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Abstract

Biotin deficiency is associated with fetal malformations and activation of cell survival pathways in mammals. In this study we determined
whether biotin status affects life span, stress resistance, and fertility in the fruit fly Drosophila melanogaster. Male and female flies of the Canton-S
strain had free access to diets containing 6.0 (control), 4.8, 2.5, or 0 pmol biotin/100 mg. Biotin concentrations in diets correlated with activities
of biotin-dependent propionyl-CoA carboxylase and biotin concentrations in fly homogenates, but not with biotinylation of histones (DNA-binding
proteins). Propionyl-CoA carboxylase activities and biotin concentrations were lower in males than in females fed diets low in biotin. The life span
of biotin-deficient males and females was up to 30% shorter compared to biotin-sufficient controls. Exposure to oxidative stress reversed the effects
of biotin status on survival in male flies: survival times increased by 40% in biotin-deficient males compared to biotin-sufficient controls. Biotin
status did not affect survival of females exposed to oxidative stress. Exposure of flies to cold, heat, and oxidative stress was associated with
mobilization of biotin from yet unknown sources. Biotin deficiency decreased fertility of flies. When biotin-deficient males and females were
mated, the hatching rate (larvae hatched per egg) decreased by about 28% compared to biotin-sufficient controls. These findings are consistent with
the hypothesis that biotin affects life span, stress resistance, and fertility in fruit flies. © 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In eukaryotes, biotin serves as a covalently bound coen-
zyme for acetyl-CoA carboxylase, pyruvate carboxylase,
propionyl-CoA carboxylase (PCC), and 3-methylcrotonyl-
CoA carboxylase [1]. These enzymes catalyze essential
steps in the metabolism of glucose, amino acids, and fatty
acids [1]. Recently, evidence has been accumulating that
biotin has biological functions beyond its classical role as a
coenzyme for carboxylases. For example, biotin affects the
nuclear abundance of transcription factors such as nuclear
factor—kB (NF-«kB) and Sp1/Sp3 (Rodriguez-Melendez R,
Schwab LD, Zempleni J, submitted for publication) [2],
which regulate the expression of large arrays of genes in
eukaryotic organisms [3,4]. Moreover, biotin is covalently
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bound to histones (DNA-binding proteins) in eukaryotic
cells [5]; biotinylation of histones plays a role in transcrip-
tional repression of genes and in DNA repair [6].

Consistent with the essential roles for biotin in interme-
diary metabolism and gene expression, biotin deficiency
may cause decreased rates of cell proliferation [7-9], im-
paired immune function [10—-12], and abnormal fetal devel-
opment [13—15]. For example, chickens and turkeys with
marginal biotin deficiency produce eggs with higher em-
bryonic mortality and reduced hatchability [16—19]. Like-
wise, in some strains of mice, biotin deficiency during
pregnancy causes a substantial increase in fetal malforma-
tions and mortality [14,20-23].

Nutrient deficiency triggers cell stress [24-26]. Eukary-
otic cells respond to stress caused by biotin deficiency with
increased nuclear translocation of NF-kB (Rodriguez-
Melendez R, Schwab LD, Zempleni J, submitted for publi-
cation), mediating expression of antiapoptotic genes such as
Bfl-1/A1, Bcl-X;, and Nrl13 [27,28]. Activation of these
genes prevents death of cells stressed by transient biotin
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deficiency (Rodriguez-Melendez R, Schwab LD, Zempleni
J, submitted for publication).

Here the fruit fly Drosophila melanogaster was used to
test the hypothesis that dietary biotin supply affects life
span, fertility, and stress resistance in eukaryotic organisms.
Fruit flies were used as a model for several reasons. First,
colonies of fruit flies can be maintained at reasonable cost.
Second, fruit flies have a short life span and generation time
[29]. Thus, effects of long-term biotin deficiency on fertility
and development can be studied within a reasonable period
of time. Third, the genome of Drosophila melanogaster has
been sequenced; commercial DNA microarrays and mutant
fruit flies are available for future studies of roles for biotin
in cell signaling.

2. Methods and materials
2.1. Drosophila melanogaster

Drosophila melanogaster (Canton-S strain) were ob-
tained from Dr. Mariana Wolfner (Cornell University,
Ithaca, NY). Male and female flies were housed separately
from eclosion except for fertility experiments. Flies were
kept in 25 X 95 mm polystyrene vials at 27°C (24 hours of
light per day) unless noted otherwise. The following diets
were prepared as described previously [30], modified by the
addition of spray-dried egg white: 1) diets containing 0.2 g,
2.0 g, or 20 g of egg white/250 mL; and 2) diet without egg
white (control). Egg white contains the protein avidin,
which binds biotin with high affinity (dissociation constant
= 10> mol/L); binding to avidin renders biotin unavail-
able for absorption [31,32]. The diets used here contained
the following amounts of bioavailable biotin, as judged by
avidin-binding assay [33] with modifications [8] (units =
pmol biotin/100 mg diet): control diet = 6.0 = 2.5; 0.2 g
egg white/250 mL = 4.8 = 2.1; 2.0 g egg white/250 mL =
2.5 £ 0.5; 20 g egg white/250 mL = not detectable. Flies
had free access to diets and were transferred to fresh diet
every other day unless noted otherwise. Microbial growth
on diets was minimized using 22 mmol/L p-hydroxybenzoic
acid methyl ester and 90 mmol/L propionic acid. Unless
noted otherwise, flies were kept on biotin-defined diets for
11 days, representing approximately 15-20% of the ob-
served maximal life span of Drosophila melanogaster,
strain Canton-S.

2.2. Biotin-dependent carboxylases

The following nucleotide sequences encoding carboxylase-
like proteins have been identified in the genome of Drosophila
melanogaster: acetyl-CoA carboxylase-like sequence (Gen-
Bank accession number NP_724636); pyruvate carboxylase-
like sequence (NP_610527); propionyl-CoA carboxylase-like
sequence (o-chain; NP_651896); and 3-methylcrotonyl-CoA
carboxylase-like sequence (a-chain; NP_733456). These se-

quences are 38—64% identical to human carboxylase genes.
Homogenates of flies were prepared [34] and were screened
for the presence of biotinylated carboxylases using gel elec-
trophoresis and streptavidin-peroxidase [8]. The goal was to
determine whether carboxylase-like nucleotide sequences in
flies encode for functional carboxylases. Once biotinylated
carboxylases were detected by gel electrophoresis, activity of
PCC in fly homogenates was quantified as described in previ-
ous studies [34]. This assay quantifies the binding rate of
radioactive bicarbonate to propionyl-CoA, catalyzed by PCC
in fly homogenates. The PCC assay was linear up to at least
270 g of fly protein per sample (data not shown); approxi-
mately 210 pg of fly protein was used per sample in the
experiments described below.

2.3. Biotin

Homogenates of flies were prepared as described for rat
liver [34]. Biotin in homogenates was quantified by avidin-
binding assay [33] with modifications [8].

2.4. Biotinylation of histones

Eukaryotic cells contain five major classes of histones:
H1, H2A, H2B, H3, and H4. Fly homogenates were pre-
pared as described above and histones were extracted by
using hydrochloric acid; then the pH of extracts was ad-
justed to 7.0 [5]. Histone extract (500 wL) from approxi-
mately 80 flies was incubated with 100 wL of immobilized
avidin (ImmunoPure; Pierce, Rockford, IL) at room tem-
perature for 1 hour; avidin beads were collected by centrif-
ugation (4500 X g for 2 minutes) and were washed twice
using phosphate-buffered saline. Avidin beads were sus-
pended in 50 wL of 70 mmol/L lauryl sulfate and were
boiled for 10 minutes to release biotinylated histones. His-
tones were subjected to electrophoresis using 18% Tris
glycine gels (Invitrogen, Carlsbad, CA); biotin in histones
was probed using streptavidin peroxidase [5]. Equal loading
of lanes was confirmed by both staining with silver stain
(SilverXpress; Invitrogen) and by using a goat polyclonal
antibody against the 16 C-terminal amino acids in human
histone H3 (Santa Cruz Biotechnology, Santa Cruz, CA) in
analogy to our previous studies [35]. Note that the amino
acid sequence in the C-terminal tail of histone H3 is iden-
tical in humans and Drosophila melanogaster.

2.5. Biotinylation of histone-derived peptides

Histone H3 from Drosophila melanogaster contained more
covalently bound biotin than other classes of histones (see
Results). Here we determined whether histone H3 is a better
substrate than other histones for histone biotinyl transferases in
Drosophila. The following peptides were synthesized as sub-
strates for histone biotinyl transferase assays (Camporeale G,
Sarath G, Shubert EE, Zempleni J, submitted for publication):
ARTKQTARKSTGGKAPRKQLATKAA (amino acids 1-25
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from the N-terminus of histone H3), APRKQLATKAARK-
SAPATGGVKKPH (amino acids 15-39 from the N-terminus
of histone H3), and SGRGKGGKGLGKGGAKRHR (amino
acids 1-19 from the N-terminus of histone H4). Previous
studies have provided evidence that the C-terminus of histone
H3 (KRVTIMPKDIQLARRIRGERA) is not a substrate for
biotinylation (Kobya K, Rueckert B, Camporeale G, Sarath G,
Zempleni J, unpublished observation); this peptide was used as
a negative control. As a positive control we used a peptide
from histone H4 (amino acids 6-15) that was chemically
biotinylated at lysine-12: GGKGLG(biotin-K)GGA (Campo-
reale G, Sarath G, Shubert EE, Zempleni J, submitted for
publication). The amino acid sequences in N-terminal regions
of histones H3 and H4, and the C-terminal regions in histone
H3 are identical in humans and Drosophila melanogaster with
the following exception: histone H3 contains an alanine in
position 24 in humans and a valine in flies. Concentrations of
peptides in stock solutions were quantified as described (Cam-
poreale G, Sarath G, Shubert EE, Zempleni J, submitted for
publication). Biotinyl transferase assays were conducted at
37°C for 1 hour using 100 ng of peptide, fly homogenates (2.4
mg of protein; as source of biotinylating enzyme), 15 wmol/L
biocytin (as source of biotin), and 1 mmol//L. phenylmethyl-
sulfonyl fluoride in a final volume of 500 pL (Camporeale G,
Sarath G, Shubert EE, Zempleni J, submitted for publication).
Biotinylation of peptides was visualized using gel electro-
phoresis and streptavidin peroxidase (Camporeale G, Sarath G,
Shubert EE, Zempleni J, submitted for publication).

2.6. Life span

Newly eclosed virgin female and male flies were housed
in groups of 75 flies/cage (3 repeats/group). Flies were fed
biotin-defined diets: 20 g of egg white/250 mL or egg-white
free controls. Flies were transferred to fresh vials every 72
hours. Dead flies were counted at timed intervals until all
flies had died.

2.7. Stress response

Flies were housed on biotin-defined diets (20 g of egg
white/250 mL or egg white—free controls) at 27°C for 11
days (“pre-stress”). Flies were exposed to oxidative stress
by administration of pure oxygen in a plastic bag for 24
hours [36], using 10 flies/vial and up to 10 repeats/treatment
group; controls were not exposed to oxidative stress. Flies
were collected for biotin analysis as described above. For
survival experiments, flies were kept in an atmosphere of
pure oxygen until all flies had died; dead flies were counted
at timed intervals.

In analogous experiments, flies were exposed to temper-
ature stress (30 flies/vial and 5 repeats/treatment group): 1)
cold stress = 4°C for 3.5 hours [37]; or 2) heat stress =
34°C for 3.5 hours [38]. After exposure to temperature
stress, flies were returned to prestress conditions. Live flies
were sampled before temperature stress (control) and 0.1,

24, and 72 hours after stress. Fly homogenates were ana-
lyzed for biotin as described above. Vials were monitored
for dead flies for 72 hours after cold and heat stress.

2.8. Fertility

Newly eclosed male and female flies (n = 5 each) were
transferred into vials containing biotin-defined diets (20 g of
egg white/250 mL or egg-white free controls) for mating (3
repeats/treatment group). Every other day, flies were trans-
ferred to new vials and eggs in old vials were counted. The
old vials were kept at 27°C for 3 days when deflated eggs
(i.e., eggs from which larvae had hatched) were counted.
The hatching rate was calculated as follows, using the cu-
mulated number of total eggs and deflated eggs on days 10
and 13, respectively: Hatching rate (%) = (number of
deflated eggs/mumber of total eggs) X 100.

2.9. Statistical analysis

Homogeneity of variances among groups was tested us-
ing the Bartlett test [39]. Whenever variances were hetero-
geneous, data were log transformed before further statistical
testing. Significance of differences among groups was
tested by one-way analysis of variance. The Fisher protected
least significant difference procedure was used for post hoc
testing [39]. Paired ¢ test was used for paired comparisons.
StatView 5.0.1 (SAS Institute, Cary, NC) was used to per-
form all calculations. Differences were considered signifi-
cant at P < 0.05. Data are expressed as mean * SD.

3. Results
3.1. Indicators of biotin status

Feeding egg white to Drosophila melanogaster was as-
sociated with a dose-dependent decrease of biotin status in
flies. For example, the concentration of biotin (units = fmol
biotin/mg protein) in homogenates from male flies was 31
=+ 20 in controls; 7.5 = 1.5 in flies fed 0.2 g egg white/250
mL; 0.2 = 0.3 in flies fed 2.0 g egg white/250 mL; and “not
detectable” in flies fed 20 g egg white/250 mL (Fig. 1).
Effects of egg white feeding on biotin status were smaller in
female flies compared to male flies. When female flies were
fed a diet containing 20 g egg white/250 mL, biotin con-
centrations in fly homogenates remained at 63% = 2.1% of
control flies (Fig. 1).

Activities of biotin-dependent carboxylases are well estab-
lished markers for biotin status in mammals [1]. Here, protein
extracts from Drosophila melanogaster were subjected to elec-
trophoresis and probed with streptavidin to confirm that car-
boxylase-like nucleotide sequences in the fly genome are trans-
lated into carboxylase protein. Fly extracts contained
biotinylated proteins with molecular weights similar to those
observed for mammalian carboxylases (Fig. 2A). Thus, it is
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Fig. 1. Feeding egg white-supplemented diets for 11 days affects bio-
tin concentrations in homogenates from male and female Drosophila
melanogaster. *>“Columns not sharing the same letter are significantly dif-
ferent from other groups within the same gender (P < 0.05; n = 3-5 repli-
cates; each replicate representing a homogenate from 40 flies).
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likely that carboxylase-like nucleotide sequences in the ge-
nome of Drosophila melanogaster encode for functional car-
boxylases.

PCC was used as a model to investigate the effects of
diets on carboxylase activities in flies. In both males and
females, PCC activities decreased significantly compared to
controls if flies were fed diets containing 2.0 or 20 g egg
white/250 mL (Fig. 2B); feeding a diet containing 0.2 g egg
white/250 mL did not cause a significant decrease in PCC
activities. The effect of diet on PCC activity was greater in
males compared to females. For example, when male flies
were fed a diet containing 20 g egg white/250 mL, PCC
activity decreased to 18% = 8.8% of control values. In
contrast, when female flies were fed a diet containing 20 g
egg white/250 mL, PCC activity decreased to 53 = 24% of
control values. Both biotin concentrations and PCC activi-
ties in flies suggest that feeding egg white causes biotin
deficiency in Drosophila melanogaster; male flies are more
likely to develop biotin deficiency than are female flies.
Subsequent experiments focused on diets containing 20 g
egg white/250 mL and egg white—free controls.

3.2. Biotinylation of histones

Biotin content of histones H1, H2A, H2B, H3, and H4
was similar in flies fed a diet containing 20 g egg white/250
mL and in controls (Fig. 3A). This finding suggests that the
effects of biotin status on biotinylation of histones are quan-
titatively minor. Histone H3 contained more biotin than
other histones. This observation was not an artifact caused
by unequal extraction of the various classes of histones,
based on the following lines of reasoning (see also below).
Chromatin contains histones H2A, H2B, H3, and H4 in
equimolar amounts, and half as much histone H1 [40]. The
efficiency of acid extraction is similar for these classes of
histones [5].

Histones from female flies contained more biotin com-
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Bl Acetyl-CoA carboxylase (262 kDa)

.% Pyruvate carboxylase (131 kDa)

; 3-Methylcratonyl C oA carboxylase
W < (59 kDa) and PCC (77 kDa); alpha
chains

Jmin xmg protein]]

PCC activ ity
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0 pz 2D 0 o0 D2 2D 2
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Fig. 2. Feeding egg white—supplemented diets for 11 days affects activities
of biotin-dependent propionyl-CoA carboxylase (PCC) in male and female
Drosophila melanogaster. (A) Drosophila melanogaster express biotinyl-
ated proteins with molecular weights similar to those observed for mam-
malian carboxylases. Alpha chains of PCC and 3-methylcrotonyl-CoA
carboxylase migrated as one single band. (B) PCC activity in homogenates
from Drosophila melanogaster. “*“Columns not sharing the same super-
script are significantly different from other groups within the same gender
(P < 0.05; n = 3 replicates; each replicate representing a homogenate from
40 flies).

pared to male flies (Fig. 3A). In particular, histones H2A
and H2B contained very little biotin in male flies. Autora-
diography films had to be overexposed to visualize biotin-
ylated histones H2A and H2B from males (Fig. 3A, insert);
biotinylated histone H4 was not detectable in male extracts
even after overexposure of films. An unknown biotinylated
protein exhibited faster electrophoretic mobility than his-
tone H4 (denoted “unknown” in the insert to Fig. 3A).
Differences between males and females were not caused by
unequal concentrations of histones in samples. When his-
tone H3 was probed using a histone-specific antibody, male



A. Landenberger et al. / Journal of Nutritional Biochemistry 15 (2004) 591-600 595

A

Egg white (0/250 mL diet

male female
o 20 o 20

- - ! "— H1

- - -

- — H3
Overexpos:ei/ | - H4

— H24 & H2B
— H4
— Unknown

- ™

|

Egg white (/250 mL dief)

male female
0 20 0 20

wwew .

Fig. 3. Egg white feeding does not affect biotinylation of histones in male
and female Drosophila melanogaster. Histones were extracted from fly
homogenates after 11 days on egg white—defined diets (0 = egg white—free
controls; 20 = 20 g egg white/250 mL). (A) Fly extracts were electropho-
resed and biotin in histones was probed with streptavidin peroxidase.
Histones H2A, H2B, and H4 from male flies contained very little biotin;
autoradiography films were overexposed to visualize these weakly biotin-
ylated histones in males (insert). (B) Fly extracts were electrophoresed and
histone H3 was probed using a histone-specific antibody.

extracts produced a slightly greater signal compared to
female extracts; the signal intensity was similar in extracts
from egg white—treated flies and controls (Fig. 3B). Visu-
alization of histones with silver stain also suggested that
similar amounts of protein were loaded per lane (data not
shown).

Is histone H3 a better substrate for histone biotinyl trans-
ferases compared to other classes of histones? Peptides from
N-terminal regions of both histones H3 and H4 became
biotinylated if incubated with Drosophilahomogenate for 1
hour (Fig. 4). Peptides derived from histone H3 were not a
better substrate for biotinylation than the peptide derived
from histone H4. The negative control (C-terminal peptide
from histone H3) produced no signal, whereas the positive
control (chemically biotinylated peptide from histone H4)
produced a strong signal. These data suggest that histone H3
is not a preferred substrate for histone biotinyl transferases
in Drosophila. Potential explanations for the relatively great

Ok 1h Ok 1h
H3iaa 1-29)  H3 f@a 1539

Uh 1h 1 h
H4 (aa 1-14) - -

Fig. 4. Histone H3 is not a preferred substrate for histone biotinyl trans-
ferases in Drosophila melanogaster. Peptides spanning the N-terminal
regions of histone H3 (amino acids [aa] 1-25 and 15-39) and histone H4
(aa 1-19) were incubated with Drosophila homogenates and biocytin to
conduct in vitro biotinylation (0 h = before incubation; 1 h = 1 hour after
incubation); a negative control (denoted —; C-terminal aa from histone H3)
and a positive control (denoted +; chemically biotinylated peptide from
histone H4) were also incubated with homogenate and biocytin for 1 hour.
Samples were electrophoresed and biotin in transblots was probed using
streptavidin peroxidase.

content of biotin in histone H3 (Fig. 3A) are examined in the
Discussion.

3.3. Life span

Egg white feeding decreased the life span of female and
male flies compared to controls on normal diet (Fig. 5). For
example, 25% of males lived for at least 52 days if fed a
control diet without egg white (i.e., 75% of these flies died
before day 52); in contrast, 25% of males lived for 38 days
if fed a diet containing 20 g egg white/250 mL (Table 1).
Life-shortening effects of egg white feeding were also ob-
served for the 50% survival time of males. In contrast,
effects of diet on 5% and 75% survival rates in males and on
survival rates in females were not statistically significant
(Table 1). However, the same trend was observed for all
indicators of survival calculated here: egg white feeding
was associated with decreased life span.
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3.4. Stress response

All flies died within approximately 112 hours of expo-
sure to oxidative stress (data not shown). Biotin-deficient
males exhibited greater survival times than biotin-sufficient
controls if exposed to oxidative stress. Thus, stress reversed
effects of biotin on life span observed in nonstressed flies
(see above). For example, 75% of males lived for at least 77
hours after oxidative stress if fed a diet containing 20 g egg
white/250 mL; in contrast, 75% of males lived for only at
least 55 hours if fed a control diet (Table 2). Survival-
enhancing effects of egg white feeding were also detected
for the 50%, 25%, and 5% survival rates in males. In
contrast, egg white feeding did not affect survival of fe-
males in response to oxidative stress (Table 2).

For most experimental groups, biotin concentrations in
fly homogenates increased in response to stress compared to
prestress concentrations. If males were exposed to oxidative
stress, biotin concentrations increased by 337% in flies on
control diet (Fig. 6A), but oxidative stress did not affect

Table 1
Effects of egg white feeding on survival of male and female Drosophila
melanogaster

% Survival Days of survival
Male Female
Egg white Control Egg white Control
75 28 £3.5 29 4.0 26 2.5 34 £ 8.1
50 34 £ 1.2% 40+ 12 3115 44 +6.2
25 38 = 7.5% 52 +3.6 36 £35 49 +17.0
5 60 = 4.9 64 = 0.0 44 + 6.1 59 £2.6

Values are means = SD (n = 3 independent experiments, each repre-
senting 75 flies).

* Significantly different from controls of the same sex and % survival
category (P < 0.05).

Egg white = 20 g egg white/250 mL diet; Control = no egg white.

Table 2
Effects of egg white feeding on oxidative stress survival of male and
female Drosophila melanogaster

% Survival Hours of survival
Male Female
Egg white Control Egg white Control
75 77 * 8.6* 55 +8.8 79 45 81 =45
50 87 = 2.5% 67 + 8.6 86 + 3.4 86 = 3.4
25 91 = 4.1* 75 +5.6 90 =34 87 +25
5 97 = 2.5% 87 =59 96 = 0.0 95+25

Values are means * SD (n = 10 independent experiments, each repre-
senting 10 flies).

* Significantly different from controls of the same sex and % survival
category (P < 0.05).

Egg white = 20 g egg white/250 mL diet; Control = no egg white.

biotin concentration in flies on egg white diet. When fe-
males were exposed to oxidative stress, biotin concentra-
tions increased by 230% and 218% in flies on control diet
and egg white diet, respectively (Fig. 6B).

Temperature stress triggered similar increases in the con-
centrations of biotin in both deficient and normal flies (see
below). The increase in biotin concentrations in flies on egg
white diet is surprising, given that the apparent concentration
of bioavailable biotin in the egg white diet was near zero.
Potential explanations for the increase in biotin concentrations
in response to stress are provided in the Discussion. Cold and
heat exposure were not associated with elevated death rates
(data not shown) but were associated with increased biotin
concentrations in fly homogenates. For example, concentra-
tions of biotin after cold stress were 91-241% greater than
prestress concentrations in male flies fed a control diet (Fig.
7A). Likewise, concentrations of biotin at 0.1 hour and 24
hours after cold exposure were greater than prestress concen-
trations in male flies fed a diet containing 20 g egg white/250
mL. Patterns of biotin concentrations in homogenates from
cold-exposed females were similar to patterns in males. Biotin
concentrations increased by 157-216% in cold-stressed fe-
males on control diet compared to prestress levels (Fig. 7B); an
increase was also noted for females on egg white diet, but this
increase was not statistically significant.

Effects of heat stress on biotin concentrations were mi-
nor in homogenates from male flies; biotin concentrations
increased significantly only at one time point in males, i.e.,
0.1 hour after heat stress in the egg white group (Fig. 8A).
Effects of heat stress on biotin concentrations were greater
in females compared to males. Biotin concentrations in
homogenates from females on control diet were 240-270%
greater after heat stress compared to those before heat stress
(Fig. 8B); likewise, biotin concentrations in females on egg
white diet were 121-169% greater after heat stress com-
pared to those before heat stress.

Collectively, these data are consistent with the hypothe-
sis that biotin deficiency is associated with enhanced fly
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survival in response to stress, and that stress mediates an
increase in biotin concentrations in flies.

3.5. Fertility

Biotin deficiency decreased fertility of flies. If biotin-
deficient males were mated with deficient females, the hatch-
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Fig. 7. Cold stress affects biotin concentrations in homogenates from male
(A) and female (B) Drosophila melanogaster. Biotin concentrations were
quantified before (Ctrl.) and at timed intervals after exposure to cold stress.
Flies were fed either a normal control diet or a diet containing 20 g egg
white/250 mL. *P < 0.05 vs O hour for the same diet (n = 5 replicates;
each replicate representing a homogenate from 40 flies).

ing rate was significantly smaller compared to flies on control
diet: 72% = 42% versus 100% = 20% (P < 0.05; n = 3). Egg
white feeding had no effect on the number of eggs laid: 128 =
52 eggs/day in flies on egg white diet versus 133 = 27
eggs/day in flies on control diet (P > 0.05); note that these
numbers represent the combined total of eggs produced by 5
females/day (n = 3 independent experiments).

4. Discussion

The present study provides evidence that biotin deficiency
in Drosophila melanogaster 1) decreases life span; 2) is asso-
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were fed either a normal control diet or a diet containing 20 g egg
white/250 mL. *P < 0.05 vs 0 hour for the same diet (n = 5 replicates;
each replicate representing a homogenate from 40 flies).

ciated with increased resistance to oxidative stress; and 3)
decreases fertility. Males are more susceptible than females to
developing biotin deficiency. This study also suggests that
exposure of flies to various stresses is associated with mobili-
zation of biotin from yet unknown pools, increasing concen-
trations of apparent biotin in fly homogenates.

Is Drosophila melanogaster a good model for biotin
studies in humans? Various lines of evidence suggest that
biotin-dependent pathways are similar in humans and flies,
and that biotin deficiency affects activities of these path-

ways to a similar extent in humans and flies. First, both
humans and flies express the same four biotin-dependent
carboxylases [1]. Second, biotin deficiency causes a rapid
decline of carboxylase activities in humans, human cell
lines, and flies [8,9,41,42]. Third, histones are biotinylated
in both humans and flies [5]. Fourth, biotin supply in tissue
culture media and diet does not affect biotinylation of his-
tones in human cells and flies, respectively [8,42]. Working
with Drosophila melanogaster has a number of advantages
compared to studies in humans and human cell lines
(see Introduction). The present study may help to establish
Drosophila melanogaster as a model organism for studies
of biotin metabolism in eukaryotes.

To the best of our knowledge, the present investigation
for the first time provides evidence for gender differences in
biotin turnover. Biotin concentrations and PCC activities
were smaller in male compared to female flies if fed a diet
containing egg white. It may be worthwhile investigating
effects of gender on biotin turnover in humans, given that
marginal biotin deficiency in female mammals is terato-
genic [13-15,32].

Previous studies have provided evidence that histones
contain covalently bound biotin in humans [5] and chickens
[6]. This is the first study to show that histones are also
biotinylated in Drosophila melanogaster. In flies, histone
H3 contains more biotin than histones H1, H2A, H2B, and
H4; in contrast, in humans and in chickens, all classes of
histones appear to be biotinylated to a similar extent [5,6].
The following mechanisms might mediate the relatively
great content of biotin in histone H3 from flies. First, pu-
tative histone debiotinylases might debiotinylate histones
H1, H2A, H2B, and H4 more rapidly than histone H3. The
identity of debiotinylases is unknown. Second, biotinylation
experiments in the present study suggest that peptides span-
ning the N-terminal regions in histones H3 and H4 are
biotinylated equally well by biotinidase. We cannot for-
mally exclude the possibility that biotinylation of histones
H3 and H4 also occurs in regions other than the N-terminus
in vivo; in these regions H3 might be a better substrate than
H4 for biotinylation. Note, however, that previous studies
have provided evidence that biotinylation typically occurs
in the N-terminal regions of histones (Camporeale G, Sarath
G, Shubert EE, Zempleni J, submitted for publication). 3)
Biotinylation competes with acetylation and methylation for
some of the same binding sites in histones H3 and H4
(Camporeale G, Sarath G, Shubert EE, Zempleni J, submit-
ted for publication; Kobya K, Rueckert B, Camporeale G,
Sarath G, Zempleni J, unpublished observation). Competi-
tion for binding sites might affect biotinylation of histones.
Acetylation of lysine residues in histone H4 also reduces
biotinylation of neighboring lysine residues (Camporeale G,
Sarath G, Shubert EE, Zempleni J, submitted for publica-
tion). Collectively, a histone molecule that contains a large
number of acetyl or methyl groups is less likely to become
biotinylated.

It is unknown why histones from female flies contain
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more biotin compared to histones from male flies. We
speculate 1) that cross-talk among modifications such as
acetylation, methylation, and biotinylation of histones might
play a role in these gender differences; and 2) that activities
of histone biotinyl transferases or debiotinylases might dif-
fer in males and females.

Biotin deficiency was associated with decreased life span
in flies not exposed to stress. One likely mechanism leading
to decreased life span is that diminished activities of biotin-
dependent carboxylases cause abnormal metabolism of fatty
acids. Consistent with this hypothesis, acetyl-CoA carbox-
ylase plays a role in fatty acid synthesis and PCC plays a
role in B-oxidation of odd-chain fatty acids [1]. Biotin
deficiency causes alterations of the fatty acid profile in liver,
skin, and serum in several animal species [43—47]. In par-
ticular, biotin deficiency causes an increase in the percent-
age of odd-chain fatty acids [45,46]. Evidence has been
provided that abnormal metabolism of fatty acids also
causes fetal malformations [15-19,32,48], which may lead
to decreased hatching rates as observed in this study. Future
studies should aim at quantifying concentrations of distinct
fatty acids in biotin-deficient flies. Similarly, using fly mu-
tants with low activity of a given carboxylase will be helpful
to determine whether carboxylases play a role in life span
and fertility.

Exposure to oxidative stress reversed effects of biotin
status on life span in Drosophila melanogaster: the life span
of biotin-deficient flies was greater compared to biotin-
sufficient controls. Likely, the following mechanism medi-
ates the increased survival of biotin-deficient flies in re-
sponse to stress (see Introduction). Biotin deficiency is
associated with enhanced nuclear translocation of NF-kB,
mediating expression of antiapoptotic genes [27,28] and
thus survival (Rodriguez-Melendez R, Schwab LD, Zempl-
eni J, submitted for publication).

Concentrations of biotin in fly homogenates increased in
response to various stresses. Theoretically, this increase in
biotin concentrations could have been caused by hy-
perphagy in flies on control diets. However, hyperphagy is
an unlikely mechanism to mediate increased biotin concen-
trations in flies on a diet containing 20 g egg white/250 mL;
this diet does not contain free biotin. The following mech-
anisms might account for the increase in biotin concentra-
tions observed in biotin-deficient and biotin-sufficient flies
in response to stress. First, stress might accelerate the break-
down of biotinylated proteins in flies, rendering biotin more
accessible for analysis by avidin-binding assays. Previous
studies have provided evidence that hydrolysis of biotinyl-
ated proteins enhances the detectability of biotin [49]. Sec-
ond, stress might accelerate the breakdown of biotin-avidin-
complexes in the diet, e.g., by intestinal microbes or after
absorption of these complexes. This is an untested hypoth-
esis. However, previous studies have provided evidence that
some biotin is released from biotin—avidin complexes in-
jected intraperitoneally into rats [50]. We hope to elucidate

the mechanisms leading to increased biotin concentrations
in response to stress in future studies.
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