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Abstract

There has been extensive work to elucidate the behavioral and physiological mechanisms responsible for taste preferences of
the rat but little attempt to delineate the underlying genetic architecture. Here, we exploit the FHH-Chr n®N/Mcwi consomic rat
strain set to identify chromosomes carrying genes responsible for taste preferences. We screened the parental Fawn Hooded
Hypertensive (FHH) and Brown Norway (BN) strains and 22 FHH-Chr nBN consomic strains, with 96-h 2-bottle tests, involving
a choice between water and each of the following 16 solutions: 10 mM NaCl, 237 mM NaCl, 32 mM CaCl,, 1 mM saccharin,
100 mM NH4CI, 32 mM sucrose, 100 mM KCl, 4% ethanol, T mM HCI, 10 mM monosodium glutamate, 1 mM citric acid, 32
uM quinine hydrochloride, 1% corn oil, 32 uM denatonium, 1% Polycose, and 1 uM capsaicin. Depending on the taste
solution involved, between 1 and 16 chromosomes were implicated in the response. Few of these chromosomes carried genes
believed to mediate taste transduction in the mouse, and many chromosomes with no candidate taste genes were revealed.
The genetic architecture of taste preferences is considerably more complex than has heretofore been acknowledged.
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Introduction

Over the last 15 year, transduction mechanisms have been
discovered for bitter, sour, salty, sweet, umami, fat, metallic,
and calcium tastes (for reviews, see Kim et al. 2004; Bachma-
nov and Beauchamp 2007; Ramos Da Conceicao Neta et al.
2007; Boughter and Bachmanov 2008; Tordoff, Shao, et al.
2008; Mattes 2009). The impetus for many of these discov-
eries has come from studies revealing differences in taste so-
lution consumption among inbred mouse strains (e.g., Lush
1991; Lush et al. 1995; Bachmanov et al. 2002; Tordoff et al.
2007b). However, the rat has long been the model of choice
for studying taste and nutrition (e.g., Richter 1942-1943;
Young and Greene 1953; Lindsey and Baker 2005), and
the mechanisms underlying taste solution consumption in
the mouse do not always apply to the rat. One example is
the preference for salt: most mouse strains avoid mildly hy-
pertonic NaCl solutions relative to water but most rat strains
prefer them (Bachmanov et al. 2002; Tordoff et al. 2007b;
Tordoff, Alarcon, Lawler, et al. 2008). Another is the re-
sponse to sweeteners: mice choose the artificial sweetener, su-
cralose, in preference to water (e.g., Bachmanov, Tordoff,
and Beauchamp 2001), but rats are ambivalent to it (Sclafani
and Clare 2004; Bello and Hajnal 2005). Polymorphisms in
the taste receptor subunit gene Tas/r3 can account for most

of the variation in saccharin preference among mouse strains
(Bachmanov, Li, et al. 2001; Reed et al. 2004) but little or
none of the variation within or among rat strains (Lu
et al. 2005). For other taste modalities, there has been insuf-
ficient comparative work to determine whether the 2 species
use the same mechanisms. There is also no a priori reason to
favor the mouse or the rat as the more satisfactory model of
human taste preferences. Thus, genetic analyses of the rat
have the potential to reveal new mechanisms responsible
for taste preferences and to facilitate interpretation of the
many existing findings on taste and nutrition in both rat
and human.

The goal of the present work is to jump-start the study of
the genetic basis of taste preferences in the rat. To this end,
we have measured the responses of a consomic set of rats to
15 compounds that are commonly used as taste stimuli. Con-
somic rat strains, also called chromosome substitution
strains, have one chromosome derived from one parental in-
bred strain and the other 21 chromosomes derived from a sec-
ond parental inbred strain. They are a good starting point for
gene discovery because differences in phenotype between
a consomic strain and its recipient parent strain can be
attributed to genes in the introgressed chromosome (for
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reviews, see Cowley, Liang, et al. 2004; Cowley, Roman, and
Jacob 2004). The FHH-Chr n®™/Mcwi strain set used here
involves introgression of chromosomes from the BN/
SsNHsdMcwi (BN) strain onto an FHH/EurMcwi (FHH)
background. The BN is one of several Brown Norway
strains. It is a propitious strain for genetic studies because
its genome has been sequenced (Gibbs et al. 2004; Twigger
et al. 2008), and it has been extensively phenotyped in many
domains, often being used as a control for other strains. The
FHH strain, one of several Fawn Hooded strains, has been
less well characterized. Rats of this strain have blood platelet
storage-pool deficiency (Brown et al. 1996; Datta et al. 2003)
and develop hypertension, renal disease, proteinuria, and hy-
perlipidemia as they age (Brown et al. 1996; Verseput et al.
1997). They probably have disordered brain serotonin me-
tabolism (Gudelsky et al. 1985; Aulakh et al. 1994). The
FHH-Chr n®N strain set used here was developed by
Jacob and colleagues at the Medical College of Wisconsin
(Mattson et al. 2007) and is commercially available from Phys-
iogenix, Inc. These groups have collected basic biochemical,
cardiac, vascular, histological, and renal data from members
of the FHH-Chr n®™ consomic set (PhysGen 2009), but there
have been no previous reports of the behavior of these rats.

Indeed, there is almost no information about the taste pref-
erences of the BN and FHH parental strains and very little
about other related Brown Norway and Fawn Hooded
strains. Brown Norway rats are considered to have low NaCl
preferences (Thunhorst and Johnson 2003) but this reputa-
tion may be undeserved. It is based on comparisons of the
BN/BiRijNNiaHsd and spontaneously hypertensive rat
(SHR) strains (Di Nicolantonio 2004; Di Nicolantonio
et al. 2004), which is unfortunate because the SHR strain
is an abnormally avid NaCl consumer (Catalanotto et al.
1972; Di Nicolantonio et al. 1983; Yongue and Myers
1989) and thus a poor reference strain. Preferences for 280
mM glucose and 280 mM urea are similar in Brown Norway
and SHR rats (Di Nicolantonio 2004), but once again, this is
difficult to interpret because the SHR is not representative of
most strains. The BN/CrJ strain had the highest intake of
monosodium glutamate (MSG) out of 14 rat strains tested
(Kondoh et al. 2000). Given MSG’s substantial salty taste
component, it is difficult to reconcile this finding with the
Brown Norway’s reputation as a sodium-avoiding strain.

With respect to Fawn Hooded rats, the FH/Wjd strain has
strong preferences for ethanol and saccharin (e.g., Daoust
et al. 1991; Overstreet et al. 1999, 2007; Goodwin et al.
2000; Rezvani et al. 2007), and it is insensitive to the bitter
compounds cycloheximide, phenylthiocarbamide, and qui-
nine relative to Long Evans or Wistar strains (Tobach
et al. 1974; Goodwin and Amit 2000). However, the FH/
Wjd strain appears to be unique in this regard; the FHH
strain used here does not have such high preferences for eth-
anol or saccharin (Overstreet et al. 1999, reviewed in Over-
street et al. 2007), and its sensitivity to bitter compounds is
untested.

We know of no other studies of the taste preferences of BN
and FHH rats, apart from our own work (Tordoff, Alarcon,
Lawler, et al. 2008). This involved a survey of 14 rat strains
and included measurements of the responses of the BN and
FHH strains to series of 4-8 concentrations of 17 taste com-
pounds. Based on these data, we selected for use in the cur-
rent study a single concentration of 15 taste compounds (or 2
concentrations of NaCl) that supported large differences in
consumption between the 2 parental strains. Each of these
concentrations was tested in the FHH-Chr n®N consomic
strain set.

Materials and methods

Throughout the text, the term “taste solution” is used
loosely, for convenience. Some of the compounds tested were
not strictly solutions (e.g., corn oil emulsion) or strictly tastes
(e.g., capsaicin solution), and fluid intakes in long-term 2-
bottle choice tests may involve postingestive, experiential,
cognitive, and nongustatory orosensory cues in addition
to taste (see Discussion).

The experiment protocol was approved by the Animal
Care and Use Committee of the Monell Chemical Senses
Center.

Subjects and maintenance

The experiment involved male rats from the FHH strain, BN
strain, and each of 22 FHH-Chr n®~/Mcwi consomic strains,
with group sizes given in Table 1. BN rats were purchased
from Charles River Laboratories (strain code CR-327).
All the other rats were provided by Physiogenix Inc., either
from a colony maintained at Hilltop Lab Animals Inc. or
from the Medical College of Wisconsin. The rats were 30—
44 days old when they arrived at our facility (the source
and age of each rat and other details are included in online
Supplementary material).

Each rat was housed alone in a 25 X 18 x 19 cm hanging
cage, with stainless steel back and side walls and a mesh front
wall and floor. Powdered AIN-76A diet (Dyets Inc.; catalog
no. 100000) was continuously available from a 4-o0z glass jar
(Qorpak brand) that was attached with a stainless steel
spring to the front wall. Deionized water was available from
a 300-mL glass bottle equipped with a neoprene stopper and
a stainless steel sipper.

Procedures

Because of the large number of rats involved, the experiment
was conducted in 3 replications, involving 84, 70, and 74 rats.
The general design goal was for each replication to include 5
rats from the FHH strain, 5 rats from 14 or 15 consomic
strains and, in the first 2 replications, 5 rats from the BN
strain. Thus, the FHH strain was represented in all 3 repli-
cations, and the BN and most of the consomic strains were
represented in 2 of the 3 replications. However, due to supply
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Table 1 Group sizes, body weights, and daily water intakes of the FHH-
Chr n®N consomic set of rats

Strain n BWitart, 9 BWend, 9 Water intake,
mL/d
FHH 15 215+ 6 434 + 7 54 + 2
BN 10 143 £ 3° 328 + 5° 16 + 0°
FHH-Chr 18N 10 197 + 8 386 + 6% 29 + 1@
FHH-Chr 28N 10 212 £ 13 399 + 9° 44 + 3°
FHH-Chr 38N 10 201 +7 384 + 52 56 + 4
FHH-Chr 48N 10 162 + 4° 400 + 4° 40 + 3°
FHH-Chr 58N 10 241 + 3° 475 £ 8° 56 + 3
FHH-Chr 68N 10¢ 163 + 92 373+ 8° 39 + 1@
FHH-Chr 78N 10 257 + 14° 430+ 9 32+ 1°
FHH-Chr 88N 10 227 +7 394 + 162 32 +1°
FHH-Chr 98N 10 192 £ 12° 403 + 8° 48 £ 3
FHH-Chr 108N 10 173 + 82 423 + 12 47 +2
FHH-Chr 118N 10 143 £ 7° 376 + 7° 48 £ 2
FHH-Chr 128N 10 172 + 142 417 +5 47 +2
FHH-Chr 138N 10¢ 199 + 10 412 £ 11° 48 + 2
FHH-Chr 148N 10 155 + 9° 369 + 8° 41 +3°
FHH-Chr 158N 10 169 + 102 406 + 9° 40 + 3°
FHH-Chr 165N 5 200 + 16 436 £ 3 40 + 4°
FHH-Chr 178N 5 175 = 4° 430 + 9 41+ 32
FHH-Chr 188N 10 165 + 142 383 + 13 35+ 1@
FHH-Chr 198N 6 196 + 20 413 + 72 40 + 12
FHH-Chr 208N 10 200+ 6 399 + 62 43 + 42
FHH-Chr XBN 5 181 £ 7° 393 £ 10° 42 £1°
FHH-Chr Y&N 10 188 + 102 390 + 10° 51+ 2

BW;iart = body weight at start of testing, when rats were ~50 days old; one-
way ANOVA, F>3 204 = 8.51, P < 0.0001. BWeng = body weight at end of
testing, when rats were ~131 days old; one-way ANOVA, F23 201 = 10.4, P<
0.0001. Water intake = daily water intake based on 17 one-bottle tests given
between each 4-day 2-bottle test.

9P < 0.01 less than FHH strain.

bP < 0.01 greater than FHH strain.

CA rat from this group died during the experiment so some values are based
on only 9 rats.

problems, all members of the FHH-Chr 5™ and 82" strains
were tested in a single replication, and some consomic strains
had members in all 3 replications (for details, see online Sup-
plementary material).

Starting 12-15 days after arrival, when the rats were on
average 50 days old (range 42-67 days), all received a series
of sixteen 2-bottle choice tests using the compounds and con-
centrations listed in Table 2. The concentration chosen for
most compounds was the one that supported the clearest
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Table 2 Taste solutions tested in parental and consomic rats, with the
results of analyses of %HWI scores and estimates of the heritability of each
trait

%HWI score h? r
One-way ANOVA

Compound and
concentration

NaCl, 10 mM F33,204 = 7.35, P < 0.0001 0.45 0.42
NaCl, 237 mM F23.203 = 5.15, P < 0.0001 0.37 0.82
CaCly, 32 mM F23202 = 4.59, P = 0.0009 0.34 0.93
Saccharin, 1T mM F23,204 = 6.15, P < 0.0001 0.27 0.40
NH4CI, 100 mM F23.204 = 3.26, P < 0.0001 0.27 0.93
Sucrose, 32 mM F23.203 = 3.19, P < 0.0001 0.26 0.35
KCl, 100 mM F23202 = 1.99, P = 0.0061 0.10 0.92
Ethanol, 4% viv F23203 = 4.90, P < 0.0001 0.36 0.92
HCI, 1 mM F23,203 = 1.00, NS 0.10 0.87
MSG, 10 mM F23203 = 5.43, P < 0.0001 0.38 0.43
Citric acid, T mM F23200 = 1.43, P = 0.0506 0.15 0.87
QHCI, 32 uM F23201 = 2.72, P < 0.0001 0.24 0.92
Corn ail, 1% wiv F23201 = 2.37, P = 0.0008 0.21 0.83
Denatonium, 32 uM F23,201 = 1.08, NS 0.11 0.88

Polycose, 1% w/v F23201 = 2.01, P = 0.0057 0.19 0.42

Capsaicin, 1T uM F23,01 = 2.15, P = 0.0026 0.20 0.86

Compounds are listed in the order they were tested. QHCI, quinine
hydrochloride; Denatonium, denatonium benzoate. Estimates of heritability
(h?) in the narrow sense are based on the ratio of SSpetween straingSStotal: ' =
correlation between preference scores and %HWI scores (n = 228 or slightly
less). NS = not significant.

strain difference in previous work (Tordoff, Alarcon,
Lawler, et al. 2008; see also online Supplementary material),
with the exception that 2 concentrations of NaCl were tested
(10 and 237 mM) to straddle the peak preference of the
inverted U-shaped concentration-preference function of this
compound (Richter 1939; Young and Falk 1956;
Tordoff, Alarcon, Lawler, et al. 2008). The order of the tests
(Table 2) was arranged so that, in general, compounds that
were preferred were alternated with those that were avoided.

Each 2-bottle choice test was 96-h in duration. At the be-
ginning of each test series, each rat was weighed (+0.1 g) with
a top-loading balance and then returned to its cage. The rat’s
regular water bottle was removed and 2 similar bottles were
provided, with the spouts penetrating the front wall of the
cage to rest with the tips 2-4 cm above the floor and 3-4
cm apart. The bottles were initially presented so that the wa-
ter was on the rat’s left and taste solution on its right. The
position of the 2 bottles was switched every 24 h to control
for the possibility of side preferences (Bachmanov et al.
2002), and their weights (+0.1 g) were recorded at the begin-
ning of the test, after 2 days, and at the end of the test. At the
beginning and end of the test series and interspersed between
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each 4-day 2-bottle choice test were 24-h tests during which
each rat had access to a single-weighed bottle of deionized
water. This provided a measure of daily water intake and
served as a washout day. With a total of 16 four-day 2-bottle
tests and 17 one-day water-only tests, each replication took
81 days to complete.

We also measured the rats’ food intakes on 3 occasions: dur-
ing the initial one-bottle test (when ~7 week old), in the middle
of the experiment during the one-bottle test after they received
HCI (when ~13 week old), and during the final one-bottle test
(when ~18 week old). The results of the food intake tests
and body weight growth curves will be presented elsewhere
(Reed DR, Duke FF, Rosazza M, Lawler MP, Alarcon
LK, and Tordoff MG, manuscript in preparation).

Most solutions were made in 3-L batches by stirring the
appropriate quantity of taste compound into deionized wa-
ter. Ethanol solutions were made by diluting 95% (190 proof)
ethanol in deionized water (i.e., vol/vol). Because of its lim-
ited solubility, capsaicin was initially dissolved in 1 mL of
95% ethanol, and this was then diluted with deionized water
to produce the appropriate concentration. To avoid separa-
tion, corn oil was held in suspension with the addition of
0.3% soybean phosphatidylcholine and 0.2% xanthan
gum; these were also added to the rats’ water choice, and
fresh corn oil emulsions and water were provided every 24 h.

Data analyses

The change in weight of drinking bottles between measure-
ment periods was considered a measure of fluid intake in
grams. The contribution of spillage and evaporation was ig-
nored; previous work has shown this to be <1 g/day. Intakes
in grams were converted to milliliters with the assumption
for all fluids that 1 g=1 mL. Intakes from each bottle during
the 96-h tests were divided by 4 to obtain average daily in-
takes. Intakes from both bottles were summed to obtain total
fluid intakes. Values are presented as group means * stan-
dard errors of the mean.

The percent change relative to habitual water intake score
as a measure of taste solution consumption

There are technical considerations about the most appropri-
ate metric for comparing taste solution consumption among
strains of rats. Raw daily solution intakes are problematic
because different strains have different fluid requirements,
so solution acceptance is confounded with daily fluid intake.
Body size undoubtedly plays into this relationship, and it is
common to adjust intakes by dividing them by body weight.
These values are provided in the online Supplementary ma-
terial but we do not favor them because body weight is not
a good predictor of water intake in different rat strains (see
Tordoff, Alarcon, Lawler, et al. 2008 and below). A gener-
ally accepted approach to avoid the problem of differences in
habitual fluid intake is to use preference scores (i.e., daily so-
lution intakes/total daily intakes, expressed as a percentage),

which have the strong advantage of being independent of
daily fluid intake or other performance characteristics. How-
ever, they can be misleading due to ceiling effects and scaling
problems when preferences are high (i.e., >85%). Because
preference scores are ratios, they closely approximate inter-
val scaling in the middle of the range but deviate strongly at
the extremes. When preferences are high, large differences in
solution intake have only small effects on preference scores,
and small differences in water intake have large effects on
preference scores. Another concern with using preference
scores to assess taste solution consumption involves treat-
ments or taste compounds that influence water consumption.
This is a particular problem during tests involving concen-
trated NaCl solutions because water is consumed to dilute
the osmotic load to isotonicity (Stricker 1981). To avoid
these problems and to account for differences in daily fluid
intakes among strains, we use here a “percent change relative
to habitual water intake” (YoHWI) score. This is based on
solution intake during a 2-bottle test divided by intake when
only water is available. The tests with only water available
were the average intake during the one-bottle tests given im-
mediately before and immediately after each 2-bottle test.
We think that this “%HWTI score provides the most interpret-
able metric of an animal’s response to highly preferred sol-
utions and so present %o HWI scores in the text. However, the
online Supplementary material includes analyses of prefer-
ence scores and provides raw intakes so that other metrics
can be calculated.

Statistical analyses

For each of the 16 taste tests, the %6HWI scores of the 24
strains were compared using one-way analysis of variances
(ANOV As) with strain as the factor. Strain differences were
present in all cases except for the tests involving HCI and
denatonium; see Table 2. The ratio of the between-strain
sum of squares to the total sum of squares obtained from
these analyses was used to estimate heritability (%) in the
narrow sense.

To determine whether the BN and consomic strains dif-
fered from the FHH strain, we considered any mean falling
outside the 99th percentile confidence intervals of the FHH
strain to be significant. We used this approach rather than
post hoc tests because 1) we were interested almost exclu-
sively in comparing each consomic strain with the FHH
strain, and 2) the confidence interval can be more easily de-
picted graphically. The 99th percentile rather than the more
usual 95th percentile interval was used to provide stronger
protection against Type I errors.

Two technical issues influenced the results. First, one rat
each from the FHH-Chr 68N, 88N and 13BN strains died
due to mechanical injury during the course of the experiment.
Data from tests these rats completed are included in analyses.
Second, a computer malfunction lost the one-bottle water in-
takes collected between the 237 mM NaCl and 32 mM CaCl,
choice tests in the second replication. To address this, the
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237mM NaCl%HWI scores and 32 mM CaCl, %HWI scores
were based on the remaining one-bottle water intakes col-
lected either before or after these tests. (For all other tests,
%HWTI scores were based on the average of the one-bottle
water intakes both before and after the 2-bottle choice test.)

The experiment was conducted in 3 replications (as de-
scribed above). To assess the similarity of each of the repli-
cations, the one-day water intakes and %HWTI scores from
the 3 subgroups of 5 FHH rats were compared using one-
way ANOVAs. The analyses involving MSG and citric acid
%HWTI scores were significant but group differences ap-
peared to be idiosyncratic. The remaining 30 analyses did
not reveal any differences, so we did not attempt to adjust
measures of consumption for any systematic differences
among the 3 replications.

Results

Body weight and water intake

There were marked differences among the 24 strains in body
weight that persisted throughout the experiment (Table 1).
The FHH strain fell near the heavy end of the strain distri-
bution, although 2 strains were significantly heavier: the
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FHH-Chr 72N strain was heavier at ~50 days old and the
FHH-Chr 5N was heavier at both ~50 and ~131 days
old. Most of the consomic strains had lower body weights
than did the FHH group but none approached the low values
of the BN strain (Table 1).

There were large and persistent differences among the
strains in daily water intakes, F»350; = 10.2, P < 0.0001;
Table 1. Most strains drank progressively more water during
the first 3 tests and then either maintained high intakes or
gradually reduced water intakes during the subsequent 13
tests (Figure 1). However, 5 strains (BN, FHH-Chr 13N,
88N, 19BN and XBN) had water intakes that did not change
over the test series (Figure 1; strain X test interaction,
F3453015=1.52, P <0.0001). Water intakes of all groups com-
bined increased significantly over the first 4 tests: intakes af-
ter the 10 mM NaCl test were higher than those after the
initial test, intakes after the 237 mM NacCl test were higher
than those after 10 mM NaCl, and intakes after 10 mM
CaCl, were higher than those after 237 mM NaCl (main
effect of test, Fis53015 = 19.4, P < 0.0001).

Combining water intakes on all 17 tests, the FHH strain
was among a group of 9 strains with the highest water in-
takes (Table 1). Fourteen consomic strains had significantly
lower water intakes than did the FHH strain, and the
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Figure 1

Habitual (one-bottle) daily water intakes of FHH, BN, and FHH-Chr n®V rats. Seventeen one-bottle tests were given, starting at ~50 days old, with

one test every 5 days, interposed between 4-day 2-bottle choice tests. Vertical bars = standard errors of the mean; bars that infringe on the symbols depicting

means have been removed to aid readability.
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BN strain had significantly lower water intakes than did all
the other groups. The correlation between average daily
water intakes and average body weights was r = 0.43 (P
= 0.0359; n = 24). This is consistent with the results of
our survey of 14 rat strains (Tordoff, Alarcon, Lawler,
et al. 2008) and, because it implies that only 18% of the var-
iance in water intake can be accounted for by body weight,
reinforces our decision not to adjust fluid intakes for body
weight.

Taste solution consumption

The results obtained during 2-bottle choice tests are dis-
played in Figures 2—11 and summarized in Table 3. For con-
venience, results from different compounds are grouped
according to their (putative) taste qualities, rather
than in the order they were tested (as listed in Table 1).
Heritability was generally low (Table 1). The results ob-
tained with %HWTI scores and preference scores were gen-
erally congruent for tests of moderately preferred or
avoided taste solutions (r’s = 0.82-0.93; Table 2) but dif-
fered for tests of highly preferred taste solutions (r’s =
0.35-0.43; Table 2).

10 mM NaCl intake ~ Water intake

Preference %HWI score
FHHE _—— ¥+ e

0 25 50 75 100 0 25 50 75 100 75 80 85 90 95 75 125 175 225
mL/d mL/d % %HWI
Preference

237 mM NaCl intake ~ Water intake %HWI score

L L i | L ]
70 8050 100 150 200 250
%HWI

0 25 50 75 100 0 25 50 75 100 40 50 60

mL/d mL/d %
Figure 2 Consumption of 10 mM NaCl (top) or 237 mM NaCl (bottom)
and water by FHH, BN, and FHH-Chr nBN rats, arranged by chromosome.
%HWI = Percent change relative to habitual water intake. Shaded vertical
bar in each panel is 99% confidence interval of the FHH strain.

Discussion

We have identified some of the chromosomes that harbor
genes responsible for the variation in taste solution con-
sumption among FHH-Chr n®Y rats. In the sense that an

NH,Cl intake %HWI score

Water intake
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-
< 5
e
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i ¥ i ; i i i r J v p——_ i ] 4 i i J
0 10 20 30 40 50 O 10 20 30 40 50 20 30 40 50 60 70 20 40 60 80 100120
mL/d mL/ % %HWI

KClintake %HWI score

Water intake Preference

0 25 50 0 20 40 o] 25 50 75
mL/d % Y%oHWI

Figure 3 Consumption of 100 mM NH4CI (top) or 100 mM KCl (bottom)
and water by FHH, BN, and FHH-Chr n®V rats, arranged by chromosome.
%HWI = Percent change relative to habitual water intake. Shaded vertical
bar in each panel is 99% confidence interval of the FHH strain.

CacCl, intake

Water intake

Preference %HWI score
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60 0 20 40 60 80100120
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Figure 4 Consumption of 32 mM CaCl, and water by FHH, BN, and FHH-
Chr n®N rats, arranged by chromosome. %HWI = Percent change relative to
habitual water intake. Shaded vertical bar in each panel is 99% confidence
interval of the FHH strain.
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Figure 5 Consumption of 10 mM MSG (“umami taste”) and water by
FHH, BN, and FHH-Chr nBN rats, arranged by chromosome. %HWI = Percent
change relative to habitual water intake. Shaded vertical bar in each panel is
99% confidence interval of the FHH strain.
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Figure 6 Consumption of 1 mM saccharin (top) or 32 mM sucrose (bottom)
and water by FHH, BN, and FHH-Chr nBN rats, arranged by chromosome.
%HWI = Percent change relative to habitual water intake. Shaded vertical bar
in each panel is 99% confidence interval of the FHH strain.

identified chromosome is a quantitative trait locus (QTL), we
discovered a total of 84 QTLs, with between 1 and 16 QTLs
influencing each of the 16 taste phenotypes examined. The
use of consomic rats is relatively new, so below we first dis-
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Figure 7 Consumption of 1% Polycose (top) and 4% ethanol (bottom)
and water by FHH, BN, and FHH-Chr nBN rats, arranged by chromosome.
%HWI = Percent change relative to habitual water intake. Shaded vertical
bar in each panel is 99% confidence interval of the FHH strain.

Corn oil intake Water intake Preference %HWI score
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Figure 8 Consumption of 1% corn oil and water (with suspension agent)
by FHH, BN, and FHH-Chr n®V rats, arranged by chromosome. %HWI =
Percent change relative to habitual water intake. Shaded vertical bar in
each panel is 99% confidence interval of the FHH strain.

cuss methodological considerations of the approach and ad-
dress some of the limitations inherent with the phenotypes
measured here. We then discuss the implications of our find-
ings for the acceptance of water and each taste solution,
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Citric acid intake Water intake Preference %HWI score

Figure 9 Consumption of 1 mM HCI (top) or 1 mM citric acid (bottom)
and water by FHH, BN, and FHH-Chr nBN rats, arranged by chromosome.
%HWI = Percent change relative to habitual water intake. Shaded vertical
bar in each panel is 99% confidence interval of the FHH strain.

particularly in the context of what is already known about
taste transduction mechanisms. We end with a more general
discussion of the implications of the results for the genetic
architecture of taste solution consumption.

Methodological considerations

Interpretation of data from consomic rats

Consomic rodent strain sets are relatively new and underu-
tilized tools for the dissection of genetic traits (for reviews,
see Nadeau et al. 2000; Cowley, Liang, et al. 2004; Cowley,
Roman, and Jacob 2004; Hill et al. 2006; Gregorova et al.
2008). Several consomic rodent strains have been developed
but only 5 complete sets are extant, 2 of rats (FHH-Chr n®"
and SS-Chr n®™ [PhysGen 2009]) and 3 of mice (C57BL/6J-
Chr n™/J [Singer et al. 2004], C57BL/6J-Chr n"VP/Fore]
[Gregorova et al. 2008], and DBA/2-Chr n°Y® [Bevova
et al. 2006]). To our knowledge, ours is the first study to
screen a complete set of consomic rats with behavioral traits
and the first in either species to examine taste preferences.
Most previous work on the genetic basis of taste preferences
has involved testing segregating hybrid mice followed by the
generation of congenic lines to isolate QTLs (e.g., Tordoff
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Figure 10 Consumption of 32 uM quinine hydrochloride (QHCI; top) or 32
uM denatonium benzoate (bottom) and water by FHH, BN, and FHH-Chr
nBN rats, arranged by chromosome. %HWI = Percent change relative to
habitual water intake. Shaded vertical bar in each panel is 99% confidence
interval of the FHH strain.

Water intake %HWI score

Capsaicin intake Preference
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Figure 11 Consumption of 1 uM capsaicin (a trigeminal irritant) and water
by FHH, BN, and FHH-Chr n®V rats, arranged by chromosome. %HWI =
Percent change relative to habitual water intake. Shaded vertical bar in
each panel is 99% confidence interval of the FHH strain.

2008). The use of consomic strains has several advantages
over this older approach. First, experimental designs using
segregating generations require comparisons to be made

2T0Z ‘€ J8go100 uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

Genetics of Rat Taste Solution Consumption 481

Table 3 Summary of significant differences in %HWI scores between the FHH and other strains

Taste Exemplar Strain (BN chromosome)
BN 1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 18 19 20 X Y
Salty NaCl, 10 mM I o o T 1 o o | e o 1T e o T e e 1T 1 e e 1 1
NaCl, 237 mM e 1 e 1 1T 1 e e [ SEPU S S NP S
Mineral NH,Cl, 100 mM e 1 e o 1T 1 e o 1 o o o 1T o 1T 1T 1 o o 1 o o
KCl, 100 mM e 1 e o T o o o e o o o o 1 1 1 1 e e e 1 e
CaCly, 32 mM l T e e 1 o o | e o . . . . . . T . . . T o
Umami MSG, 10 mM l e o o o o o o e o . . . . . . 1 . . . e o
Sweet Saccharin, 1 mM l e o o T o o o e 1 T e . . . 1 T e . . e o
Sucrose, 32 mM l e o o o T e @ e o i . . . . 1 1 . . . e 1
Carbohydrate  Polycose, 1% . e o o o o T 1 o o . . . . . . . . . . o o
Mixed Ethanol, 4% l e 1T o e o o 1 e 1 . . . . . . . . ! . e o
Fat Corn oil, 1% . e T | e T 1T 1 o o . . . . . . . . . . e o
Sour HCl, 1 mM . T e e o o o o PS . . . . . . . . . . e o
Citric acid, 1 mM . e T o 1 o o 1 e 1 T e T e . . . . . . e o
Bitter QHCl, 32 pM e o o o 1 o o e o 1T o o o o o T e o o o o
Denatonium, 32 uM T o o o o o o o« o . . . . . . . . . . o o
Trigeminal Capsaicin, 1 uM . e o o T o o o o« o . . T e . T e . . . o o

| =P <0.01, lower than FHH strain, 1 = P < 0.01, higher than FHH strain, e = not different from FHH strain. A significant difference implies that the

chromosome involved harbors at least one QTL influencing the phenotype.

between individuals, whereas designs using consomic ani-
mals allow comparisons between strains. The use of groups
rather than individuals yields greater statistical power; this is
particularly important for behavioral phenotypes because
these tend to be more susceptible to environmental and ex-
periential influences than are physiological or anatomical
phenotypes and thus more variable. Second, each consomic
strain has a defined genetic background consisting of a mo-
saic of its 2 parental strains. Recombinant inbred strains
also have this property but a consomic strain set has 2 ad-
ditional advantages: 1) the genotype of each parental strain
is represented over the entire genome in a systematic manner
and 2) the results obtained are easier to analyze and, argu-
ably, simpler to conceptualize: Differences between a conso-
mic strain and its parental background strain imply that
a gene or genes on the introgressed chromosome influences
the trait under study. Third, to isolate QTLs, it is easier and
faster to develop congenic lines from consomic strains than
from segregating hybrids: Typically, the process requires 10
generations if starting from segregating hybrids but only 2 if
starting from consomic strains. There is also less chance of
“losing” a phenotype due to the loss of epistatic or back-
ground effects while breeding congenics from consomics be-
cause the locus of interest is already expressed on
a background that is identical in all but the introgressed
chromosome.

Limitations of the approach

The consomic approach relies on the implication that differen-
ces in a particular trait between a consomic strain and its pa-
rental background strain are the result of a gene or genes on the
introgressed chromosome. However, the number of loci on the
introgressed chromosome is unknown. Moreover, the lack of
a difference between a consomic strain and its parental back-
ground strain is ambiguous: The failure to detect a difference
could be due to 1) the absence of functional polymorphisms on
the introgressed chromosome, 2) the inevitable lack of statis-
tical power associated with the difficulty of proving the null
hypothesis, or 3) genes with opposing or antagonistic effects
located on the introgressed chromosome. Consomic strains
also do not preserve QTLs involving polychromosomal inter-
actions (e.g., genes requiring transregulatory elements or epi-
static genes on different chromosomes). Consequently, the
consomic approach can be used to identify the chromosomal
locations of some, but not all, genes influencing a trait.

Two-bottle choice test phenotype

The phenotypes examined in this study are based on the
long-term 2-bottle choice test. This is straightforward and
inexpensive to conduct, and preferences measured using it
reflect the food choices of animals foraging in the wild
(for reviews, see Jacobs et al. 1978; Shumake 1978; Provenza
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1996; Stephens et al. 2007). Taste is a dominant contributor
to taste solution consumption under most circumstances,
particularly when the animals are fed a nutritionally com-
plete diet, as they were here. However, fluid intakes in
long-term 2-bottle choice tests are also influenced by postin-
gestive, experiential, cognitive, and nongustatory orosensory
cues. Very little is known about the genetic architecture of
these nontaste influences on taste solution consumption,
with the possible exception of those related to ethanol con-
sumption (see Ethanol, below). In contrast, there have been
several recent discoveries of taste transduction and process-
ing mechanisms in the mouse. Consequently, in the following
discussion, we focus on comparing our results with these new
findings.

This article introduces the %0HWI score—solution intake
relative to habitual water intake—as a metric of the avidity
of rats for taste solutions. For tests involving taste solutions
that are ingested in moderate volumes, %0HWI scores closely
reflected the more familiar preference scores (r’s = 0.82-0.93;
Table 2). For these taste compounds, when a consomic strain
differed from the FHH strain in %HWTI score it usually also
differed in preference score; the exceptions were when the
strain mean fell close to the confidence interval of the
FHH strain so that one score was marginally significant
and the other marginally nonsignificant. However, for tests
of highly preferred taste solutions, the correspondence be-
tween %oHWI scores and preference scores was weak (r’s =
0.35-0.43; Table 2), and there were several examples where
a consomic strain had clearly significant %HWTI scores but
no obvious trend in preference scores. For strongly preferred
solutions, there was greater constraint on the range of pref-
erence scores than %HWTI scores. For example, the 10 mM
NaCl preference scores of the FHH and consomic strains fell
between 87% and 95%, and it is doubtful that differences be-
tween strains within this range have any meaningful (as op-
posed to statistical) significance. In contrast, the equivalent
%HWTI scores fell between 84 and 197 %9 HWI, exposing large
strain differences. We see few disadvantages of the %oHWI
score. One is that it requires making measurements of daily
water intake, which is time consuming. Another is that water
intakes measured on days soon after a taste solution is con-
sumed are open to contamination by carryover effects. This
is a potential source of error here because the average of pre-
and post-choice test water intakes was used to calculate
%HWI scores. However, daily water intakes were fairly sta-
ble from test-to-test (Figure 1), which implies that if any car-
ryover effects were present then they had minimal influence
on the results.

Chromosomes responsible for the consumption of water
and individual taste compounds
Habitual (daily) water intake

We measured the parental and consomic rats’ daily water in-
takes on 17 occasions, from ~7 to 18 week of age. Most

strains progressively increased daily water intakes up to
~9 week of age then progressively decreased them over
the following 9 week. The FHH strain is known to develop
hypertension, with its onset coincident with increased daily
water intakes (Kuijpers et al. 1986). We did not measure
blood pressure in our study but it would not be surprising
to find that the onset of hypertension occurred at about 9
week of age, raising the possibility of pleiotropy. However,
the FHH-Chr 13N, 88N 19BN and XBN strains did not in-
crease water intake but are susceptible to hypertension
(Mattson et al. 2007), and the FHH-Chr 20®Y strain in-
creased water intake but is resistant to hypertension (Matt-
son et al. 2007). Thus, water intake and hypertension can be
genetically dissociated.

The FHH strain is also susceptible to kidney disease
(Mattson et al. 2007). Consequently, a “leaky kidney”’ could
feasibly account for the FHH strain’s high water intake and
perhaps even its avidity for some taste solutions. Mattson
et al. (2007) found that the FHH-Chr 18N, 14BN 15BN,
165N, 18BN and 20BN strains had reduced kidney disease rel-
ative to the FHH strain. In the present study, all 6 of these
consomic strains had reduced water intakes relative to the
FHH strain, which is consistent with the leaky kidney expla-
nation. However, some strains (e.g., FHH-Chr 75" and 8°V)
are apparently not protected from kidney disease but had
low water intakes. Thus, there was not a simple relationship
between kidney disease and water intake. It is likely that dif-
ferent mechanisms underlie kidney disease on different chro-
mosomes so, for example, the locus on Chr 1 that influences
water intake may do so by causing kidney leakage, but loci
on other chromosomes may involve other mechanisms. Kid-
ney disease may be one cause of high water intakes but it is
not the only one.

Sodium-selective saltiness (NaCl)

There are at least 2 types of sodium-sensitive taste transduc-
tion mechanisms in rodents: one is highly selective for sodium
and lithium salts and is mediated by sodium-selective “N”’-
fibers (e.g., Heck et al. 1984; Brand et al. 1985; DeSimone
and Ferrell 1985; Ninomiya et al. 1989; Hettinger and Frank
1990; Roitman and Bernstein 1999; Chandrashekar et al.
2010) and the other is nonselective among sodium, potas-
sium, and ammonium salts and is mediated by generalist cat-
ion-sensitive nerve fibers, sometimes called H- or E-fibers
(e.g., Formaker and Hill 1988; Roitman and Bernstein
1999; Lyall et al. 2004, see General salt taste, below). The so-
dium-selective transduction mechanism involves epithelial
sodium channels (ENaCs) that can be debilitated by amilor-
ide (e.g., Chandrashekar et al. 2010). In mouse taste tissue,
there are 3 ENaC subunits, Scnnla, Scnnlb, and Scnnlg. In
rats, Sccnlais located on Chr 4 and both Scnnib and Scnnig
are located on Chr 1. The consomic strains involving these
chromosomes had NaCl consumption scores different from
those of the FHH strain, which is consistent with
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a contribution of ENaCs to sodium taste. However, the same
chromosomes also influenced consumption of NH4Cl, KCI,
and CaCl,, which do not influence ENaCs (Brand et al. 1985;
DeSimone and Ferrell 1985). Thus, the most parsimonious
explanation is that generalist cation-sensitive mechanisms
are responsible for the QTLs on these chromosomes, al-
though we cannot rule out the possibility that sodium-
specific mechanisms contribute as well.

It is noteworthy that several mouse strains voluntarily con-
sume NaCl but do not have amiloride-sensitive sodium taste,
and the evidence that human sodium taste is amiloride sen-
sitive is equivocal (e.g., Ossebaard and Smith 1996; Anand
and Zuniga 1997; Halpern 1998) so the existence of addi-
tional sodium-specific taste transduction mechanisms seems
likely. One possibility involves Mcoln3 (aka TRPML3 and
SNMX-34), which has been described as a human sodium
taste receptor (Moyer et al. 2009). However, this gene is lo-
cated on rat Chr 2, a chromosome that did not influence
NaCl consumption in the present study.

As noted above, the FHH and some consomic strains were
probably hypertensive (e.g., Kuijpers et al. 1986; Mattson
et al. 2007). Hypertension has been linked to NaCl prefer-
ence, based primarily on the observation that the SHR strain
is both hypertensive and an avid consumer of NaCl (e.g.,
Catalanotto et al. 1972). This is also true of the FHH strain,
but it is probably due to coincident fixation of the traits dur-
ing inbreeding. In male rats, only substitution of Chr 20 sig-
nificantly reduced mean arterial pressure (Mattson et al.
2007) but in our work these rats had FHH-like 10 mM NaCl
consumption scores and exacerbated 237 mM NaCl con-
sumption scores. Thus, as is the case with the SHR strain
(Di Nicolantonio et al. 1983; Yongue and Myers 1989),
blood pressure and NaCl preference can be genetically
dissociated.

Most rat strains display aninverted U-shaped concentration-
preference function for NaCl, with the peak preference being
~150 mM (Richter 1939; Young and Falk 1956; Tordoff,
Alarcon, Lawler, et al. 2008). The BN and FHH strains
are typical in this respect (Tordoff, Alarcon, Lawler, et al.
2008) and the avidity for NaCl is higher in the FHH than
in the BN strain. We found here that several consomic
strains have even greater avidity for NaCl than does the
FHH strain. Chr 3, 4, 11, 14, 17, 18, and X were implicated
in the response to both NaCl concentrations tested, Chr 7
and Y were implicated in the response to 10 mM NaCl only,
and Chr 1, 5, 8,9, 10, 13, 15, 19, and 20 were implicated in
the response to 237 mM NaCl only. The involvement of dif-
ferent loci in the response to different concentrations of
NaCl is to be expected because at least some of the mech-
anisms controlling NaCl consumption are likely to be con-
centration-specific. Given that 10 mM NaCl is hypotonic
and 237 mM NacCl is hypertonic, one interpretation is that
the loci implicated in the response to 10 mM NaCl mediate
taste-related mechanisms, whereas those implicated specifi-
cally in the response to 237 mM NaCl mediate mechanisms

Genetics of Rat Taste Solution Consumption 483

related to the osmotic or other postingestive effects of NaCl.
The finding that 18 of the 22 consomic strains—all except
those involving Chr 2, 6, 12, and 16—influenced the inges-
tion of one or both concentrations of NaCl implies that at
least 18 genes are involved in this phenotype, but even this is
likely an underestimate of the complexity of the genetic ar-
chitecture involved because some chromosomes may harbor
more than one pertinent gene. Clearly, the controls of NaCl
consumption are dauntingly complex, but perhaps this is to
be expected given the many crucial roles that sodium plays in
homeostasis.

General salt taste (NH,Cl and KCl)

The mechanisms underlying the transduction of nonsodium
salts are unclear. The saltiness of these compounds has been
attributed to amiloride-insensitive generalist salt taste mech-
anisms, and it may involve paracellular pathways (Elliott
and Simon 1990) and/or TRPVI1 (aka VR-1) receptors
(Lyall, Heck, Phan, et al. 2005; Lyall, Heck, Vinnikova,
et al. 2005). However, Trpvi, the gene encoding for TRPV1,
did not appear to influence consumption of NH4Cl or KClin
the present study: Trpvl is located on rat Chr 10, but the
FHH-Chr 10®™ strain had FHH-like intakes of NH4Cl
and KCl. Instead, loci on Chr 1, 4, 15, 16, and 17 influenced
%HWI scores for both NH,4Cl and KCl, loci on Chr 5,9, 13,
and 20 influenced %6HWTI scores for NH4Cl alone, and loci
on Chr 8, 14, and X influenced %HWTI scores for KCI alone.
In all cases, the consomic strains had higher Y%oHWTI scores
than did the FHH strain.

The involvement of a shared amiloride-insensitive salt
transduction mechanism would be reflected in a common re-
sponse to NH,CI, KCI, and NaCl. The FHH-Chr 13N, 48N,
158N and 178N strains fulfill this because each had elevated
%HWTI scores to all 3 monovalent chlorides. In addition to
saltiness, a bitter component of KCl is recognized, and Chr 1,
4, and 17 were implicated in the response to denatonium or
quinine, raising the possibility of pleiotropy. KCl is known
to influence voltage-gated calcium channels in taste buds
(Hacker et al. 2008). There are ~15 subunits of these chan-
nels, with genes located on rat Chr 3, 4, 10, 13, 16, and 19, so
there is the possibility of involvement of some of these (i.e.,
Cacnalc, Cacna2dl, and CaCna2d4 on Chr 4 and Cacnale
on Chr 13). There is also evidence for a potassium appetite in
rats that is distinct from sodium appetite, but the specificity
and detection mechanisms involved are unclear (e.g., Milner
and Zucker 1965; Guenthner et al. 2008). A likely location of
genes responsible for an action specific to KCl is on Chr 16
because only the FHH-Chr 165N strain differed from the
FHH strain in KCl %HWTI scores but not NaCl % HWI
scores.

Calcium (CaCl5)

The taste of calcium is distinct from that of other salts (e.g.,
Coldwell and Tordoff 1996; McCaughey and Tordoff 2002;
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McCaughey et al. 2005). A genetic analysis based on C57BL/6J
and PWK/PhJ F, mice identified 2 calcium taste receptor genes
(Tordoff et al. 2007a; Tordoff 2008; Tordoff, Reed, and Shao
2008; Tordoff, Shao, et al. 2008): Taslr3, which has also been
implicated in sweet and umami taste (see Umami and Sweet,
below) and Casr, which is also key to the regulation of blood
calcium concentrations. Both receptors are found in taste buds
(Nelson et al. 2001; San Gabriel et al. 2009), and it has recently
been suggested that CaSR mediates kokumi taste (Ohsu et al.
2009), an orosensory quality recognized in Japan but unknown
in the West. We found here that the FHH strain had substan-
tially higher avidity for CaCl, than did the FHH strain but this
was unlikely to involve either TasIr3 or Casr: Taslr3 is located
on Chr 5 and Casr on Chr 11 in the rat, and the corresponding
consomic strains had FHH-like CaCl, %HWTI scores. Instead,
the phenotypic difference was captured completely by the
FHH-Chr 7®N strain. There are, of course, many genes on
Chr 7 that could potentially influence calcium consumption
but a particularly attractive candidate is Vdr, the 1,25-dihy-
droxyvitamin Dj; receptor gene, which is a key controller of cal-
cium metabolism, and its human ortholog has many functional
mutations. In contrast to the locus on Chr 7, loci on Chr 1, 4,
17, and X increased %HWTI scores; the identities of these QTLs
are unknown.

Umami (MSG)

Umami, the “fifth” basic taste, is most often exemplified by
the taste of MSG. In mice, umami transduction is mediated
by at least 2 distinct receptor types. One is a G-protein—
coupled receptor dimer involving T1R1 and T1R3 (Zhao
et al. 2003; Chandrashekar et al. 2006), with genes Taslrl
and Taslr3, located on rat Chr 5. The other involves metab-
otropic glutamate receptors (most likely truncated forms of
Grml, aka mGluRI, or Grm4, aka mGluR4 [Delay et al.
2009]), with genes located on rat Chr 1 and 20. We found
considerable variation in the response to MSG, with FHH
rats consuming more than twice as much MSG as did BN
rats, and strain means ranging from 86 * 9 % HWI (BN
strain) to 231 * 14 %HWI (FHH-Chr 178N strain). However,
it is unlikely that genes on Chr 1, 5, or 20 were involved
because only the FHH-Chr 175N strain differed significantly
from the FHH strain.

Sweet (saccharin and sucrose)

In the mouse, the transduction of sweet taste is mediated pri-
marily by a G-protein—coupled receptor dimer involving
TI1R2 and T1R3. These receptor subunits are encoded by
the genes Taslr2 and Taslr3, which are located on rat
Chr 5. Polymorphisms in the sequence of Tasl/r3 account
for most of the variation in sweet solution intake among in-
bred mouse strains (Bachmanov, Li, et al. 2001; Reed et al.
2004). However, other mechanisms must also be involved be-
cause the preference for high concentrations of some sweet-
eners persists in 7as/r3 null mice (Damak et al. 2003).

Moreover, there is no relationship between sequence varia-
tion of Taslr3 and sweet preference in rats (Lu et al. 2005).
Consistent with this, we found that the BN strain had substan-
tially lower avidity for both saccharin and sucrose than did the
FHH strain but that the FHH-Chr 5®N strain had FHH-like
saccharin %oHWTI scores and elevated sucrose Y% HWTI scores.
Thus, the difference in response between the parental strains
cannot easily be ascribed to either Taslr2 or Taslr3.

Instead, variation in response to sweeteners was due to
QTLs on Chr 4, 5, 10, 11, 16, 17, and Y. Of these, the loci
on Chr 11, 16, and 17 influenced both saccharin and sucrose
consumption. Given the structural, chemical, osmotic, and
energetic differences between the 2 sweeteners, these loci ap-
pear to be the strongest candidates to be involved in the re-
sponse to sweetness per se. The loci on Chr 5 and Y were
specific to sucrose consumption, whereas those on Chr 4
and 10 were specific to saccharin consumption. Perhaps
the locus on Chr 4 is involved in the response to saccharin’s
bitter aftertaste (Dess 1993) because this chromosome also
influenced QHCI consumption.

G-Protein—coupled receptor intracellular signaling cascade

G-protein—coupled receptors responsible for the transduc-
tion of sweet, umami, calcium, and bitter taste initiate an in-
tracellular signaling cascade involving gustducin, TRPMS,
and Plcb2 (Hacker et al. 2008). Gustducin is encoded by
Gnat3, which resides on rat Chr 4. The FHH-Chr 42™ strain
drank more saccharin, CaCl,, and QHCI than did the FHH
strain, but we suspect this is coincidental rather than due to
the participation of Gnat3: the FHH-Chr 42N strain also
drank more NaCl, NH4Cl, KCI, and capsaicin, which do
not involve G-protein—coupled receptors, and it did not
drink more sucrose, MSG, or denatonium, which do. Trpm5
is located on rat Chr 1, and Plcb2 is located on rat Chr 3, and
neither of these chromosomes influenced the response to sac-
charin, sucrose, MSG, calcium, or QHCI. Thus, it appears
unlikely that functional polymorphisms in Gnat3, Trpm5,
or Plcb2 are responsible for the variation in the rats’ re-
sponses to sweet, umami, calcium, or bitter tastes.

Polycose

Polycose is a soluble mixture of polysaccharides derived
from corn starch. Consistent with results from other strains
of rats (e.g., Tordoff, Alarcon, Lawler, et al. 2008), the FHH
and BN rat strains were avid consumers of Polycose. The
receptors responsible for guiding Polycose consumption
are unknown, although strong evidence indicates that they
are distinct from those used to detect other carbohydrates,
including simple sugars and starches (for reviews, see Scla-
fani 1987, 2004). Our results implicate genes on Chr 6 and 7
in the response to Polycose. Neither of these chromosomes
was implicated in the response to saccharin or sucrose, which
further attests to the existence of distinct controls for the
consumption of Polycose and sweeteners.
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Ethanol

In contrast to the other taste compounds studied here, there
is wide-ranging work on the genetic controls of ethanol
consumption. This has implicated genes related to
v-aminobutyric acid, dopamine, corticotropin-releasing fac-
tor, opioids, cannabinoids, serotonin, various ion channels,
adenosine, cyclase-related genes, protein kinases, glutamate,
various neuropeptides and chemokines, as well as others
(for a review of 93 alcohol-related genes, see Crabbe et al.
2006). Chemosensory-related genes implicated in ethanol
consumption by mice include Taslr3, Trpvl, Gnat3, and
Trpm5 (Blednov et al. 2008; Blednov and Harris 2009), which
may all be involved in detecting ethanol’s sweet component.
Undoubtedly, there are more.

Consumption of 4% ethanol ranged widely among the 24
strains tested, from strong avoidance by BN rats (18 = 5
%HWTI), through indifference by the FHH strain (56 * §
%HWI), to strong acceptance by the FHH-Chr 28N strain
(114 = 11 %HWI). Relative to the FHH strain, the FHH-
Chr 198" strain had lower avidity for ethanol, whereas the
FHH-Chr 28N, 7%N and 10BN strains had higher avidity
for ethanol. There are no obvious taste-related genes but there
are many candidate genes with actions in the brain that could
be responsible for these strain differences (Crabbe et al. 20006).

Fat (corn oil)

The existence of orosensory fat detectors is controversial but
becoming increasingly accepted, primarily due to the discov-
ery of several putative transduction mechanisms (for re-
views, see Laugerette et al. 2007; Mizushige et al. 2007;
Gaillard, Passilly-Degrace, and Besnard 2008; Khan and
Besnard 2009; Mattes 2009). Early work implicated delayed
rectifying potassium channels (Gilbertson et al. 1997), al-
though the specific type(s) involved is unclear. More atten-
tion has been paid to the cell-surface membrane protein,
CD36 (e.g., Laugerette et al. 2005; Gaillard, Laugerette,
et al. 2008; Khan and Besnard 2009), which is encoded by
the Cd36 gene on rat Chr 4. Less strong data link fat detec-
tion to Ffarl (aka GPR40) and Gpri20 [(Matsumura et al.
2007); both on rat Chr 1]. The results obtained here implicate
genes on Chr 2, 3, 5, 6, 7, and 8 but not the chromosomes
harboring Cd36, Ffarl, or Gpri20. Clearly then, there are
mechanisms influencing fat consumption that remain to
be discovered. Texture and odor make important contribu-
tions to the recognition of fat by rats (e.g., Ramirez 1992,
1993, 1994) so it would not be surprising to find that
some of the linkages obtained here are involved with these
sensations.

Sour (HCl and citric acid)

Sour (acid) taste in the mouse is thought to be mediated by the
receptor potential channel, PKD2L1, perhaps only when
coexpressed with PKDI1L3 (Ishimaru et al. 2006). However,
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neither gene encoding these channels appears to influence
the phenotype observed here: In the rat, Pkd2ll is located
on Chr 1, and this chromosome influenced the response to
HCI but not citric acid. Pkd1/3 is located on Chr 19, and this
chromosome did not influence the response to either acid
tested. Several other genes have been implicated in sour taste
but these can also be excluded by virtue of their location on
chromosomes that did not cause an abnormal phenotype, in-
cluding Kcnk3 (aka TASK-1) on Chr 6, Slc9al (aka NHE-1;
the Na*/H* amiloride-sensitive solute carrier) on Chr 5, Henl
(the hyperpolarization-activated cyclic nucleotide-gated po-
tassium channel 1) on Chr 3, Hend on Chr 8, and Giplr
(glucagon-like peptide 1 receptor) on Chr 20 (for a review,
see Bachmanov and Beauchamp 2007). The candidate sour
taste receptor gene Accnl (aka ASIC2a/ASIC2b; Shimada
et al. 20006) is located on Chr 10, coincident with a consomic
strain displaying high citric acid %6HWI scores but this did not
extend to HC1 %HWI scores. Indeed, only the FHH-Chr 1%~
strain differed from the FHH strain in HCI %6HWI scores, and
the effect size here was small (the omnibus ANOVA was not
significant). This reduces enthusiasm for using the FHH-Chr
n®Y strains to isolate genes responsible for sour taste.

Bitter (QHCI and denatonium)

Bitter taste is mediated by a family of ~30 T2R receptors,
with most having genes located on Chr 2 or 4 in the rat. Con-
sistent with a contribution of one or more of the T2R recep-
tors in the present experiment, the FHH-Chr 4% strain had
QHCI1%HWTI scores that were significantly higher than those
of the FHH strain. There were additional effects on QHCI
%HWTI scores involving Chr 11 and 17 and denatonium
%HWTI scores involving Chr 1. There are no obvious candi-
date genes for these loci. The lack of coincidence between
QTLs involving QHCI and denatonium is consistent with
the involvement of different receptors (Meyerhof et al.
2010); however, behavioral data from rats and humans sug-
gest that the 2 have similar bitter tastes (Delwiche et al. 2001;
Brasser et al. 2005).

Trigeminal (capsaicin)

In mice, the “burning” or ““spicy’” sensation produced by or-
al capsaicin is believed to be mediated by TRPV1 receptors in
trigeminal nerve endings (e.g., Liu and Simon 1996). How-
ever, the TRPVI receptor does not appear to influence the
variation in capsaicin consumption observed here; the Trpvi
gene is located on Chr 10 but the FHH-Chr 10 strain had
FHH-like capsaicin consumption. Instead, Chr 4, 13, and 16
were implicated. The genes underlying the QTLs on these
chromosomes are unknown.

General discussion

Relative to the FHH strain, the BN strain had lower avidity
for most of the taste solutions tested in this experiment. It is
therefore possible that the BN strain has a gene variant that
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causes a general avoidance of taste solutions. Possibilities
could include a gene responsible for heightened neophobia
(avoidance of novelty) or heightened preference for water.
Although no chromosome was implicated in the response
to all taste solutions, the FHH-Chr 43N and 17BN strains
each had elevated %HWI scores for the majority of taste sol-
utions tested. These results cluster considerably more than
would be expected if randomly located genes influenced each
trait independently, so we suspect that there are pleiotropic
influences at play on Chr 4 and 17, but it is unclear why these
affect consumption of some taste solutions but not others
(see Table 3).

The results from the BN and FHH parental strains imply
that, overall, genes from the BN strain tend to reduce taste
solution consumption. It is therefore counterintuitive that
the direction of 79 of the 84 QTLs discovered involved con-
somic strains having higher % HWI scores than did the FHH
strain. One might expect a bias in this direction if all the taste
compounds tested were avoided by the FHH strain but this
was not the case: for the 6 compounds preferred more than
water (i.e., 10 and 237 mM NaCl, MSG, saccharin, sucrose,
and Polycose), the consomics had higher %6HWI scores than
did the FHH strain in 36 of 38 significant differences; for the
10 compounds preferred less than water, the consomics had
higher %oHWTI scores than did the FHH strain in 43 of 46
significant differences. Thus, the general effect of intro-
gressed BN chromosomes was to increase acceptance of
tastes, not to cause a more extreme phenotype, as might
be expected if the FHH strain had a widespread loss of
the ability to detect tastes. Notably, the sum of the strain ef-
fects expressed in individual consomic strains was far greater
than the difference between the parental strains. This phe-
nomenon, which has been observed for more than 60 poly-
genic traits (Mattson et al. 2007; Shao et al. 2008), is crucial
for gene discovery because it implies that a gene making a mi-
nor or latent contribution to a trait in the parental strains can
be studied in the appropriate consomic strain.

This experiment uncovered many QTLs but even this long
list must inevitably be incomplete. First, the QTLs were de-
termined by a moderately stringent statistical criterion;
a looser criterion would have introduced many additional
ones. Second, the number of rats tested was relatively small.
With more animals and thus more statistical power, more
QTLs would be discovered, albeit with each contributing
smaller effects than the ones already found. Third, at least
some of the chromosomal effects will ultimately resolve into
2 or more independent QTLs on the same chromosome.
Fourth, some QTLs will have been missed because a QTL
with the opposite effect was located on the same chromo-
some or because frans-chromosomal epistasis was disrupted.
Fifth, the phenotype was based on only one concentration of
each taste solution (2 for NaCl), so genes exerting effects spe-
cifically at lower or higher concentrations would be missed.
Sixth, genetic variation was limited to polymorphisms be-
tween the FHH and BN parental strains. Consequently,

genes that do not involve functional polymorphisms between
these 2 strains would not be detected even though they may
be important determinants of phenotypic variation among
other strains or other species. We conclude that the present
work provides a list of chromosomal locations to begin the
search for genes responsible for taste solution consumption
but the list is far from complete.

Given the large number of chromosomes implicated, we
were surprised by how rarely genes known to be involved
in taste perception in the mouse resided on chromosomes con-
tributing to the variation in taste solution acceptance of the
consomic strains. In particular, we found little-or-no evidence
for a contribution of Scnnla, Scnnlb, or Scnnlg to NaCl ac-
ceptance, Casr or Taslr3 to calcium acceptance, Tasirl,
Taslr2, Taslr3, Gnat3, Trpm5, or Plch2 to sweet or umami
acceptance, Cd36, Ffarl, or Gpri20 to fat acceptance, Pkd2!l
or Pkdll3 to sour acceptance, or Trpvl to capsaicin accep-
tance. As discussed above, our conclusions are made from
the absence of an effect of an introgressed chromosome on
a trait, so it is possible that some of the genes listed above
are involved but their effects are subtle or masked by genes
on the same chromosome with antagonistic effects. However,
it seems very unlikely that this explains all the “discrepan-
cies.” Instead, we suspect that the mechanisms responsible
for taste preference variation among the FHH-Chr n®™ rat
strains differ substantially from those responsible for taste
preference variation in the mouse. The limited generalization
from mouse to rat raises questions about how well results
found in either rodent species will generalize to humans.
At the very least, the current results demonstrate that the ge-
netic architecture of taste preferences is likely to be consider-
ably more complex than has heretofore been acknowledged.

Supplementary material

Supplementary material can be found at http://www.chemse
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