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bstract

Biotin deficiency is associated with fetal malformations and activation of cell survival pathways in mammals. In this study we determined
hether biotin status affects life span, stress resistance, and fertility in the fruit fly Drosophila melanogaster. Male and female flies of the Canton-S

train 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
f biotin-dependent propionyl-CoA carboxylase and biotin concentrations in fly homogenates, but not with biotinylation of histones (DNA-binding
roteins). Propionyl-CoA carboxylase activities and biotin concentrations were lower in males than in females fed diets low in biotin. The life span
f biotin-deficient males and females was up to 30% shorter compared to biotin-sufficient controls. Exposure to oxidative stress reversed the effects
f biotin status on survival in male flies: survival times increased by 40% in biotin-deficient males compared to biotin-sufficient controls. Biotin
tatus did not affect survival of females exposed to oxidative stress. Exposure of flies to cold, heat, and oxidative stress was associated with
obilization of biotin from yet unknown sources. Biotin deficiency decreased fertility of flies. When biotin-deficient males and females were
ated, the hatching rate (larvae hatched per egg) decreased by about 28% compared to biotin-sufficient controls. These findings are consistent with

he hypothesis that biotin affects life span, stress resistance, and fertility in fruit flies. © 2004 Elsevier Inc. All rights reserved.
eywords: Biotin; Drosophila melanogaster; Fertility; Life span; Stress
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. Introduction

In eukaryotes, biotin serves as a covalently bound coen-
yme for acetyl-CoA carboxylase, pyruvate carboxylase,
ropionyl-CoA carboxylase (PCC), and 3-methylcrotonyl-
oA carboxylase [1]. These enzymes catalyze essential

teps in the metabolism of glucose, amino acids, and fatty
cids [1]. Recently, evidence has been accumulating that
iotin has biological functions beyond its classical role as a
oenzyme for carboxylases. For example, biotin affects the
uclear abundance of transcription factors such as nuclear
actor–�B (NF-�B) and Sp1/Sp3 (Rodriguez-Melendez R,
chwab LD, Zempleni J, submitted for publication) [2],
hich regulate the expression of large arrays of genes in

ukaryotic organisms [3,4]. Moreover, biotin is covalently
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ound to histones (DNA-binding proteins) in eukaryotic
ells [5]; biotinylation of histones plays a role in transcrip-
ional repression of genes and in DNA repair [6].

Consistent with the essential roles for biotin in interme-
iary metabolism and gene expression, biotin deficiency
ay cause decreased rates of cell proliferation [7–9], im-

aired immune function [10–12], and abnormal fetal devel-
pment [13–15]. For example, chickens and turkeys with
arginal biotin deficiency produce eggs with higher em-

ryonic mortality and reduced hatchability [16–19]. Like-
ise, in some strains of mice, biotin deficiency during
regnancy causes a substantial increase in fetal malforma-
ions and mortality [14,20–23].

Nutrient deficiency triggers cell stress [24–26]. Eukary-
tic cells respond to stress caused by biotin deficiency with
ncreased nuclear translocation of NF-�B (Rodriguez-

elendez R, Schwab LD, Zempleni J, submitted for publi-
ation), mediating expression of antiapoptotic genes such as
fl-1/A1, Bcl-XL, and Nr13 [27,28]. Activation of these

enes prevents death of cells stressed by transient biotin
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eficiency (Rodriguez-Melendez R, Schwab LD, Zempleni
, submitted for publication).

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

. Methods and materials

.1. Drosophila melanogaster

Drosophila melanogaster (Canton-S strain) were ob-
ained from Dr. Mariana Wolfner (Cornell University,
thaca, NY). Male and female flies were housed separately
rom eclosion except for fertility experiments. Flies were
ept in 25 � 95 mm polystyrene vials at 27°C (24 hours of
ight per day) unless noted otherwise. The following diets
ere prepared as described previously [30], modified by the

ddition of spray-dried egg white: 1) diets containing 0.2 g,
.0 g, or 20 g of egg white/250 mL; and 2) diet without egg
hite (control). Egg white contains the protein avidin,
hich binds biotin with high affinity (dissociation constant
10�15 mol/L); binding to avidin renders biotin unavail-

ble for absorption [31,32]. The diets used here contained
he following amounts of bioavailable biotin, as judged by
vidin-binding assay [33] with modifications [8] (units �
mol biotin/100 mg diet): control diet � 6.0 � 2.5; 0.2 g
gg white/250 mL � 4.8 � 2.1; 2.0 g egg white/250 mL �
.5 � 0.5; 20 g egg white/250 mL � not detectable. Flies
ad free access to diets and were transferred to fresh diet
very other day unless noted otherwise. Microbial growth
n diets was minimized using 22 mmol/L p-hydroxybenzoic
cid methyl ester and 90 mmol/L propionic acid. Unless
oted otherwise, flies were kept on biotin-defined diets for
1 days, representing approximately 15–20% of the ob-
erved maximal life span of Drosophila melanogaster,
train Canton-S.

.2. Biotin-dependent carboxylases

The following nucleotide sequences encoding carboxylase-
ike proteins have been identified in the genome of Drosophila
elanogaster: acetyl-CoA carboxylase-like sequence (Gen-
ank accession number NP_724636); pyruvate carboxylase-

ike sequence (NP_610527); propionyl-CoA carboxylase-like
equence (�-chain; NP_651896); and 3-methylcrotonyl-CoA

arboxylase-like sequence (�-chain; NP_733456). These se- A
uences are 38–64% identical to human carboxylase genes.
omogenates of flies were prepared [34] and were screened

or the presence of biotinylated carboxylases using gel elec-
rophoresis and streptavidin-peroxidase [8]. The goal was to
etermine whether carboxylase-like nucleotide sequences in
lies encode for functional carboxylases. Once biotinylated
arboxylases were detected by gel electrophoresis, activity of
CC in fly homogenates was quantified as described in previ-
us studies [34]. This assay quantifies the binding rate of
adioactive bicarbonate to propionyl-CoA, catalyzed by PCC
n fly homogenates. The PCC assay was linear up to at least
70 �g of fly protein per sample (data not shown); approxi-
ately 210 �g of fly protein was used per sample in the

xperiments described below.

.3. Biotin

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

.4. Biotinylation of histones

Eukaryotic cells contain five major classes of histones:
1, H2A, H2B, H3, and H4. Fly homogenates were pre-
ared as described above and histones were extracted by
sing hydrochloric acid; then the pH of extracts was ad-
usted to 7.0 [5]. Histone extract (500 �L) from approxi-

ately 80 flies was incubated with 100 �L of immobilized
vidin (ImmunoPure; Pierce, Rockford, IL) at room tem-
erature for 1 hour; avidin beads were collected by centrif-
gation (4500 � g for 2 minutes) and were washed twice
sing phosphate-buffered saline. Avidin beads were sus-
ended in 50 �L of 70 mmol/L lauryl sulfate and were
oiled for 10 minutes to release biotinylated histones. His-
ones were subjected to electrophoresis using 18% Tris
lycine gels (Invitrogen, Carlsbad, CA); biotin in histones
as probed using streptavidin peroxidase [5]. Equal loading
f lanes was confirmed by both staining with silver stain
SilverXpress; Invitrogen) and by using a goat polyclonal
ntibody against the 16 C-terminal amino acids in human
istone H3 (Santa Cruz Biotechnology, Santa Cruz, CA) in
nalogy to our previous studies [35]. Note that the amino
cid sequence in the C-terminal tail of histone H3 is iden-
ical in humans and Drosophila melanogaster.

.5. Biotinylation of histone-derived peptides

Histone H3 from Drosophila melanogaster contained more
ovalently bound biotin than other classes of histones (see
esults). Here we determined whether histone H3 is a better

ubstrate than other histones for histone biotinyl transferases in
rosophila. The following peptides were synthesized as sub-

trates for histone biotinyl transferase assays (Camporeale G,
arath G, Shubert EE, Zempleni J, submitted for publication):

RTKQTARKSTGGKAPRKQLATKAA (amino acids 1–25
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rom the N-terminus of histone H3), APRKQLATKAARK-
APATGGVKKPH (amino acids 15–39 from the N-terminus
f histone H3), and SGRGKGGKGLGKGGAKRHR (amino
cids 1–19 from the N-terminus of histone H4). Previous
tudies have provided evidence that the C-terminus of histone
3 (KRVTIMPKDIQLARRIRGERA) is not a substrate for
iotinylation (Kobya K, Rueckert B, Camporeale G, Sarath G,
empleni J, unpublished observation); this peptide was used as
negative control. As a positive control we used a peptide

rom histone H4 (amino acids 6–15) that was chemically
iotinylated at lysine-12: GGKGLG(biotin-K)GGA (Campo-
eale G, Sarath G, Shubert EE, Zempleni J, submitted for
ublication). The amino acid sequences in N-terminal regions
f histones H3 and H4, and the C-terminal regions in histone
3 are identical in humans and Drosophila melanogaster with

he following exception: histone H3 contains an alanine in
osition 24 in humans and a valine in flies. Concentrations of
eptides in stock solutions were quantified as described (Cam-
oreale G, Sarath G, Shubert EE, Zempleni J, submitted for
ublication). Biotinyl transferase assays were conducted at
7°C for 1 hour using 100 ng of peptide, fly homogenates (2.4
g of protein; as source of biotinylating enzyme), 15 �mol/L

iocytin (as source of biotin), and 1 mmol//L phenylmethyl-
ulfonyl fluoride in a final volume of 500 �L (Camporeale G,
arath G, Shubert EE, Zempleni J, submitted for publication).
iotinylation of peptides was visualized using gel electro-
horesis and streptavidin peroxidase (Camporeale G, Sarath G,
hubert EE, Zempleni J, submitted for publication).

.6. Life span

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

.7. Stress response

Flies were housed on biotin-defined diets (20 g of egg
hite/250 mL or egg white–free controls) at 27°C for 11
ays (“pre-stress”). Flies were exposed to oxidative stress
y administration of pure oxygen in a plastic bag for 24
ours [36], using 10 flies/vial and up to 10 repeats/treatment
roup; controls were not exposed to oxidative stress. Flies
ere collected for biotin analysis as described above. For

urvival experiments, flies were kept in an atmosphere of
ure oxygen until all flies had died; dead flies were counted
t timed intervals.

In analogous experiments, flies were exposed to temper-
ture stress (30 flies/vial and 5 repeats/treatment group): 1)
old stress � 4°C for 3.5 hours [37]; or 2) heat stress �
4°C for 3.5 hours [38]. After exposure to temperature
tress, flies were returned to prestress conditions. Live flies

ere sampled before temperature stress (control) and 0.1, o
4, and 72 hours after stress. Fly homogenates were ana-
yzed for biotin as described above. Vials were monitored
or dead flies for 72 hours after cold and heat stress.

.8. Fertility

Newly eclosed male and female flies (n � 5 each) were
ransferred into vials containing biotin-defined diets (20 g of
gg white/250 mL or egg-white free controls) for mating (3
epeats/treatment group). Every other day, flies were trans-
erred to new vials and eggs in old vials were counted. The
ld vials were kept at 27°C for 3 days when deflated eggs
i.e., eggs from which larvae had hatched) were counted.
he hatching rate was calculated as follows, using the cu-
ulated number of total eggs and deflated eggs on days 10

nd 13, respectively: Hatching rate (%) � (number of
eflated eggs/number of total eggs) � 100.

.9. Statistical analysis

Homogeneity of variances among groups was tested us-
ng the Bartlett test [39]. Whenever variances were hetero-
eneous, data were log transformed before further statistical
esting. Significance of differences among groups was
ested by one-way analysis of variance. The Fisher protected
east significant difference procedure was used for post hoc
esting [39]. Paired t test was used for paired comparisons.
tatView 5.0.1 (SAS Institute, Cary, NC) was used to per-
orm all calculations. Differences were considered signifi-
ant at P � 0.05. Data are expressed as mean � SD.

. Results

.1. Indicators of biotin status

Feeding egg white to Drosophila melanogaster was as-
ociated with a dose-dependent decrease of biotin status in
lies. For example, the concentration of biotin (units � fmol
iotin/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
L; 0.2 � 0.3 in flies fed 2.0 g egg white/250 mL; and “not

etectable” in flies fed 20 g egg white/250 mL (Fig. 1).
ffects of egg white feeding on biotin status were smaller in

emale flies compared to male flies. When female flies were
ed a diet containing 20 g egg white/250 mL, biotin con-
entrations in fly homogenates remained at 63% � 2.1% of
ontrol flies (Fig. 1).

Activities of biotin-dependent carboxylases are well estab-
ished markers for biotin status in mammals [1]. Here, protein
xtracts from Drosophila melanogaster were subjected to elec-
rophoresis and probed with streptavidin to confirm that car-
oxylase-like nucleotide sequences in the fly genome are trans-
ated into carboxylase protein. Fly extracts contained
iotinylated proteins with molecular weights similar to those

bserved for mammalian carboxylases (Fig. 2A). Thus, it is
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ikely that carboxylase-like nucleotide sequences in the ge-
ome of Drosophila melanogaster encode for functional car-
oxylases.

PCC was used as a model to investigate the effects of
iets on carboxylase activities in flies. In both males and
emales, PCC activities decreased significantly compared to
ontrols if flies were fed diets containing 2.0 or 20 g egg
hite/250 mL (Fig. 2B); feeding a diet containing 0.2 g egg
hite/250 mL did not cause a significant decrease in PCC

ctivities. The effect of diet on PCC activity was greater in
ales compared to females. For example, when male flies
ere fed a diet containing 20 g egg white/250 mL, PCC

ctivity decreased to 18% � 8.8% of control values. In
ontrast, when female flies were fed a diet containing 20 g
gg white/250 mL, PCC activity decreased to 53 � 24% of
ontrol values. Both biotin concentrations and PCC activi-
ies in flies suggest that feeding egg white causes biotin
eficiency in Drosophila melanogaster; male flies are more
ikely to develop biotin deficiency than are female flies.
ubsequent experiments focused on diets containing 20 g
gg white/250 mL and egg white–free controls.

.2. Biotinylation of histones

Biotin content of histones H1, H2A, H2B, H3, and H4
as similar in flies fed a diet containing 20 g egg white/250
L and in controls (Fig. 3A). This finding suggests that the

ffects of biotin status on biotinylation of histones are quan-
itatively minor. Histone H3 contained more biotin than
ther histones. This observation was not an artifact caused
y unequal extraction of the various classes of histones,
ased on the following lines of reasoning (see also below).
hromatin contains histones H2A, H2B, H3, and H4 in
quimolar amounts, and half as much histone H1 [40]. The
fficiency of acid extraction is similar for these classes of
istones [5].

ig. 1. Feeding egg white–supplemented diets for 11 days affects bio-
in concentrations in homogenates from male and female Drosophila
elanogaster. a,b,cColumns not sharing the same letter are significantly dif-

erent from other groups within the same gender (P � 0.05; n � 3–5 repli-
ates; each replicate representing a homogenate from 40 flies).
Histones from female flies contained more biotin com- t
ared to male flies (Fig. 3A). In particular, histones H2A
nd H2B contained very little biotin in male flies. Autora-
iography films had to be overexposed to visualize biotin-
lated histones H2A and H2B from males (Fig. 3A, insert);
iotinylated histone H4 was not detectable in male extracts
ven after overexposure of films. An unknown biotinylated
rotein exhibited faster electrophoretic mobility than his-
one H4 (denoted “unknown” in the insert to Fig. 3A).
ifferences between males and females were not caused by
nequal concentrations of histones in samples. When his-

ig. 2. Feeding egg white–supplemented diets for 11 days affects activities
f biotin-dependent propionyl-CoA carboxylase (PCC) in male and female
rosophila melanogaster. (A) Drosophila melanogaster express biotinyl-

ted proteins with molecular weights similar to those observed for mam-
alian carboxylases. Alpha chains of PCC and 3-methylcrotonyl-CoA

arboxylase migrated as one single band. (B) PCC activity in homogenates
rom Drosophila melanogaster. a,b,cColumns not sharing the same super-
cript are significantly different from other groups within the same gender
P � 0.05; n � 3 replicates; each replicate representing a homogenate from
0 flies).
one H3 was probed using a histone-specific antibody, male
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xtracts produced a slightly greater signal compared to
emale extracts; the signal intensity was similar in extracts
rom egg white–treated flies and controls (Fig. 3B). Visu-
lization of histones with silver stain also suggested that
imilar amounts of protein were loaded per lane (data not
hown).

Is histone H3 a better substrate for histone biotinyl trans-
erases compared to other classes of histones? Peptides from
-terminal regions of both histones H3 and H4 became
iotinylated if incubated with Drosophilahomogenate for 1
our (Fig. 4). Peptides derived from histone H3 were not a
etter substrate for biotinylation than the peptide derived
rom histone H4. The negative control (C-terminal peptide
rom histone H3) produced no signal, whereas the positive
ontrol (chemically biotinylated peptide from histone H4)
roduced a strong signal. These data suggest that histone H3
s not a preferred substrate for histone biotinyl transferases

ig. 3. Egg white feeding does not affect biotinylation of histones in male
nd female Drosophila melanogaster. Histones were extracted from fly
omogenates after 11 days on egg white–defined diets (0 � egg white–free
ontrols; 20 � 20 g egg white/250 mL). (A) Fly extracts were electropho-
esed and biotin in histones was probed with streptavidin peroxidase.
istones H2A, H2B, and H4 from male flies contained very little biotin;

utoradiography films were overexposed to visualize these weakly biotin-
lated histones in males (insert). (B) Fly extracts were electrophoresed and
istone H3 was probed using a histone-specific antibody.
n Drosophila. Potential explanations for the relatively great w
ontent of biotin in histone H3 (Fig. 3A) are examined in the
iscussion.

.3. Life span

Egg white feeding decreased the life span of female and
ale flies compared to controls on normal diet (Fig. 5). For

xample, 25% of males lived for at least 52 days if fed a
ontrol diet without egg white (i.e., 75% of these flies died
efore day 52); in contrast, 25% of males lived for 38 days
f fed a diet containing 20 g egg white/250 mL (Table 1).
ife-shortening effects of egg white feeding were also ob-
erved for the 50% survival time of males. In contrast,
ffects of diet on 5% and 75% survival rates in males and on
urvival rates in females were not statistically significant
Table 1). However, the same trend was observed for all
ndicators of survival calculated here: egg white feeding

ig. 4. Histone H3 is not a preferred substrate for histone biotinyl trans-
erases in Drosophila melanogaster. Peptides spanning the N-terminal
egions 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
onduct in vitro biotinylation (0 h � before incubation; 1 h � 1 hour after
ncubation); a negative control (denoted �; C-terminal aa from histone H3)
nd a positive control (denoted 	; chemically biotinylated peptide from
istone H4) were also incubated with homogenate and biocytin for 1 hour.
amples were electrophoresed and biotin in transblots was probed using
treptavidin peroxidase.
as associated with decreased life span.
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.4. Stress response

All flies died within approximately 112 hours of expo-
ure to oxidative stress (data not shown). Biotin-deficient
ales exhibited greater survival times than biotin-sufficient

ontrols if exposed to oxidative stress. Thus, stress reversed
ffects of biotin on life span observed in nonstressed flies
see above). For example, 75% of males lived for at least 77
ours after oxidative stress if fed a diet containing 20 g egg
hite/250 mL; in contrast, 75% of males lived for only at

east 55 hours if fed a control diet (Table 2). Survival-
nhancing effects of egg white feeding were also detected
or the 50%, 25%, and 5% survival rates in males. In
ontrast, egg white feeding did not affect survival of fe-
ales in response to oxidative stress (Table 2).
For most experimental groups, biotin concentrations in

ly homogenates increased in response to stress compared to
restress concentrations. If males were exposed to oxidative
tress, biotin concentrations increased by 337% in flies on
ontrol diet (Fig. 6A), but oxidative stress did not affect

ig. 5. Effects of egg white feeding on the life span of male and female
rosophila melanogaster. Newly eclosed flies were fed a diet containing
0 g egg white/250 mL; controls were fed an egg white–free diet (n � 3
eplicates; each replicate representing a sample of 75 flies). Dead flies were
ounted daily. For clarity, markers for statistical significance have been
mitted (compare with Table 1).

able 1
ffects of egg white feeding on survival of male and female Drosophila
elanogaster

Survival Days of survival

Male Female

Egg white Control Egg white Control

5 28 � 3.5 29 � 4.0 26 � 2.5 34 � 8.1
0 34 � 1.2* 40 � 1.2 31 � 1.5 44 � 6.2
5 38 � 7.5* 52 � 3.6 36 � 3.5 49 � 7.0
5 60 � 4.9 64 � 0.0 44 � 6.1 59 � 2.6

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

* Significantly different from controls of the same sex and % survival
ategory (P � 0.05).
sEgg white � 20 g egg white/250 mL diet; Control � no egg white.
iotin concentration in flies on egg white diet. When fe-
ales were exposed to oxidative stress, biotin concentra-

ions increased by 230% and 218% in flies on control diet
nd egg white diet, respectively (Fig. 6B).

Temperature stress triggered similar increases in the con-
entrations of biotin in both deficient and normal flies (see
elow). The increase in biotin concentrations in flies on egg
hite diet is surprising, given that the apparent concentration
f bioavailable biotin in the egg white diet was near zero.
otential explanations for the increase in biotin concentrations

n response to stress are provided in the Discussion. Cold and
eat exposure were not associated with elevated death rates
data not shown) but were associated with increased biotin
oncentrations in fly homogenates. For example, concentra-
ions of biotin after cold stress were 91–241% greater than
restress concentrations in male flies fed a control diet (Fig.
A). Likewise, concentrations of biotin at 0.1 hour and 24
ours after cold exposure were greater than prestress concen-
rations in male flies fed a diet containing 20 g egg white/250
L. Patterns of biotin concentrations in homogenates from

old-exposed females were similar to patterns in males. Biotin
oncentrations increased by 157–216% in cold-stressed fe-
ales on control diet compared to prestress levels (Fig. 7B); an

ncrease was also noted for females on egg white diet, but this
ncrease was not statistically significant.

Effects of heat stress on biotin concentrations were mi-
or in homogenates from male flies; biotin concentrations
ncreased significantly only at one time point in males, i.e.,
.1 hour after heat stress in the egg white group (Fig. 8A).
ffects of heat stress on biotin concentrations were greater

n females compared to males. Biotin concentrations in
omogenates from females on control diet were 240–270%
reater after heat stress compared to those before heat stress
Fig. 8B); likewise, biotin concentrations in females on egg
hite diet were 121–169% greater after heat stress com-
ared to those before heat stress.

Collectively, these data are consistent with the hypothe-

able 2
ffects of egg white feeding on oxidative stress survival of male and

emale Drosophila melanogaster

Survival Hours of survival

Male Female

Egg white Control Egg white Control

5 77 � 8.6* 55 � 8.8 79 � 4.5 81 � 4.5
0 87 � 2.5* 67 � 8.6 86 � 3.4 86 � 3.4
5 91 � 4.1* 75 � 5.6 90 � 3.4 87 � 2.5
5 97 � 2.5* 87 � 5.9 96 � 0.0 95 � 2.5

Values are means � SD (n � 10 independent experiments, each repre-
enting 10 flies).

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

Egg white � 20 g egg white/250 mL diet; Control � no egg white.
is that biotin deficiency is associated with enhanced fly
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urvival in response to stress, and that stress mediates an
ncrease in biotin concentrations in flies.

.5. Fertility

Biotin deficiency decreased fertility of flies. If biotin-

ig. 6. Effects of oxidative stress on biotin concentrations in homogenates
rom male (A) and female (B) Drosophila melanogaster. Biotin concen-
rations were quantified before (Control) and after 24 hours of oxidative
tress (Ox. stress). Flies were fed either a normal control diet or a diet
ontaining 20 g egg white/250 mL. *P � 0.05 vs control fed the same diet
n � 5 replicates; each replicate representing a homogenate from 40 flies).
eficient males were mated with deficient females, the hatch- i
ng rate was significantly smaller compared to flies on control
iet: 72% � 42% versus 100% � 20% (P � 0.05; n � 3). Egg
hite feeding had no effect on the number of eggs laid: 128 �
2 eggs/day in flies on egg white diet versus 133 � 27
ggs/day in flies on control diet (P 
 0.05); note that these
umbers represent the combined total of eggs produced by 5
emales/day (n � 3 independent experiments).

. Discussion

The present study provides evidence that biotin deficiency

ig. 7. Cold stress affects biotin concentrations in homogenates from male
A) and female (B) Drosophila melanogaster. Biotin concentrations were
uantified before (Ctrl.) and at timed intervals after exposure to cold stress.
lies were fed either a normal control diet or a diet containing 20 g egg
hite/250 mL. *P � 0.05 vs 0 hour for the same diet (n � 5 replicates;

ach replicate representing a homogenate from 40 flies).
n Drosophila melanogaster 1) decreases life span; 2) is asso-
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iated with increased resistance to oxidative stress; and 3)
ecreases fertility. Males are more susceptible than females to
eveloping biotin deficiency. This study also suggests that
xposure of flies to various stresses is associated with mobili-
ation of biotin from yet unknown pools, increasing concen-
rations of apparent biotin in fly homogenates.

Is Drosophila melanogaster a good model for biotin
tudies in humans? Various lines of evidence suggest that
iotin-dependent pathways are similar in humans and flies,

ig. 8. Effects of heat stress on biotin concentrations in homogenates from
ale (A) and female (B) Drosophila melanogaster. Biotin concentrations
ere quantified before (Ctrl.) and at timed intervals after heat stress. Flies
ere fed either a normal control diet or a diet containing 20 g egg
hite/250 mL. *P � 0.05 vs 0 hour for the same diet (n � 5 replicates;

ach replicate representing a homogenate from 40 flies).
nd that biotin deficiency affects activities of these path-
ays to a similar extent in humans and flies. First, both
umans and flies express the same four biotin-dependent
arboxylases [1]. Second, biotin deficiency causes a rapid
ecline of carboxylase activities in humans, human cell
ines, and flies [8,9,41,42]. Third, histones are biotinylated
n both humans and flies [5]. Fourth, biotin supply in tissue
ulture media and diet does not affect biotinylation of his-
ones in human cells and flies, respectively [8,42]. Working
ith Drosophila melanogaster has a number of advantages

ompared to studies in humans and human cell lines
see Introduction). The present study may help to establish
rosophila melanogaster as a model organism for studies
f biotin metabolism in eukaryotes.

To the best of our knowledge, the present investigation
or the first time provides evidence for gender differences in
iotin turnover. Biotin concentrations and PCC activities
ere smaller in male compared to female flies if fed a diet

ontaining egg white. It may be worthwhile investigating
ffects of gender on biotin turnover in humans, given that
arginal biotin deficiency in female mammals is terato-

enic [13–15,32].
Previous studies have provided evidence that histones

ontain covalently bound biotin in humans [5] and chickens
6]. This is the first study to show that histones are also
iotinylated in Drosophila melanogaster. In flies, histone
3 contains more biotin than histones H1, H2A, H2B, and
4; in contrast, in humans and in chickens, all classes of
istones appear to be biotinylated to a similar extent [5,6].
he following mechanisms might mediate the relatively
reat content of biotin in histone H3 from flies. First, pu-
ative histone debiotinylases might debiotinylate histones
1, H2A, H2B, and H4 more rapidly than histone H3. The

dentity of debiotinylases is unknown. Second, biotinylation
xperiments in the present study suggest that peptides span-
ing the N-terminal regions in histones H3 and H4 are
iotinylated equally well by biotinidase. We cannot for-
ally exclude the possibility that biotinylation of histones
3 and H4 also occurs in regions other than the N-terminus

n vivo; in these regions H3 might be a better substrate than
4 for biotinylation. Note, however, that previous studies
ave provided evidence that biotinylation typically occurs
n the N-terminal regions of histones (Camporeale G, Sarath
, Shubert EE, Zempleni J, submitted for publication). 3)
iotinylation competes with acetylation and methylation for

ome of the same binding sites in histones H3 and H4
Camporeale G, Sarath G, Shubert EE, Zempleni J, submit-
ed for publication; Kobya K, Rueckert B, Camporeale G,
arath G, Zempleni J, unpublished observation). Competi-

ion for binding sites might affect biotinylation of histones.
cetylation of lysine residues in histone H4 also reduces
iotinylation of neighboring lysine residues (Camporeale G,
arath G, Shubert EE, Zempleni J, submitted for publica-

ion). Collectively, a histone molecule that contains a large
umber of acetyl or methyl groups is less likely to become
iotinylated.
It is unknown why histones from female flies contain
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ore biotin compared to histones from male flies. We
peculate 1) that cross-talk among modifications such as
cetylation, methylation, and biotinylation of histones might
lay a role in these gender differences; and 2) that activities
f histone biotinyl transferases or debiotinylases might dif-
er in males and females.

Biotin deficiency was associated with decreased life span
n flies not exposed to stress. One likely mechanism leading
o decreased life span is that diminished activities of biotin-
ependent carboxylases cause abnormal metabolism of fatty
cids. Consistent with this hypothesis, acetyl-CoA carbox-
lase plays a role in fatty acid synthesis and PCC plays a
ole in �-oxidation of odd-chain fatty acids [1]. Biotin
eficiency causes alterations of the fatty acid profile in liver,
kin, and serum in several animal species [43–47]. In par-
icular, biotin deficiency causes an increase in the percent-
ge of odd-chain fatty acids [45,46]. Evidence has been
rovided that abnormal metabolism of fatty acids also
auses fetal malformations [15–19,32,48], which may lead
o decreased hatching rates as observed in this study. Future
tudies should aim at quantifying concentrations of distinct
atty acids in biotin-deficient flies. Similarly, using fly mu-
ants with low activity of a given carboxylase will be helpful
o determine whether carboxylases play a role in life span
nd fertility.

Exposure to oxidative stress reversed effects of biotin
tatus on life span in Drosophila melanogaster: the life span
f biotin-deficient flies was greater compared to biotin-
ufficient controls. Likely, the following mechanism medi-
tes the increased survival of biotin-deficient flies in re-
ponse to stress (see Introduction). Biotin deficiency is
ssociated with enhanced nuclear translocation of NF-�B,
ediating expression of antiapoptotic genes [27,28] and

hus survival (Rodriguez-Melendez R, Schwab LD, Zempl-
ni J, submitted for publication).

Concentrations of biotin in fly homogenates increased in
esponse to various stresses. Theoretically, this increase in
iotin concentrations could have been caused by hy-
erphagy in flies on control diets. However, hyperphagy is
n unlikely mechanism to mediate increased biotin concen-
rations in flies on a diet containing 20 g egg white/250 mL;
his diet does not contain free biotin. The following mech-
nisms might account for the increase in biotin concentra-
ions observed in biotin-deficient and biotin-sufficient flies
n response to stress. First, stress might accelerate the break-
own of biotinylated proteins in flies, rendering biotin more
ccessible for analysis by avidin-binding assays. Previous
tudies have provided evidence that hydrolysis of biotinyl-
ted proteins enhances the detectability of biotin [49]. Sec-
nd, stress might accelerate the breakdown of biotin-avidin-
omplexes in the diet, e.g., by intestinal microbes or after
bsorption of these complexes. This is an untested hypoth-
sis. However, previous studies have provided evidence that
ome biotin is released from biotin–avidin complexes in-

ected intraperitoneally into rats [50]. We hope to elucidate
he mechanisms leading to increased biotin concentrations
n response to stress in future studies.
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