis profile of
starch beyond DP 8 was not quantified in the current study because commercial HPLC
standards for DP 9+ are not available for purchase.
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It is important to point out that the values of DP 9+ estimated for raw starch
included insoluble, unhydrolyzed starch granules along with a minor amount of soluble
hydrolysis products. While it is commonly believed that only soluble hydrolysis products
cause taste receptor mediation and therefore taste responsiveness (Birch, 1987), a
gustatory mechanism that detects insoluble raw starch has also been proposed (Ramirez,
1991a). Findings showed rats were able to detect low concentrations of raw starch (i.e.,
0.5%) suspended in water from several species of plants (i.e., corn, rice, wheat, and
potato), while they ignored comparable concentrations of cellulose suspended in water
(Ramirez, 1991a). It was also found that TRPM5 knockout mice display greatly reduced
starch preference, which implicates gustatory mediation of starch preference (Sclafani et
al., 2007). It is noteworthy that detection of raw starch seems to be independent of starch
hydrolysis products (e.g., Polycose). Conditioned aversions of rats to starch and Polycose
do not cross generalize (Ramirez, 1991b) and gustducin knockout mice display normal
starch preference, but not Polycose (Sclafani et al., 2007).
4.5.2. Role of other sensory cues in the detection of starch hydrolysis products
Certainly, taste is not the only sensory cue that can be used for starch detection. It can be
argued that the most notable sensory property of starch is its unique texture (Mason,
2009), which varies greatly depending on many factors including concentration and
moisture-heat treatments (Conde-Petit, 2003; Mason, 2009). Starches also evoke a mild
odor, potentially due to the presence of volatiles that are present in the raw materials
(Robyt, 2008). To prevent olfactory and textural inputs into taste ratings, subjects were
asked to wear nose clips and to describe texture qualities, respectively. Subjects described
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glucose as sweet, while they described the starch samples as “cracker-“, “flour-“, “rice-“,
“tapioca”, and “starch-like” among others. These descriptors were consistent with recent
data from a focus group study wherein subjects described the taste of glucose oligomers
as ‘starchy’ like a root vegetable, corn, bread, or pasta (Lapis et al., submitted). There
was no guarantee that every subject was able to objectively separate taste from texture,
especially since the descriptors provided by subjects could also be interpreted as texturelike qualities. However, if subjects were incorporating texture with taste, it is expected
that mean ratings would be much higher. In fact, the mouthfeel of the cooked starch
sample was highly viscous (e.g., similar to a thick starch paste, thicker than pudding) and
the raw starch sample was very sandy/gritty.
4.5.3. Effect of cooking and tasting time on oral digestion and the perception of
starch
Results of this study showed that cooking and tasting time influenced the extent of oral
digestion. The findings showed that cooking significantly increased the amount of
hydrolysis products especially as starch is digested for a longer period of time; DP 2-8
produced from raw starch was 8.9% max compared to 24.5% max from cooked starch
(computed from values in Table 4.2). In support of these findings, other studies have
shown that cooking greatly increased the rate at which starch can be hydrolyzed by
gelatinizing the starch and making it more available for hydrolyzing enzymes (Snow and
O’Dea, 1981; Slaughter et al., 2001; Hickman et al., 2009). Additionally, time course
studies showed increasing trend in extent of starch hydrolysis with increasing reaction
times (Snow and O’Dea, 1981). Previous studies showed that the thickness of starch
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solution decreased by 69-90% within 10 sec of saliva addition and viscosity was almost
non-detectable after 60 sec (Hanson et al., 2012b). Correspondingly, time-intensity
ratings of oral perception of viscosity of a starch solution showed decreasing trend over
the course of 60 sec (Mandel et al., 2010). The loss in viscosity of starch was attributed to
the quick break down of the bulky starch structure to shorter chain saccharides by
salivary α-amylase (Mandel et al., 2010; Hanson et al., 2012b). The rapidity with which
lower DP MOSs were produced when starch was exposed to salivary amylase is
noteworthy; 15.5% of cooked starch was converted to DP 2-8 within 2 sec (computed
from values in Table 4.2).
On the other hand, results from psychophysical study showed no differences in
responsiveness across sample preparation and tasting times (Fig. 4.1, other taste). This
somewhat unexpected result can potentially be explained by the findings that the amounts
of glucose oligomers produced by amylase hydrolysis were relatively low and further that
the differences in the amounts across sample preparation and tasting times were minor.
Based on our in vitro hydrolysis study, total DP 2-8 produced from 8% raw and cooked
starch samples range from 0.56 to 1.96%. Such narrow range was probably not sufficient
to produce a significant difference in taste responsiveness. Regardless, the concentration
of starch samples used in this study was notably lower than what would be typically
found in most starch-rich foods (e.g., bread, pasta, rice), which range from 13-87%
(Englyst et al., 1983). This is due to experimental constraints that at a higher
concentration the starch samples were very thick and thus continuous stirring during
cooking became problematic. It is likely that cooking and tasting time will have an effect
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on taste responsiveness at a much higher concentration of starch that is common found in
starch-rich foods.
4.5.4. Effect of salivary α-amylase activity on the perception and oral digestion of
starch
The present findings demonstrated that individual differences in the salivary α-amylase
activity play a significant role in the efficiency of oral starch hydrolysis (Fig. 4.4) and to
some extent, in taste perception of starch (Fig. 4.2). Individuals with high amylase
activity production produced significantly more hydrolysis products from cooked (but not
raw) starch, than those with low activity production, especially at longer tasting times
(Fig. 4.4). Correspondingly, subjects with high activity production had significantly
higher responsiveness to cooked but not raw starch (Fig. 4.2). Thus, individual
differences in taste responsiveness to starch can be aided by salivary α-amylase activity,
which dictates the final concentration of glucose oligomers. While this study focused on
the effect of salivary α-amylase on taste perception of starch, it has been shown that αamylase is also expressed in some taste bud cells in the rat circumvallate (Merigo et al.,
2009). It is yet to be seen what role the amylase in the taste cells plays in the detection of
starch hydrolysis products.
4.5.5. Effect of carbohydrate intake on the perception of starch
The present findings suggest that the level of carbohydrate intake also influenced the
taste responsiveness of cooked but not raw starch. Results showed that those with high
carbohydrate consumption scores had higher intensity ratings for cooked starch than
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those with low carbohydrate consumption scores (Fig 4.3). The method used to collect
information regarding complex carbohydrate intake was only indicative of the extent of
complex carbohydrate intake per se, and does not accurately represent extent of
consumption relative to other macronutrients (e.g., proteins, fats). Therefore, data could
not reveal whether for example, the subjects in the high group generally eat high amounts
of all kinds of foods including carbohydrates or whether they eat high amounts of
carbohydrates but low amounts of other macronutrients. In the past, the differences in the
level of consumption of starch-rich foods have been found to correlate with the copy
number variation of salivary α-amylase gene (AMY 1) (Perry et al., 2007). Selected
groups of people with traditionally high-starch diets (i.e., European American, Hadza,
Japanese) had more AMY1 copies than those with low-starch diets (i.e., Biaka, Datog,
Mbuti, Yakut) (Perry et al., 2007). In the present study, however, the subjects’
carbohydrate consumption scores and salivary α-amylase activities did not reveal any
significant correlation. This was not surprising based on the assumption that all the
subjects have a modern diet, especially since carbohydrate consumption data could not
reveal whether the subjects truly had low or high starch diets relative to other
macronutrients. That being said, it is unclear at the moment whether the sensitivity to
glucose oligomers promotes the consumption of starch-rich foods or more frequent, high
volume of starch-rich foods consumption increases the sensitivity to such foods. Further
investigation on the relationship of factors influencing carbohydrate intake to
carbohydrate taste sensitivity is warranted.
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CHAPTER 5
5. General Conclusion
When it comes to carbohydrates, it has been thought that humans can only taste monoand disaccharides, but not the longer chain oligo- and polysaccharides such as starch or
starch hydrolysis products. Nevertheless, evidence of glucose oligomer and/or polymer
taste detection has been shown in animal models. The general goal of this study was to
investigate the human taste perception of glucose oligomers and/or polymers. Several
studies were performed to meet this goal.
In the first study, it was found that unlike originally thought, humans can taste
glucose oligomer and polymer mixtures and the taste responsiveness was independent to
that of sugars. Succeeding studies then showed that when confounding factors were
controlled for (i.e., salivary α-amylase hydrolysis and other sensory cues such as odor
and texture) humans can taste glucose oligomers (i.e., number-average DP 7 and 14) but
not polymers (i.e., number-average DP 44). The taste detection mechanism for glucose
oligomers was found to be independent of the hT1R2/hT1R3 receptor mechanism for
sweet taste, thus, it was speculated that an unknown, novel taste receptor exists to
facilitate detection of glucose oligomers. If such exists, it was expected that the taste
quality of glucose oligomers must be different from that of sweeteners. Results of the
focus group conducted showed that subjects, without knowing the identities of the
stimuli, described equi-intense concentrations of sucrose, sucralose, and glucose oligomer
as “sweet” like sugar water, “sweet” like artificial sweetener, and “starchy” like root
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vegetable, corn, bread, and pasta, respectively. Overall, results showed that humans can
taste glucose oligomers independent of the mechanism and quality of sweet taste.
This then raised a question as to the importance and availability of glucose
oligomers in the human diet. Glucose oligomers are not abundant in nature as a source of
food. However, they can be produced in the oral cavity when humans eat starch-rich
foods, which account for 60-70% of calories of modern human diet. Our data from the
last study showed that within 2 sec, starch can be hydrolyzed to shorter chain saccharides
including glucose oligomers. Starch became an important part of the hominin diet starting
from about 2 million to 800,000 years ago. It is believed that with the advent of cooking
coupled with the increase in copy number of salivary α-amylase gene (AMY 1), starch
became a significant source of energy for hominins, thus, fueled some vital adaptation
that gave our ancestors evolutionary advantage.
Currently, the putative, independent taste receptor for glucose oligomers is yet to
be confirmed and identified. If such exists, its main function is presumably to identify a
source of nutrients i.e., starch-rich foods, which could then prepare the body and trigger
some metabolic responses (e.g., cephalic phase insulin release, CPIR) (Mandel and
Breslin, 2012). Further studies in the field of molecular biology, physiology,
neuroscience, and psychophysics must be concurrently conducted to identify the taste
transduction mechanism involved in this seemingly novel taste category. Once identified,
it should provide opportunities to rethink the causes of and treatment for medical
conditions associated with consumption of carbohydrate-rich foods (i.e., obesity,
diabetes). Some believe that it is the type of carbohydrate consumed that promotes
overeating and therefore its associated medical conditions i.e., refined sugars would more
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likely cause overeating than more complex, higher density carbohydrates such as more
starch-rich foods especially because its sweet taste is very palatable. Nevertheless, it has
also been suggested that regardless of the saccharide type, rats displayed avid appetite for
both sugars and more complex carbohydrates (i.e., glucose oligomer and polymer
mixture) and promoted overeating and obesity (Sclafani, 1987a). As such, research on the
role of carbohydrates on human feeding and obesity should not be limited to sugars and
sweet taste especially now that our studies showed that there is a taste component and a
yet to be identified transduction mechanism associated with more complex carbohydrates
i.e., glucose oligomers.

126
BIBLIOGRAPHY
Adler, E., Hoon, M.A., Mueller, K.L., Chandrashekar, J., Ryba, N.J.P., and Zuker, C.S.
2000. A Novel Family of Mammalian Taste Receptors. Cell. 100:693–702.
Aiello, L.C., and Wells, J.C.K. 2002. Energetics and the Evolution of the Genus Homo.
Annu Rev Anthropol. 31:323–338.
Aiello, L.C., and Wheeler, P. 1995. The Expensive-Tissue Hypothesis: The Brain and the
Digestive System in Human and Primate Evolution. Curr Anthropol. 36:199–221.
American Society for Testing and Materials. 1973. Compilation of odor and taste
threshold values data.
Balfour, J.A., and McTavish, D. 1993. Acarbose. Drugs. 46:1025–1054.
Balfour, J.A., and McTavish, D. 2012. Acarbose. Drugs. 46:1025–1054.
Balto, A.S., Lapis, T.J., Silver, R.K., Ferreira, A.J., Beaudry, C.M., Lim, J., and Penner,
M.H. 2016. On the use of differential solubility in aqueous ethanol solutions to narrow
the DP range of food-grade starch hydrolysis products. Food Chem. 197, Part A:872–880.
Bartoshuk, L.., Duffy, V.., Fast, K., Green, B.., Prutkin, J., and Snyder, D.. 2003. Labeled
scales (e.g., category, Likert, VAS) and invalid across-group comparisons: what we have
learned from genetic variation in taste. Food Qual Prefer. 14:125–138.
Biliaderis, C.G., Maurice, T.J., and Vose, J.R. 1980. Starch Gelatinization Phenomena
Studied by Differential Scanning Calorimetry. J Food Sci. 45:1669–1674.
Birch, G.G. 1987. Chemical Aspects of Sweetness. In: J.D.Ds. FRCPath FRCP, ed.
Sweetness. Springer London. pp. 3–13.
Bramble, D.M., and Lieberman, D.E. 2004. Endurance running and the evolution of
Homo. Nature. 432:345–352.
Breslin, P. a. S. 2001. Human gustation and flavour. Flavour Fragr J. 16:439–456.
Breslin, P.A.S. 2013. An Evolutionary Perspective on Food and Human Taste. Curr Biol.
23:R409–R418.
Breslin, P. a. S., Beauchamp, G.K., and Pugh, E.N. 1996. Monogeusia for fructose,
glucose, sucrose, and maltose. Percept Psychophys. 58:327–341.

127
Carmody, R.N., and Wrangham, R.W. 2009. The energetic significance of cooking. J
Hum Evol. 57:379–391.
Carter, J.M., Jeukendrup, A.E., and Jones, D.A. 2004. The effect of carbohydrate mouth
rinse on 1-h cycle time trial performance. Med Sci Sports Exerc. 36:2107–2111.
Chambers, E.S., Bridge, M.W., and Jones, D.A. 2009. Carbohydrate sensing in the
human mouth: effects on exercise performance and brain activity. J Physiol. 587:1779–
1794.
Chandrashekar, J., Mueller, K.L., Hoon, M.A., Adler, E., Feng, L., Guo, W., Zuker, C.S.,
and Ryba, N.J.P. 2000. T2Rs Function as Bitter Taste Receptors. Cell. 100:703–711.
Chatterton, R.T., Vogelsong, K.M., Lu, Y., Ellman, A.B., and Hudgens, G.A. 1996.
Salivary α-amylase as a measure of endogenous adrenergic activity. Clin Physiol.
16:433–448.
Childe, V.G. 2014. New Light on the Most Ancient East. Routledge.
Clark, C.C., and Lawless, H.T. 1994. Limiting response alternatives in time-intensity
scaling: an examination of the halo-dumping effect. Chem Senses. 19:583–594.
Clissold, S.P., and Edwards, C. 1988. Acarbose. Drugs. 35:214–243.
Conde-Petit, B. 2003. The structure and texture of starch-based foods. Woodhead Publ
Food Sci Technol. 86–108.
Conde-Petit, B., Escher, F., and Nuessli, J. 2006. Structural features of starch-flavor
complexation in food model systems. Trends Food Sci Technol. 17:227–235.
Crehan, C.M., Hughes, E., Troy, D.J., and Buckley, D.J. 2000. Effects of fat level and
maltodextrin on the functional properties of frankfurters formulated with 5, 12 and 30%
fat. Meat Sci. 55:463–469.
Cummings, J.H., Roberfroid, M.B., Andersson, H., Barth, C., Ferro-Luzzi, A., Ghoos, Y.,
Gibney, M., Hermonsen, K., James, W.P.T., Korver, O., et al. 1997. A new look at
dietary carbohydrate: chemistry, physiology and health. Eur J Clin Nutr. 51:417–423.
Dokic, P., Jakovljevic, J., and Dokic-Baucal, L. 1998. Molecular characteristics of
maltodextrins and rheological behaviour of diluted and concentrated solutions. Colloids
Surf Physicochem Eng Asp. 141:435–440.
Domagała, J., Sady, M., Grega, T., and Bonczar, G. 2006. Rheological Properties and
Texture of Yoghurts When Oat-Maltodextrin is Used as a Fat Substitute. Int J Food Prop.
9:1–11.

128
Englyst, H.N., Anderson, V., and Cummings, J.H. 1983. Starch and non-starch
polysaccharides in some cereal foods. J Sci Food Agric. 34:1434–1440.
Ennis, D.M. 1993. The Power of Sensory Discrimination Methods. J Sens Stud. 8:353–
370.
Feigin, M.B., Sclafani, A., and Sunday, S.R. 1987. Species differences in polysaccharide
and sugar taste preferences. Neurosci Biobehav Rev. 11:231–240.
Fernstrom, J.D., Munger, S.D., Sclafani, A., Araujo, I.E. de, Roberts, A., and Molinary,
S. 2012. Mechanisms for Sweetness. J Nutr. 142:1134S–1141S.
Ferry, A.-L., Hort, J., Mitchell, J. r., Lagarrigue, S., and Pamies, B. v. 2004. Effect of
Amylase Activity on Starch Paste Viscosity and Its Implications for Flavor Perception. J
Texture Stud. 35:511–524.
Fukuwatari, T., Kawada, T., Tsuruta, M., Hiraoka, T., Iwanaga, T., Sugimoto, E., and
Fushiki, T. 1997. Expression of the putative membrane fatty acid transporter (FAT) in
taste buds of the circumvallate papillae in rats. FEBS Lett. 414:461–464.
Galindo-Cuspinera, V., and Breslin, P.A.S. 2006. The Liaison of Sweet and Savory.
Chem Senses. 31:221–225.
Galindo-Cuspinera, V., Winnig, M., Bufe, B., Meyerhof, W., and Breslin, P.A.S. 2006. A
TAS1R receptor-based explanation of sweet “water-taste.” Nature. 441:354–357.
Galindo, M.M., Voigt, N., Stein, J., Lengerich, J. van, Raguse, J.-D., Hofmann, T.,
Meyerhof, W., and Behrens, M. 2012. G Protein–Coupled Receptors in Human Fat Taste
Perception. Chem Senses. 37:123–139.
Giza, B.K., Scott, T.R., Sclafani, A., and Antonucci, R.F. 1991. Polysaccharides as taste
stimuli: their effect in the nucleus tractus solitarius of the rat. Brain Res. 555:1–9.
Glendinning, J.I., Stano, S., Holter, M., Azenkot, T., Goldman, O., Margolskee, R.F.,
Vasselli, J.R., and Sclafani, A. 2015. Sugar-induced cephalic-phase insulin release is
mediated by a T1r2+T1r3-independent taste transduction pathway in mice. Am J Physiol
- Regul Integr Comp Physiol. 309:R552–R560.
Green, B.G., Dalton, P., Cowart, B., Shaffer, G., Rankin, K., and Higgins, J. 1996.
Evaluating the “Labeled Magnitude Scale” for Measuring Sensations of Taste and Smell.
Chem Senses. 21:323–334.
Green, B.G., and George, P. 2004. “Thermal Taste” Predicts Higher Responsiveness to
Chemical Taste and Flavor. Chem Senses. 29:617–628.

129
Green, B.G., and Nachtigal, D. 2013. The effects of temperature on sequential and
mixture interactions between sucrose and saccharin. In: Chem Senses. p. 355.
Green, B.G., Shaffer, G.S., and Gilmore, M.M. 1993. Derivation and evaluation of a
semantic scale of oral sensation magnitude with apparent ratio properties. Chem Senses.
18:683–702.
Hanson, B., Cox, B., Kaliviotis, E., and Smith, C.H. 2012a. Effects of Saliva on Starchthickened Drinks with Acidic and Neutral pH. Dysphagia. 27:427–435.
Hanson, B., O’Leary, M.T., and Smith, C.H. 2012b. The Effect of Saliva on the Viscosity
of Thickened Drinks. Dysphagia. 27:10–19.
Hardy, K., Brand-Miller, J., Brown, K.D., Thomas, M.G., Copeland, L., and Dykhuizen,
H.E.D.E. 2015. The Importance of Dietary Carbohydrate in Human Evolution. Q Rev
Biol. 90:251–268.
Heck, G.L., Mierson, S., and DeSimone, J.A. 1984. Salt taste transduction occurs through
an amiloride-sensitive sodium transport pathway. Science. 223:403–405.
Hettinger, T.P., Frank, M.E., and Myers, W.E. 1996. Are the Tastes of Polycose and
Monosodium Glutamate Unique? Chem Senses. 21:341–347.
Hettinger, T.P., Myers, W.E., and Frank, M.E. 1990. Role of olfaction in perception of
non-traditional “taste” stimuli. Chem Senses. 15:755–760.
Hickman, B.E., Janaswamy, S., and Yao, Y. 2009. Properties of Starch Subjected to
Partial Gelatinization and β-Amylolysis. J Agric Food Chem. 57:666–674.
Hoebler, C., Karinthi, A., Devaux, M.F., Guillon, F., Gallant, D.J.G., Bouchet, B.,
Melegari, C., and Barry, J.L. 1998. Physical and chemical transformations of cereal food
during oral digestion in human subjects. Br J Nutr. v. 80(5) p. 429-436.
Hughes, S., and Johnson, D.C. 1981. Amperometric detection of simple carbohydrates at
platinum electrodes in alkaline solutions by application of a triple-pulse potential
waveform. Anal Chim Acta. 132:11–22.
Ishimaru, Y., Inada, H., Kubota, M., Zhuang, H., Tominaga, M., and Matsunami, H.
2006. Transient receptor potential family members PKD1L3 and PKD2L1 form a
candidate sour taste receptor. Proc Natl Acad Sci. 103:12569–12574.
Izydorczyk, M. 2005. Understanding the chemistry of food carbohydrates. In: Food
Carbohydrates: Chemistry, Physical Properties, and Applications. Boca Raton, FL: CRP
PRess.

130
Jacobsen, N., Melvaer, K.L., and Hensten-Pettersen, A. 1972. Some Properties of
Salivary Amylase: A Survey of the Literature and Some Observations. J Dent Res.
51:381–388.
Jacobs, H.L. 1962. Some physical, metabolic, and sensory components in the appetite for
glucose. Am J Physiol -- Leg Content. 203:1043–1054.
Jeukendrup, A.E., and Chambers, E.S. 2010. Oral carbohydrate sensing and exercise
performance: Curr Opin Clin Nutr Metab Care. 13:447–451.
Jiang, P., Cui, M., Zhao, B., Liu, Z., Snyder, L.A., Benard, L.M.J., Osman, R.,
Margolskee, R.F., and Max, M. 2005. Lactisole Interacts with the Transmembrane
Domains of Human T1R3 to Inhibit Sweet Taste. J Biol Chem. 280:15238–15246.
Kennedy, J.F., Knill, C.J., and Taylor, D.W. 1995. Maltodextrins. In: M.W. Kearsley, and
S.Z. Dziedzic, eds. Handbook of Starch Hydrolysis Products and Their Derivatives.
Springer US. pp. 65–82.
Kretz, O., Barbry, P., Bock, R., and Lindemann, B. 1999. Differential Expression of
RNA and Protein of the Three Pore-forming Subunits of the Amiloride-sensitive
Epithelial Sodium Channel in Taste Buds of the Rat. J Histochem Cytochem. 47:51–64.
Kurihara, K., and Kashiwayanagi, M. 1998. Introductory Remarks on Umami Taste. Ann
N Y Acad Sci. 855:393–397.
Laden, G., and Wrangham, R. 2005. The rise of the hominids as an adaptive shift in
fallback foods: Plant underground storage organs (USOs) and australopith origins. J Hum
Evol. 49:482–498.
Lagerlof, F., and Dawes, C. 1984. The Volume of Saliva in the Mouth Before and After
Swallowing. J Dent Res. 63:618–621.
Lapis, T.J., Penner, M.H., and Lim, J. submitted. Humans can taste glucose oligomers
independent of the hT1R2/hT1R3 sweet taste receptors.
Lapis, T.J., Penner, M.H., and Lim, J. 2014. Evidence that Humans Can Taste Glucose
Polymers. Chem Senses. 39:737–747.
Laska, M., Kohlmann, S., Scheuber, H.-P., Salazar, L.T.H., and Luna, E.R. 2001.
Gustatory Responsiveness to Polycose in Four Species of Nonhuman Primates. J Chem
Ecol. 27:1997–2011.
Lawless, H.T., and Clark, C.C. 1992. Psychological biases in time-intensity scaling. Food
Technol USA.

131
Lazaridis, I., Patterson, N., Mittnik, A., Renaud, G., Mallick, S., Kirsanow, K., Sudmant,
P.H., Schraiber, J.G., Castellano, S., Lipson, M., et al. 2014. Ancient human genomes
suggest three ancestral populations for present-day Europeans. Nature. 513:409–413.
Lee, S.-H., and Wolpoff, M.H. 2003. The pattern of evolution in Pleistocene human brain
size. Paleobiology. 29:186–196.
Leonard, W.R., and Robertson, M.L. 1994. Evolutionary perspectives on human
nutrition: The influence of brain and body size on diet and metabolism. Am J Hum Biol.
6:77–88.
Lieberman, D.E., Krovitz, G.E., Yates, F.W., Devlin, M., and St. Claire, M. 2004. Effects
of food processing on masticatory strain and craniofacial growth in a retrognathic face. J
Hum Evol. 46:655–677.
Liman, E.R., Zhang, Y.V., and Montell, C. 2014. Peripheral Coding of Taste. Neuron.
81:984–1000.
Lim, J., Urban, L., and Green, B.G. 2008. Measures of Individual Differences in Taste
and Creaminess Perception. Chem Senses. 33:493–501.
Lindemann, B. 1996. Taste reception. Physiol Rev. 76:719–766.
Lin, W., Finger, T.E., Rossier, B.C., and Kinnamon, S.C. 1999. Epithelial Na+ channel
subunits in rat taste cells: Localization and regulation by aldosterone. J Comp Neurol.
405:406–420.
Li, X., Staszewski, L., Xu, H., Durick, K., Zoller, M., and Adler, E. 2002. Human
receptors for sweet and umami taste. Proc Natl Acad Sci. 99:4692–4696.
Lopez Jimenez, N.D., Cavenagh, M.M., Sainz, E., Cruz-Ithier, M.A., Battey, J.F., and
Sullivan, S.L. 2006. Two members of the TRPP family of ion channels, Pkd1l3 and
Pkd2l1, are co-expressed in a subset of taste receptor cells. J Neurochem. 98:68–77.
Mandel, A.L., and Breslin, P.A.S. 2012. High Endogenous Salivary Amylase Activity Is
Associated with Improved Glycemic Homeostasis following Starch Ingestion in Adults. J
Nutr. 142:853–858.
Mandel, A.L., Peyrot des Gachons, C., Plank, K.L., Alarcon, S., and Breslin, P.A.S.
2010. Individual Differences in AMY1 Gene Copy Number, Salivary α-Amylase Levels,
and the Perception of Oral Starch. PLoS ONE. 5:e13352.
Margolskee, R.F., Sukumaran, S.K., Yee, K.K., Iwata, S., Kotha, R., and Ninomiya, Y.
2015. Taste cell-expressed carbohydrate-digesting enzymes contribute to gustatory
responses to disaccharides. In: Chem Senses. pp. 615–616.

132
Martin, A.E., and Montgomery, P.A. 1996. Acarbose: an alpha-glucosidase inhibitor. Am
J Health Syst Pharm. 53:2277–2290.
Mason, W.R. 2009. Chapter 20 - Starch Use in Foods. In: J. BeMiller, and R. Whistler,
eds. Starch (Third Edition). San Diego: Academic Press. pp. 745–795.
Massachusetts Institute of Technology. Serving Sizes: Approximation to Common Items.
Mattes, R.D. 2005. Fat taste and lipid metabolism in humans. Physiol Behav. 86:691–
697.
Mattes, R.D. 2011. Accumulating evidence supports a taste component for free fatty
acids in humans. Physiol Behav. 104:624–631.
Merigo, F., Benati, D., Cecchini, M.P., Cristofoletti, M., Osculati, F., and Sbarbati, A.
2009. Amylase expression in taste receptor cells of rat circumvallate papillae. Cell Tissue
Res. 336:411–421.
Merigo, F., Benati, D., Cristofoletti, M., Osculati, F., and Sbarbati, A. 2011. Glucose
transporters are expressed in taste receptor cells. J Anat. 219:243–252.
Mishra, P.J., Ragunath, C., and Ramasubbu, N. 2002. The Mechanism of Salivary
Amylase Hydrolysis: Role of Residues at Subsite S2′. Biochem Biophys Res Commun.
292:468–473.
Nantanga, K.K.M., Chan, E., Suleman, S., Bertoft, E., and Seetharaman, K. 2013.
Differences in structures of starch hydrolysates using saliva from different individuals.
Starch - Stärke. 65:709–713.
Nater, U.M., Rohleder, N., Schlotz, W., Ehlert, U., and Kirschbaum, C. 2007.
Determinants of the diurnal course of salivary alpha-amylase.
Psychoneuroendocrinology. 32:392–401.
Nelson, G., Hoon, M.A., Chandrashekar, J., Zhang, Y., Ryba, N.J.P., and Zuker, C.S.
2001. Mammalian Sweet Taste Receptors. Cell. 106:381–390.
Nissenbaum, J.W., and Sclafani, A. 1987a. Qualitative differences in polysaccharide and
sugar tastes in the rat: A two-carbohydrate taste model. Neurosci Biobehav Rev. 11:187–
196.
Nissenbaum, J.W., and Sclafani, A. 1987b. Sham-Feeding response of rats to polycose
and sucrose. Neurosci Biobehav Rev. 11:215–222.
Pangborn, R.M., and Gee, S.C. 1961. Relative Sweetness of α- and β-Forms of Selected
Sugars. Nature. 191:810–811.

133
Parrish, F.W., Smith, E.E., and Whelan, W.J. 1970. Actions of starch carbohydrases on
chemically modified maltodextrins. Arch Biochem Biophys. 137:185–189.
Perry, G.H., Dominy, N.J., Claw, K.G., Lee, A.S., Fiegler, H., Redon, R., Werner, J.,
Villanea, F.A., Mountain, J.L., Misra, R., et al. 2007. Diet and the evolution of human
amylase gene copy number variation. Nat Genet. 39:1256–1260.
Ramirez, I. 1991a. Chemoreception for an insoluble nonvolatile substance: starch taste?
Am J Physiol. 260:R192–199.
Ramirez, I. 1991b. Does starch taste like polycose®? Physiol Behav. 50:389–392.
Robyt, J.F. 2008. Starch: Structure, Properties, Chemistry, and Enzymology. In: B.O.F.R.P. Dr, K.T.P. Dr, and J.T.P. Dr, eds. Glycoscience. Springer Berlin Heidelberg. pp.
1437–1472.
Robyt, J.F., and French, D. 1970. The Action Pattern of Porcine Pancreatic α-Amylase in
Relationship to the Substrate Binding Site of the Enzyme. J Biol Chem. 245:3917–3927.
Rocklin, R.D., and Pohl, C.A. 1983. Determination of Carbohydrates by Anion Exchange
Chromatography with Pulsed Amperometric Detection. J Liq Chromatogr. 6:1577–1590.
Rohleder, N., and Nater, U.M. 2009. Determinants of salivary α-amylase in humans and
methodological considerations. Psychoneuroendocrinology. 34:469–485.
Rollo, D.I., and Williams, C. 2011. Effect of Mouth-Rinsing Carbohydrate Solutions on
Endurance Performance. Sports Med. 41:449–461.
Rollo, I., Williams, C., Gant, N., and Nute, M. 2008. The influence of carbohydrate
mouth rinse on self-selected speeds during a 30-min treadmill run. Int J Sport Nutr Exerc
Metab. 18:585–600.
Ruff, C.B., Trinkaus, E., and Holliday, T.W. 1997. Body mass and encephalization in
Pleistocene Homo. Nature. 387:173–176.
Running, C.A., Craig, B.A., and Mattes, R.D. 2015. Oleogustus: The Unique Taste of
Fat. Chem Senses. bjv036.
Sako, N., Shimura, T., Komure, M., Mochizuki, R., Matsuo, R., and Yamamoto, T. 1994.
Differences in taste responses to Polycose and common sugars in the rat as revealed by
behavioral and electrophysiological studies. Physiol Behav. 56:741–745.
Samuelson, L.C., Phillips, R.S., and Swanberg, L.J. 1996. Amylase gene structures in
primates: retroposon insertions and promoter evolution. Mol Biol Evol. 13:767–779.

134
Schier, L.A., and Spector, A.C. 2016. Behavioral Evidence for More than One Taste
Signaling Pathway for Sugars in Rats. J Neurosci. 36:113–124.
Sclafani, A. 1987a. Carbohydrate-induced hyperphagia and obesity in the rat: Effects of
saccharide type, form, and taste. Neurosci Biobehav Rev. 11:155–162.
Sclafani, A. 1987b. Carbohydrate taste, appetite, and obesity: An overview. Neurosci
Biobehav Rev. 11:131–153.
Sclafani, A. 2004. The sixth taste? Appetite. 43:1–3.
Sclafani, A., and Clyne, A.E. 1987. Hedonic response of rats to polysaccharide and sugar
solutions. Neurosci Biobehav Rev. 11:173–180.
Sclafani, A., Hertwig, H., Vigorito, M., Sloan, H., and Kerzner, B. 1987. Influence of
saccharide length on polysaccharide appetite in the rat. Neurosci Biobehav Rev. 11:197–
200.
Sclafani, A., and Nissenbaum, J.W. 1987. Oral versus postingestive origin of
polysaccharide appetite in the rat. Neurosci Biobehav Rev. 11:169–172.
Sclafani, A., Zukerman, S., Glendinning, J.I., and Margolskee, R.F. 2007. Fat and
carbohydrate preferences in mice: the contribution of α-gustducin and Trpm5 tastesignaling proteins. Am J Physiol - Regul Integr Comp Physiol. 293:R1504–R1513.
Sharon, N. 1975. Complex carbohydrates: Their chemistry, biosynthesis, and functions.
Reasing, Massachusetts: Addison-Wesley Publishing Company.
Slaughter, S.L., Ellis, P.R., and Butterworth, P.J. 2001. An investigation of the action of
porcine pancreatic α-amylase on native and gelatinised starches. Biochim Biophys Acta
BBA - Gen Subj. 1525:29–36.
Snow, P., and O’Dea, K. 1981. Factors affecting the rate of hydrolysis of starch in food.
Am J Clin Nutr. 34:2721–2727.
Stevens, D.R., Seifert, R., Bufe, B., Müller, F., Kremmer, E., Gauss, R., Meyerhof, W.,
Kaupp, U.B., and Lindemann, B. 2001. Hyperpolarization-activated channels HCN1 and
HCN4 mediate responses to sour stimuli. Nature. 413:631–635.
Sun, J., Zhao, R., Zeng, J., Li, G., and Li, X. 2010. Characterization of Destrins with
Different Dextrose Equivalents. Molecules. 15:5162–5173.
Tordoff, M.G. 2001. Calcium: Taste, Intake, and Appetite. Physiol Rev. 81:1567–1597.

135
Towers, N. 2013. The effectiveness of dietary learning on hedonic responses to a novel,
initially disliked vegetable.
Treesukosol, Y., Blonde, G.D., and Spector, A.C. 2009. T1R2 and T1R3 subunits are
individually unnecessary for normal affective licking responses to polycose: implications
for saccharide taste receptors in mice. Am J Physiol - Regul Integr Comp Physiol.
296:R855–R865.
Treesukosol, Y., Smith, K.R., and Spector, A.C. 2011. Behavioral Evidence for a
Glucose Polymer Taste Receptor That Is Independent of the T1R2+3 Heterodimer in a
Mouse Model. J Neurosci. 31:13527–13534.
Treesukosol, Y., and Spector, A.C. 2012. Orosensory detection of sucrose, maltose, and
glucose is severely impaired in mice lacking T1R2 or T1R3, but Polycose sensitivity
remains relatively normal. Am J Physiol - Regul Integr Comp Physiol. 303:R218–R235.
Ugawa, S., Minami, Y., Guo, W., Saishin, Y., Takatsuji, K., Yamamoto, T., Tohyama,
M., and Shimada, S. 1998. Receptor that leaves a sour taste in the mouth. Nature.
395:555–556.
Ungar, P.S., and Sponheimer, M. 2011. The Diets of Early Hominins. Science. 334:190–
193.
Ungar, P.S., and Teaford, M.F. 2002. Human Diet: Its Origin and Evolution. Greenwood
Publishing Group.
US Department of Health and Human Services. Build a Healthy Base.
Vigorito, M., and Sclafani, A. 1988. Ontogeny of polycose and sucrose appetite in
neonatal rats. Dev Psychobiol. 21:457–465.
Vigorito, M., Sclafani, A., and Jacquin, M.F. 1987. Effects of gustatory deafferentation
on polycose and sucrose appetite in the rat. Neurosci Biobehav Rev. 11:201–209.
Walsh, N.P. 1999. The effects of high-intensity intermittent exercise on saliva IgA, total
protein and alpha-amylase. J Sports Sci. 17:129–134.
Wang, T.L., Bogracheva, T.Y., and Hedley, C.L. 1998. Starch: as simple as A, B, C? J
Exp Bot. 49:481–502.
Whelan, W., and Roberts, P. 1953. The mechanism of carbohydrase action. Part II.
Alpha-amylosis of linear substrates. J Chem Soc. 1298–1304.
Wijk, R.A. de, Prinz, J.F., Engelen, L., and Weenen, H. 2004. The role of α-amylase in
the perception of oral texture and flavour in custards. Physiol Behav. 83:81–91.

136
Wood, B., and Aiello, L.C. 1998. Taxonomic and functional implications of mandibular
scaling in early hominins. Am J Phys Anthropol. 105:523–538.
Wrangham, R., and Carmody, R. 2010. Human adaptation to the control of fire. Evol
Anthropol Issues News Rev. 19:187–199.
Wrangham, R.W. 2009. Catching Fire: How Cooking Made Us Human. Basic Books.
Wrangham, R.W., Jones, J.H., Laden, G., Pilbeam, D., and Conklin‐Brittain, N. 1999.
The Raw and the Stolen: Cooking and the Ecology of Human. Curr Anthropol. 40:567–
594.
Yee, K.K., Sukumaran, S.K., Kotha, R., Gilbertson, T.A., and Margolskee, R.F. 2011.
Glucose transporters and ATP-gated K+ (KATP) metabolic sensors are present in type 1
taste receptor 3 (T1r3)-expressing taste cells. Proc Natl Acad Sci. 108:5431–5436.
Yeomans, M.R. 2012. Flavour–nutrient learning in humans: An elusive phenomenon?
Physiol Behav. 106:345–355.
Zhao, G.Q., Zhang, Y., Hoon, M.A., Chandrashekar, J., Erlenbach, I., Ryba, N.J.P., and
Zuker, C.S. 2003. The Receptors for Mammalian Sweet and Umami Taste. Cell.
115:255–266.
Zukerman, S., Glendinning, J.I., Margolskee, R.F., and Sclafani, A. 2009. T1R3 taste
receptor is critical for sucrose but not Polycose taste. Am J Physiol - Regul Integr Comp
Physiol. 296:R866–R876.

