
Copyright 0 1992 by the Genetics Society of America 

Genetic  and  Environmental  Effects  on  the  Expression  of  Peptidases  and 
Larval  Viability  in Drosophila  melanogaster 

Kazuo  Hiraizumi, Penny A. Tavormina'  and  Karen D. Mathes 
Department of Biology, Gettysburg College, Gettysburg, Pennsylvania 17325 

Manuscript  received May 2, 1991 
Accepted for publication  March 14, 1992 

ABSTRACT 
The peptidase system  in Drosophila melanogaster, consisting of dipeptidase-A,  dipeptidase-B, dipep 

tidase-C and  the leucine  aminopeptidases, was  used  as a model  to  study the adaptive  significance of 
enzyme  activity  variation. The involvement of the peptidases  in  osmoregulation  has  been  suggested 
from the ubiquitous distribution of peptidase  activities in nearly all  tissues and the high concentration 
of amino acids and oligopeptides in the hemolymph. Under this  hypothesis,  larvae counteract increases 
in environmental osmotic  stress by hydrolyzing  peptides into amino acids both intra- and extracellularly 
to increase  physiological  osmotic concentration. The expression of the peptidases was studied by 
assaying for peptidase  activities  in third instar larvae of  isogenic  lines,  which  were reared under 
increasing levels of environmental osmotic  stress  using either Dmannitol or NaCl.  Second and third 
chromosome substitution isogenic  lines  were  used to assess the relative contribution of regulatory and 
structural genes in  enzyme  activity  variation.  Results  indicate that: (1) genetic  variation  exists for 
peptidase  activities, (2) the effect of  osmotic  stress is highly  variable among peptidases, (3) changes in 
peptidase  activities  in  response to osmotic  stress depend on both genetic  background and osmotic 
effector and (4) peptidase  activities are correlated with each other, but  these  phenotypic correlations 
depend on genetic background, osmotic effector, and level of  osmotic  stress.  Osmotic concentration 
in the larval  hemolymph is correlated with leucine  aminopeptidase  activity, but changes in  hemolymph 
osmotic concentration in response to environmental osmotic  stress depend on the osmotic effector in 
the environment. Although these  findings  suggest that genetic and environmental factors contribute 
significantly toward the expression of  enzymes  with  similar functions, a relative  larval  viability  study 
of genotypes that differed significantly  in  dipeptidase-B  (DIP-B)  activity  revealed that low DIP-B 
activity did not confer any  measurable reduction in  larval  viability under increasing levels  of 
environmental osmotic  stress. These negative  results  suggest that, either DIP-B  does not play a major 
role in osmoregulation or differential osmoregulation is not related to egg to adult viability  in these 
tests. 

A N important  question  in  evolutionary biology 
concerns  the role of  genetic variability  in  evo- 

lutionary  changes  and  adaptation.  One  hypothesis  that 
has  received  much  attention is that  changes  in  genetic 
units  involved  in gene  regulation  and expression play 
a more significant role in  adaptive  evolutionary 
changes  than  modifications  in  structural  genes (BRIT- 
TEN and DAVIDSON 1969; DAVIDSON and BRITTEN 
1979; GOULD 1977).  Variability  in genetic  elements 
having  functional  roles  in  gene  regulation,  therefore, 
may  provide a more significant genetic  source  for 
adaptive  responses  than  structural  gene  variation. 

Because natural selection  acts upon  the  phenotype 
of  the organism, the first  important  component to this 
evaluation is the  examination  of a phenotype  that may 
be affected  directionally by a selection  pressure,  such 
as some  environmental  factor.  Enzyme activity is an  
appropriate  phenotype  for  such  an  investigation,  and 
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much  genetic  information  has  recently  become avail- 
able  about  the  quantitative  variation of enzyme activi- 
ties  in Drosophila  melanogaster (reviewed by LAURIE- 
AHLBERC  1985). T h e  Drosophila  genome is charac- 
terized by activity  modifier  loci, that is, genetic  units 
that  affect  enzyme activity levels without  affecting  the 
primary  structure of the  polypeptide  at  the  time of 
translation. A system that would lend itself to this 
investigation  would be a group of  enzymes  that  exhibit 
similar  functions. Thus changes  in  genetic  units  that 
regulate  the  expression of several  of  these  enzymes 
would  produce a greater  adaptive  response  than  struc- 
tural  changes  of  any  one  enzyme-coding  gene. 

T h e  second  important  component to this investi- 
gation is the assessment of the  genetic basis for phe- 
notypic  variation. T h e  distinction  between  structural 
and  regulatory  genetic  effects  on  enzyme activities 
can be made by comparing  enzyme activities among 
strains  that  contain  the  same  enzyme-coding  genes  but 
differ  in  other  aspects  of  their  genetic  background. 
T h e  variance  of  enzyme activity,  a quantitative  and 
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continuously variable trait, may be  partitioned biom- 
etrically into genetic and environmental  components. 
Correlations  among activities of functionally related 
enzymes among  different  genotypes  can  be analyzed 
to understand  whether  these enzymes are  indeed co- 
ordinately  regulated and  whether genetic variation 
exists for  these  correlations. 

The third  important  component  to this approach is 
to manipulate  the  environment of the  organism with 
respect  to specific functions of these enzymes, and 
determine if any directional  change results in enzyme 
activities. If enzyme activities are coordinately  regu- 
lated, significant correlations  among activities may 
continue  to  be  exhibited  under  changing  environmen- 
tal conditions. Changes in correlations among enzyme 
activities as a  function of increasing stress, therefore, 
may indicate differences in the regulation of these 
enzymes. The use of genetically defined  strains, such 
as isogenic lines that  differ  from each other only in 
the second or  third chromosome, allows for  the  ex- 
amination of the genetic basis  of any correlated  re- 
sponses. Moreover,  such  strains  permit the distinction 
between structural as opposed to regulatory  genetic 
effects on enzyme activities. In effect, the use  of 
isogenic lines  allows for  the localization of genetic 
units to a specific chromosome. 

The final component in addressing  questions  about 
the adaptive significance of enzyme activity variation, 
which  may have regulatory or structural  genetic basis, 
is to relate  differences in fitness with differences in 
enzyme activity. One approach to  the examination of 
the effects of a  potential selection pressure is through 
the manipulation of the  environment of the organism 
in  a  manner  that would directly impinge  upon  a 
specific biochemical or physiological function of re- 
lated enzymes (CLARKE  1975; KOEHN 1978). First, 
fitness differences are  compared  among genetically- 
defined individuals that  exhibit  different levels of 
enzyme activities in environments with and without 
the putative selection pressure,  then  predictions are 
made  about  the  direction of fitness differences based 
on differences in enzyme activities among  the individ- 
uals. This approach also allows for  the analysis  of 
genetic and environmental effects on variation in en- 
zyme activities. 

The peptidase system  in D. melanogaster was chosen 
as a model to initiate this study of the adaptive signif- 
icance of enzyme activity variation. The system con- 
sists  of three dipeptidase isozymes, dipeptidase-A 
(DIP-A), dipeptidase-B (DIP-B), and dipeptidase-(= 
(DIP-C), as well as the two leucine aminopeptidase 
(LAP) isozymes, LAP  P  (pupal) and LAP G (gut). The 
dipeptidases are coded by three  independent genes 
(LAURIE-AHLBERG  1982; VOELKER and LANGLEY 
1978),  and  are genetically distinct from  the leucine 
aminopeptidases (LAURIE-AHLBERG 1982) which were 

first identified by BECKMAN and JOHNSON (1  964). Dap- 
A has been  mapped to position 55.2 on  the second 
chromosome, and is polymorphic for  three allozymes 
in natural  populations (VOELKER and LANGLEY  1978). 
Dip-B and Dip-C are monomorphic in natural  popu- 
lations (VOELKER and LANGLEY  1978), with Dip-B 
mapped to position 53.6 on  the  third chromosome 
(LAURIE-AHLBERG 1982)  and Dip-C to  the cytogenetic 
region of 87B5-6 to 87B8-10 on  the  third  chromo- 
some (OHNISHI and VOELKER 1981).  Although the 
three dipeptidases  overlap somewhat in their  substrate 
specificities, some dipeptides are hydrolyzed by only 
one of these three enzymes (LAURIE-AHLBERG 1982). 
The two isozymes of the  dimer leucine aminopepti- 
dase,  LAP  P and LAP G, have been characterized  as 
being  membrane-bound or localized within intracel- 
lular vesicles (HALL  1988a,b; WALKER and WILLIAM- 
SON 1980). The Lap isozymes have been  mapped  to 
position 98.3  on  the  third  chromosome in tight link- 
age with each other (BECKMAN and JOHNSON 1964; 
FALKE and MACINTYRE 1966). Most pupal LAP activ- 
ity results  from  LAP  P and most larval and  adult 
activity from  LAP G (HALL  1986).  Tissue localization 
studies have shown particularly high peptidase activi- 
ties in the larval and  adult midgut as well as in the 
female  reproductive tissue (HALL  1986; LAURIE-AHL- 
BERG 1982).  These tissues represent  areas of dietary 
peptide hydrolysis and rapid  protein synthesis, respec- 
tively. 

The ubiquitous  distribution of peptidase activities 
in nearly all tissues and  the high  concentration of 
amino acids and oligopeptides in the hemolymph of 
Drosophila suggest an  important metabolic role of 
peptidases, such as the osmoregulation of the amino 
acid and oligopeptide pools (COLLETT 1976a,b,c). To- 
tal osmotic concentration and  free  amino acid com- 
position are developmentally regulated,  and these ho- 
meostatic levels serve as the basis for physiological 
function (BURSELL 1970). In freshwater insects, for 
example,  amino acids that  are  produced as degrada- 
tion  products of hemolymph proteins are  thought  to 
offset changes in ionic concentrations in the hemo- 
lymph (CHAPMAN  1982). The contribution of free 
amino acids to osmotic pressure in the hemolymph is 
rather high in dipteran insects (STOBBART and SHAW 
1974),  where  amino acids may constitute as much as 
thirty  percent of the osmotic effectors  (FLORKIN and 
JEUNIAUX 1974). Drosophila larvae (WADDINGTON 
1959), much in the same way as larvae of Aedes aegyptz 
(STOBBART and SHAW 1974), exhibit increases in os- 
motic pressure of the hemolymph corresponding to 
increases in osmotic pressure of the medium in  which 
the larvae are reared. The peptidases are believed to 
respond to the  need  for  an increased level  of amino 
acids (that is, higher  internal osmotic pressure) by 
hydrolyzing peptides  into  their  amino acid constitu- 
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TABLE 1 

Ranking of lines for dipeptidase  activities 

Rankinga 

Line 
Dipeptidase 
represented DIP-A activity DIP-B activity DIP-C activity 

R103 I1 DIP-A 1  among IO0 67 among  100 4 among 75 
NC25 I11 DIP-B 18  among 100 100  among 100 5 1 among 75 
RIOl I1 DIP-C 73 among 100 95 among  100 1 among 75 

Rankings (highest to lowest) for DIP-A and DIP-B activities are based on  a study by LAURIE-AHLBERC (1982); rankings (highest to lowest) 
for DIP-C activity are based on  a study by K. HIRAIZUMI, K. D. MATHES and C. L. HOURANI (in preparation). 

ents  to  counteract increases in external  environmental 
osmotic stress (COLLETT 1976a). The larval stages 
constitute  a  period in the life  cycle when Drosophila 
larvae are continually exposed to a constantly chang- 
ing  environment, which is their  food  source.  It would 
be expected,  therefore,  that  a selection pressure such 
as environmental osmotic stress would have the  great- 
est effect upon the expression of these enzymes during 
the larval stages. In this investigation, larvae of genet- 
ically different lines were reared  under varying levels 
of osmotic stress to study the genetic and environmen- 
tal effects on the expression of these peptidases and 
osmotic concentration of the hemolymph, as well as 
to study the genetic basis for  the  correlation of pep- 
tidase activities in response to this environmental chal- 
lenge. Furthermore, studies were conducted  to  deter- 
mine  the  relationship between larval viability and 
peptidase activities under varying levels of osmotically 
stressful conditions. 

MATERIALS AND METHODS 

Absolute  larval  viability: If higher levels  of dipeptidase 
activities conferred  a selective advantage under increasing 
environmental osmotic stress, the viability  of genotypes that 
exhibit different levels  of dipeptidase activities  would  be 
expected to vary under this environmental challenge. Three 
isogenic  lines  of D. melanogaster were chosen for this exper- 
iment on  the basis of their unambiguous expression of either 
the highest (RI03 I1 for DIP-A and RIOl I1 for DIP-C) or 
the lowest (NC25 111 for DIP-B)  level of activity for  a 
dipeptidase (Table 1). Hochi-R, a highly inbred wild-type 
line, was also included in this experiment. 

Eggs from the isogenic  lines and Hochi-R were collected 
by allowing female flies to oviposit on  the surface of standard 
dead yeast-molasses-agar medium in a  petri plate. For each 
line, squares of the medium approximately 5 mm X 5 mm 
in dimension (2 mm in depth) containing 40-60 eggs were 
placed into  an 8-dram vial representing one of four osmotic 
conditions. To generate each condition, 1.9 g of finely 
milled Formula 4-24  Drosophila medium (Carolina Biolog- 
ical  Supply  Co.) were mixed  with 6 ml solution of either 0.0 
osmol  (distilled water, control), 0.5 osmol NaCI, 1.0 osmol 
NaCI, or 1.5 osmol  NaCI. Hereafter, each medium condition 
will  be referred to by the osmolarity of the solution that was 
used to constitute the medium. For each line by osmotic 
condition, five vials were prepared. Larvae were reared  at 
25", and adult flies were scored exhaustively.  Egg to  adult 
viability was defined as the  proportion of emerging adult 
flies from eggs  placed into  a vial. The 95% confidence limits 

for  the pooled egg to  adult viability  were calculated accord- 
ing to ROHLF and SOKAL (1 969). 

Genetic  and  environmental effects on peptidase  activi- 
ties: Four lines that exhibit high  DIP-B  activity (MN12 11, 
MN08 11, KA03 111, and R112 111) and  four lines that 
exhibit low DIP-B  activity (MN07 11, RIOl 11, KA13 111, 
and  RI09 111) were used for  the study. The four second 
chromosome substitution isogenic  lines (MN12 11, MN08 
11, MN07 11, and RIOl 11) were homozygous for different 
second chromosomes, but were co-isogenic for  the X and 
third chromosomes. The four  third chromosome substitu- 
tion isogenic  lines (RI09 111, KAlS 111, RI12 111 and KA03 
111) were homozygous for different third chromosomes, but 
were co-isogenic for  the X and  the second chromosomes. 
These lines,  which  were a generous gift from CATHY C. 
LAURIE, allowed for  the chromosomal localization of re- 
sponses  in peptidase activities to changes in environmental 
osmotic  stress. Moreover, all eight lines shared the same 
allozyme for Dip-A,  Dip-B, and Dip-C under  the electropho- 
retic conditions described by LAURIE-AHLBERC (1 982) and 
HIRAIZUMI and LAURIE (1 988); no allozymic differences for 
LAP were detected using 5% acrylamide concentration at 
pH 7.1 under an electrophoretic condition described by 
KEITH (1 983). The construction of these lines is described 
by LAURIE-AHLBERG et al .  (1 980). 

Varying levels  of environmental osmotic  stress were gen- 
erated by mixing 1.9  g of  finely  milled Formula 4-24 
Drosophila medium with 6 ml of different concentrations 
(0.0 osmol, 0.5 osmol, or 1 .O osmol)  of either &mannitol or 
sodium chloride in 8-dram vials. Sodium chloride and D- 
mannitol were chosen to generalize for an effect of environ- 
mental osmotic stress, and  the high  levels  of  osmotic  stress 
were used to maximize the detection of any changes in 
peptidase activities. To  promote  egg laying, 1 ml of standard 
dead yeast-molasses-agar medium was layered on top of the 
surface of the food. For each line, 20 pairs of adult females 
and males  were added  to  the vials, and females  were  allowed 
to lay eggs for 2-4  days at which time adults were removed. 
For each combination of  line by medium by concentration, 
three such replicate vials were prepared  for each  of two 
time blocks. Larvae were reared at  25". 

A total of 12  third instar larvae were randomly pooled 
from the  three replicate vials for each of  two time blocks 
for each combination of  line by medium by concentration, 
and homogenized in 200 111 of  iso-osmotic buffer (0.5 mM 
phenylthiourea and 0.38 M sucrose in 0.1 M Tris-HCI buffer, 
pH 7.5, WALKER  and WILLIAMSON 1980) in a 1.5-ml  micro- 
fuge tube using a Wheaton Instruments Overhead Stirrer. 
Two such replicate collections were made for each block- 
by-line-by-medium-by-concentration, bringing the total 
number of samples to 192. Each  sample was centrifuged and 
100 111 of the  supernatant were placed  in a second microfuge 
tube for the DIP-A and DIP-C  assays. The remaining pellet 
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was resuspended with 100 pl of iso-osmotic buffer contain- 
ing 1 % Triton-X  detergent solution, recentrifuged and used 
for LAP and DIP-B assays. The detergent allowed for 
maximum LAP  activity detection by breaking down  cell 
membranes to solubilize  LAP. Homogenized samples were 
stored frozen at -75" until the time of  assay. 

Assays for dipeptidase activities  were performed using 
HALL'S (1 986) protocol with the modifications that follow. 
Continuous dipeptidase assays were performed by incubat- 
ing  at 30" 25 pl of  larval homogenate for DIP-A and DIP- 
C or 50 PI of  larval homogenate for DIP-B  with 300 pl of 
substrate solution (50 mM glycyl-L-isoleucine for DIP-A, 0.4 
mM L-tyrosyl-glycine for DIP-B, or 16 mM L-leucyl-L-proline 
for DIP-C,  in 0.05 M Tris-HC1 buffer, pH 8.0) and 300 pl 
of L-amino  acid oxidase reagent (0.36 unit/ml of  L-amino 
acid oxidase  type VI from Crotalus atrax, 22 purpurogallin 
units/ml of horseradish peroxidase, and 0.16 mM a-dianisi- 
dine in 0.05 M Tris-HCI buffer, pH 8.0) in a microcuvet. 
Changes in absorbance were monitored at 530 nm  using a 
Gilford Response I1 Spectrophotometer for 4 min after a 2- 
min  lag period, Standard curves for each substrate solution 
were obtained using a series of solutions with  varying con- 
centrations of the dipeptide and its amino acid constituents 
to represent varying degrees of  hydrolysis. For each concen- 
tration, 300 pl of a standard solution were reacted with 300 
wl of  L-amino acid oxidase reagent,  and  the presence of the 
chromophoric product (oxidized o-dianisidine) was quanti- 
fied spectrophotometrically at 530 nm.  Since increase in 
absorbance is linearly related to increase in the concentra- 
tion of the amino acid constituents, the slope of the regres- 
sion  line could be  used to convert change in absorbance per 
minute (raw dipeptidase activity) to nanomoles of dipeptide 
hydrolyzed (or nanomoles of amino acids released) per min- 
ute. 

LAP  activity was measured by monitoring spectrophoto- 
metrically the hydrolysis  of 0.5 mM leucine-p-nitroanilide in 
0.05 M Tris-HCI buffer, pH 7.2, at 30". Changes in absorb- 
ance were recorded continuously at 4 15 nm after  adding 
25 pI of  larval homogenate to 600 pl of the substrate solution 
in a microcuvet. The molar extinction coefficient for p -  
nitroaniline was used to convert change in absorbance to 
nanomoles of p-nitroaniline produced. 

Protein concentrations were quantified according to 
BRADFORD (1 973) using  bovine serum albumin as a standard. 
Assays were performed at 25", and absorbance readings 
were made spectrophotometrically at 595 nm.  Samples 
which were not resuspended with 1%  Triton-X were used 
for protein determination. 

For each peptidase activity, the following linear model 
was employed to  perform analysis  of covariance (ANO- 
COV): 

Y , y m  = p + B, + R,(g + Mm + BMim + ck + BCik + CMkm 

+ BCM,km + I I  + BI,, + IMlm + BZMilm + CZU 

+ BCI,kl + ICMa, + BCZMa, + @ ( P y ~ m  - P) + E+n 
- 

where Yijk,,,, is peptidase activity, p is the mean, B, is the effect 
of  the ith block ( i  = 1,2),  Rjc,, is the effect of the j th replicate 
within the  ith block (j = 1, 2), and ck ( k  = 1, 2, 3), 11 ( 1  = 1, 
. . . , 8), and M,,, (rn = 1, 2) are the effects associated  with 
concentration, line, and medium, respectively. The residual, 
EpI,,,, was obtained from pooling interaction terms that 
included replicates. Blocks and replicates were treated as 
random effects  in  this  mixed effects model. Protein content 
per individual ( p # , , )  served as  the covariate, with the regres- 
sion  coefficient 8. All other terms represent interactions. 
Analyses  of covariance were performed using the general 

linear models  (GLM) procedure of Statistical Analysis  Sys- 
tem (SAS) according to FREUND and LIITELL (1 98 1). 

Genetic  and  environmental  effects on hemolymph os- 
motic  concentration: The same eight isogenic  lines  (MN 12 
11, MN08 11, MN07 11, RIOl 11, KA03 111, RI12 111, KA13 
111 and RI09 111) and  rearing conditions (various levels  of 
osmotic stress using NaCl or &mannitol) as described pre- 
viously were used for this study. For each sample, three 
third instar larvae were randomly collected from the vials. 
In quick  succession, the  three larvae were dissected  in  half 
using  dissecting needles, then a Wescor filter disk was placed 
on top of the carcasses to allow the hemolymph to be 
absorbed onto  the filter. The filter was dried  then  stored at 
" 7 5 "  until five  such replicates were collected for each 
combination of line by medium by concentration, bringing 
the total number of  samples to 240. 

For osmolarity quantitation, filter disks were thawed, 10 
pl of distilled water was added  to each sample, then osmotic 
concentration readings were performed on each complete 
set of replicate on the same day  using a Wescor  vapor 
pressure osmometer. The following linear model of fixed 
effects was used to perform analysis  of variance (ANOVA) 
on these completely  balanced data, using the general linear 
models (GLM) procedure of Statistical Analysis  System 
(SAS): 

X j h  = p + M, + cj + MC, + Ih 

cI,k + MCI+ E+ 

where YGkl is the total osmotic concentration for each sample, 
p is the mean, Mi is the effect of the ith medium ( i  = 1, 2), 
Cj is the effect of the j th concentration (j  = 1, 2, 3), I k  is the 
effect of the kth line (k = 1, . . . , 8), and the  other terms 
are interactions. The  error term, E+n, is obtained from the 
replicates within each medium by cross by concentration 
combination (n = 1, . . . , 5). 

Relative  larval  viability: NC25 111 (Dip-B'"Ncz'/Dip-B'"- 
Ncz'), a line low  in DIP-B activity, was chosen for this study 
under  the premise that low dipeptidase-B activity may confer 
a selective disadvantage under increasing levels  of environ- 
mental osmotic stress. The two  inversion  lines  used for  the 
crosses were Df13R)red3'/In(3RL)Dcxf and DJT3R)red"l 
MKRS. DJ3R)red'" is a deficiency on  the  third chromosome 
that includes Dip-B (OHNISHI and VOELKER 1981; LAURIE- 
AHLBERC 1982), and  the genetic descriptions of the inver- 
sions and deficiency are given by LINDSLEY and GRELL 
(1  968). Inversion chromosomes containing either Dichaete 
(In(3RL)DcxJ) or Stubble (MKRS) also contain a functional 
Dip-B locus that exhibits normal levels of  DIP-B  activity. 
Thus inversian/Dip-B'"NC25 would express significant1 
greater DIP-B  activity compared to Df13R)red31/Di~-B'oNcz! 
which  would exhibit very  low, if any,  DIP-B  activit 

NC25 111 virgin  females (D~p-B'oNcz ' /D~p-B'oN~~)  were 
crossed  with Df13R)red3'/In(3RL)Dcxf males or with 
Dfl3R)red"IMKR.S males. For each type  of  cross, fifteen 
pairs of  males and females  were  allowed to mate in  vials 
containing standard Formula 4-24 Drosophila medium. 
Two days later,  after sufficient time for mating had elapsed, 
flies were transferred to vials that represented one of the 
osmotic conditions described earlier (0.0, 0.5 or 1.0 osmol 
of either D-mannitol or sodium chloride). Females were 
allowed to oviposit for 3-5  days at which time adults were 
removed. For each combination of  cross by medium by 
concentration, five replicates were prepared, and larvae 
were reared  at 25 " . Progeny were  collected until the 2 1 st 
day after the initial day of mating. The Dichaete wing 
phenotype associated  with In(3RL)Dcxf and  the Stubble phe- 
notype associated  with MKRS are dominant markers which 
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allowed  for the distinction  between low  DIP-B  activity  prog- 
eny and  “wild-type”  DIP-B  activity  progeny for  phenotypic 
scoring. A total  of 3448 flies  were  scored for  the  heterozy- 
gote (marker/Dip-B1aNCZ’) that  exhibited a dominant  pheno- 
type  and  the  heterozygote (,ip-BioNcz5/D~3R)red31) that  ex- 
hibited  wild-type  phenotype  from the 60 vials  used  in  this 
experiment.  Relative  larval  viability,  hereafter referred to 
as  wild-type  frequency,  is reported in  terms  of the propor- 
tion of  flies  low  in  DIP-B  activity  in the total  progeny. The 
following  linear  model  was  employed to  analyze the data: 

y.. yk* = P + M ,  + C’ + MC, + X, 

+ MX, + cxjk + MCX,,k + EVAn 

where Yikn is the wild-type frequency, is the mean, Mi is 
the effect of the  ith  medium ( i  = 1, 2), C, is the effect of the 
j t h  concentration (j = 1, 2, 3), and is the effect of the kth 
cross (k = 1, 2). The  error term, E,,,, is obtained  from the 
replicates  within  each  medium by cross by concentration 
combination (n = 1, . . . , 5 )  with all other terms  representing 
interactions. This fixed  effects mode1  analysis  of variance 
was performed using the GLM procedure of  SAS. 

After  flies  were  scored  phenotypically for the relative 
larval  viability study, six adult male  flies  were  collected  per 
progeny  phenotype  for  each  cross-by-concentration level for 
DIP-B  assays. Two such  replicates  were  collected,  and  each 
was  homogenized  in 100 p1 of 0.05 M Tris-HC1  buffer, pH 
8.0, using a Wheaton  Instruments  Overhead Stirrer. In  this 
way, it was  possible to relate biochemically  DIP-B  activity 
differences  to viability  differences.  Samples  were  frozen at 
-75” until the  time of  assay at which  time  thawed  samples 
were  centrifuged  for 20 sec in a microcentrifuge  and the 
supernatant used for  the assays. 

Continuous  DIP-B  activity  assays  were performed by in- 
cubating  at 30”, 50 pl of adult  homogenate with 300 pl of 
0.4 mM L-tyrosyl-glycine  in 0.05 M Tris-HC1  buffer, pH 8.0, 
and 300 FI of  L-amino  acid  oxidase reagent (as described 
earlier) in a microcuvet.  Changes  in  absorbance  were  mon- 
itored at 530 nm using a Gilford  Response I1 Spectropho- 
tometer  for 4 min after a 2-min  lag period. ANOVA  was 
performed on  DIP-B  activity  (change  in  absorbance  per 
minute) using the  following  fixed  effects  model: 

Yjjhl = p + FJ + M ,  + Cj + Xr + FM> + FCfi + FX, 

+ MC, + MXi, + cx,k + FMCfi, + FMX@ 

FCXfik  MCXqk FMcxfi,k + E5,kl 

where Vfijkl is DIP-B  activity, p is the mean, FJis the effect of 
the progeny  phenotype (f- 1, 2), Mi is the effect of the ith 
medium ( i  = 1, 2), Cj is the effect  of the jth concentration 
( j  = 1, 2, 3), x h  is the effect of the kth  cross (k = 1, 2), and 
Efijkl is the  residual. All other terms  represent  interaction 
effects. 

RESULTS 

Absolute  larval  viability: Dipeptidases are thought 
to be involved in the hydrolysis of  peptides into  their 
amino acid constituents to increase  osmotic  concen- 
tration in the hemolymph to counteract  increasing 
environmental  osmotic stress. It can  be  predicted  that 
genotypes which exhibit  different levels of  dipeptidase 
activities would vary in their larval viability in  osmot- 
ically stressful environments. The absolute viability 
data, summarized in Table 2, indicate  that egg to 
adult  development is adversely  affected by increasing 

osmotic  conditions, especially in NC25 111, a line that 
is low in DIP-B activity. A significant reduction in 
larval survival was observed at 0.5 osmol for  NC25 
111, and  no  adult flies emerged  at  the  higher osmotic 
conditions. Unlike the  other  three lines, very few 
larvae  of  NC25 I11 reached  the  third instar  stage at 
1 .O osmol or  1.5 osmol. These observations, that low 
DIP-B activity appeared  to  confer low  viability  in 
osmotically stressful environments, served as  the basis 
for  the  subsequent  studies. 

Genetic  and  environmental effects on peptidase 
activities: The means of peptidase activities for each 
line under  the  different levels of  environmental os- 
motic stress are summarized in Table 3; means by 
medium and  concentration  are summarized in Figure 
1.  When  ANOCOVs  were  performed  on  these com- 
pletely balanced data, residual plots  revealed  nonran- 
dom  patterns,  indicating  a  strong positive relationship 
between  predicted  means  and error variances. Bar- 
tlett’s test for homogeneity  of variances (SNEDECOR 
and COCHRAN 1967)  indicated  heterogeneity of vari- 
ances for each  peptidase activity associated with each 
combination  of line-by-osmotic concentration. Error 
variances of peptidase activities were stabilized by the 
logarithmic  transformation, which eliminated  both 
the  heterogeneity of variances and  the  nonrandom 
pattern  that was initially observed with the residual 
plots. Subsequent analyses were  performed using the 
transformed  data. As summarized in Table 4, protein 
content per individual, the covariate,  did not contrib- 
ute significantly toward  peptidase activities; ANOVAs 
on these  data  provided similar results. Significant line 
differences  were  evident for all four enzymes, sug- 
gesting  genetic  variation for peptidase activities. Chro- 
mosomal effects were analyzed by partitioning  the “all 
lines” sources of variation into chromosomes and lines 
within chromosomes. F tests revealed that  the  the two 
sets of isogenic lines differed in DIP-B and  LAP 
activities, and differences were found  among lines 
within chromosomes  for all dipeptidase activities. 
Marginal differences  were  detected for DIP-A activity 
between  chromosomes and  for  LAP activity among 
lines within chromosomes. 

Overall,  peptidase activities did  not  differ  among 
the  three levels of osmotic stress. However,  a  differ- 
ence  between D-mannitol and sodium  chloride was 
evident  for  DIP-B activity, and  the  interaction be- 
tween  medium and  concentration served as a signifi- 
cant  source  of  variation  for  LAP activity. Both of 
these effects are illustrated in Figure 1, where DIP-B 
activity was higher  among  larvae  reared  on NaCl than 
on Dmannitol,  and changes in LAP activity with in- 
creasing  osmotic stress differed  between  the two me- 
dia. The effect  of  medium on peptidase activities was 
investigated further by performing  ANOCOVs  for 
each osmotic effector  separately. Using the two de- 
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TABLE 2 

Absolute egg to adult  viability among different  isogenic lines 

Environmental  osmotic  concentration (osmol) 

Line 0.0 0.5 1 .o 1.5 

Hochi-R 0.64" 0.70 0.44 0.58 
(0.580-0.697f (0.641-0.754) (0.382-0.500) (0.520-0.638) 

n = 264 n = 256 n = 273 n = 273 
NC25 I11 0.24 0.02 0.00 0.00 

(0.193-0.293) (0.008-0.044) (0.000-0.014) (0.000-0.014) 
n = 258 n = 268 n = 259 n = 264 

RIOl I1 0.58 0.53 0.31 0.16 
(0.518-0.640) (0.468-0.591) (0.254-0.370) (0.1 18-0.211) 

n = 257 n = 258 n = 249 n = 248 

R103 I1 0.91 0.79 0.75 0.60 
(0.869-0.941) (0.735-0.870) (0.694-0.aol) (0.537-0.661) 

n = 259 n = 249 n = 258 n = 244 

The value  shown is the  egg to adult viability pooled over all replicates. 
The 95% confidence limits were calculated according to ROHLF and SOKAL (1 969). 

grees of freedom associated with concentration  source 
of  variation, F tests were  performed  for  linear  and 
quadratic effects of osmotic concentration. The dif- 
ference between D-mannitol and NaCl is evident in 
the effect of concentration,  where  the response by 
dipeptidase activities to increasing levels of osmotic 
stress is linear with NaCl while such a response was 
not observed with  D-mannitol (Table 5). However, 
both DIP-B and DIP-C activities tend  to  decrease with 
increasing osmotic stress regardless of osmotic effec- 
tor (Figure l), and failure to detect  concentration 
differences with  D-mannitol  may  simply mean that  the 
design of this experiment was not powerful enough 
to demonstrate its significance. Interestingly, only 
changes in LAP activity with NaCl correspond  to 
increasing levels  of osmotic stress, which was hypoth- 
esized a priori. ANOCOVs and ANOVAs for each 
combination of medium and chromosome  indicated 
that peptidase activities changed with increasing os- 
motic stress, but this variation depends  again on  the 
type of osmotic effector  (Figure 2). Based on  the 
pattern of significant sources of variation, it is clear 
that  the effect of concentration varied between the 
two types of medium,  where osmotic stress had  a 
significant linear effect on dipeptidase activities with 
NaCl, but  no such significant concentration effects 
were  detected with D-mannitol. In  addition, line dif- 
ferences were more  pronounced when NaCl was used 
as the osmotic effector  compared to D-mannitol for all 
peptidase activities. 

As presented in Table 4, second and  third chro- 
mosomes differed in DIP-B and LAP activities, and 
the two sets of chromosome  substitution lines differed 
in peptidase activities with changing osmotic stress 
which indicates chromosome-specific concentration 
effects (Figure 2). Increasing levels of D-mannitol had 
a significant quadratic effect on LAP activity among 

the second, but  not  the  third,  chromosome lines; a 
significant linear  response in LAP activity was de- 
tected with increasing levels  of  NaCl among  the  third, 
but  not  the second,  chromosome lines. Such differ- 
ences were  not  unique to  LAP activity. NaCl concen- 
tration  had  a significant linear  effect on DIP-B activity 
only among second chromosome lines, while  only the 
third chromosome lines exhibited  a  linear and a  quad- 
ratic response in DIP-C activity to increasing levels  of 
NaCl. These differences  between second and  third 
chromosome lines suggest genetic variation for os- 
motic stress-induced changes in peptidase activities. 
Medium-specific chromosomal effects were also de- 
tected, as summarized in Figure 3. Second chromo- 
some lines exhibited  higher levels of DIP-A activity 
than  third chromosome lines with NaCl, but  not with 
D-mannitol; third  chromosome lines exhibited  higher 
levels  of DIP-B activity than second chromosome lines 
with NaCl, but  not with D-mannitol. On  the  other 
hand, second  chromosome lines exhibited  higher  LAP 
activity regardless of the osmotic effector. 

Line differences, and  thus  the genetic bases for 
peptidase activity variation, was further investigated 
by separating the  data by chromosomes and osmotic 
concentration in order to  evaluate the relative contri- 
bution of structural  and regulatory genes to enzyme 
activity variation.  ANOCOVs were performed  for 
each set of chromosome  substitution isogenic lines at 
each level of osmotic stress using the following linear 
model: 

Yqlm = p. + Bi + Rj(o + LI + BL;l + Mm + B M i m  

+ L M I ~  + BLMilm + fl(PgkIrn - F )  + EijkIrn 

where YqLm is log-transformed peptidase activity, is 
the mean, and Bi, Rj(;), LI,  and M ,  are  the effects 
associated with block, replicate, line, and  medium, 
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TABLE 3 

Line  means of peptidase  activities  and  hemolymph  osmotic  concentration  under  increasing levels of environmental  osmotic  stress 
~~~~ 

Osmotic concentration (osmol) 

Line 

MN12 I1 

MNO8 I1 

RIOl I1 

MN07 I1 

KA03 111 

R118 I11 

KA13 I11 

RI09 I l l  

Variable 0.0 0.5 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

DIP-A 
DIP-B 
DIP-C 
LAP 
HOSM 

14.31a  (0.78) 
3.17  (0.31) 
4.41 (0.42) 
0.96 (0.09) 

26.77 (1.85) 

16.35 (0.67) 
2.37 (0.14) 
5.05  (0.47) 
1.08  (0.07) 

29.03 (2.43) 

15.51  (0.97) 
2.89  (0.22) 
4.59 (0.31) 
0.66 (0.08) 

23.53 (2.45) 

15.37 (1.32) 
2.92 (0.3 1) 
5.12 (0.37) 

25.43  (1.75) 

15.99 (1.69) 
2.69  (0.21) 
4.21  (0.24) 
0.46 (0.02) 

25.53 (2.98) 

15.10 (0.70) 
3.08 (0.26) 
5.45 (0.64) 
0.63 (0.08) 

27.37 (1.66) 

13.99 (0.76) 
3.43 (0.30) 
5.01  (0.51) 
0.63 (0.05) 

26.50 (2.89) 

14.10 (0.70) 
3.19 (0.39) 
5.15 (0.44) 
0.57  (0.04) 

22.77 (1.93) 

1.19 (0.12) 

14.51  (1.06) 
3.22  (0.24) 
4.75 (0.54) 
0.78  (0.06) 

31.63  (1.93) 

17.56 (1.31) 
2.32 (0.20) 
4.92 (0.32) 
1.07 (0.12) 

31.30 (2.37) 

16.1 1  (0.92) 
2.87 (0.23) 
4.39 (0.52) 
0.71 (0.06) 

32.67 (2.34) 

16.20 (1.71) 
2.35 (0.23) 
4.67 (0.21) 
1 .OO (0.15) 

32.77 (2.51) 

17.20  (1.06) 
2.55 (0.20) 
4.48 (0.40) 
0.45 (0.07) 

32.83 (2.68) 

16.58 (1.33) 
2.91 (0.22) 
5.3 1 (0.62) 
0.63 (0.05) 

29.63 (2.45) 

14.36 (1.57) 
2.65  (0.23) 
3.88 (0.28) 
0.55 (0.05) 

28.53 (3.38) 

13.40 (0.53) 
2.79 (0.30) 
4.54 (0.27) 
0.54 (0.1 1 )  

30.53  (2.59) 

1 .0 

15.24 (1.33) 
2.70  (0.15) 
4.26 (0.37) 
0.76 (0.06) 

33.23 (2.00) 

14.75 (0.84) 
2.06 (0.09) 
4.56 (0.38) 
1.04 (0.08) 

37.10 (3.10) 

14.51 (1.21) 
2.2 1 (0.17) 
4.47  (0.35) 
0.72 (0.08) 

30.93 (1.75) 

15.15 (1.16) 
2.50 (0.20) 
4.69 (0.40) 
1.13 (0.12) 

32.53 (2.53) 

14.91  (0.96) 
2.31 (0.16) 
3.56 (0.1 1) 
0.58 (0.07) 

30.53 (2.53) 

15.71  (1.41) 
2.86 (0.13) 
4.93 (0.59) 
0.60 (0.06) 

30.53 (2.84) 

14.14 (1.14) 
2.78 (0.27) 
4.65 (0.32) 
0.76 (0.14) 

33.45 (2.90) 

13.90 (1.59) 
2.44  (0.30) 
4.54 (0.45) 
0.50 (0.08) 

29.70 (3.33) 

a Peptidase activities are expressed as nanomoles of substrate hydrolyzed per minute per larval equivalent. Each peptidase activity mean 
value represents 8 replicates, with each replicate representing  a mass homogenate of 12 larvae. Each mean for HOSM, given  in  mosmol per 
larval equivalent, represents 10 replicates, with each replicate representing hemolymph from 3 larvae. Values  in parentheses are the  standard 
errors of the mean. 

respectively. The residual, Eql,, was obtained  from 
pooling  interaction  terms that included replicates. 
Protein  content per individual (Pqjm) served as the 
covariate, and all other  terms  represent interactions. 
As summarized in Figure 4, ANOVAs and ANO- 
COVs gave similar results. In  general, line differences 
for LAP activity (with significant chromosome  differ- 
ences when the two sets of lines are analyzed collec- 
tively) persist over all levels of osmotic stress, and lines 
served as a significant source of variation for DIP-B 
activity at  the  control level and  at 1.0 osmol and  for 

DIP-C activity at 0.5 osmol. Line  differences for pep- 
tidase activities varied between the two sets of chro- 
mosome substitution isogenic lines as well as at differ- 
ent levels of osmotic stress within the same set of 
isogenic lines. For  example, the second chromosomes 
vary significantly for  LAP activity at  the control level 
and  at 1.0 osmol, whereas the  third chromosome 
substitution lines differ significantly in DIP-C activities 
at 0.5 osmol and in LAP activity at 1.0 osmol. These 
results  indicate that genetic variation for peptidase 
activities can be affected by the level of osmotic stress. 
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FIGURE 1.-The effect of osmotic stress on peptidase activities. 
Circles represent means for D-mannitol, and squares represent 
means for NaCl ( N  = 32 observations per mean). Difference in 
shading represents significant difference between media. Bars rep- 
resent 95% confidence intervals for concentration differences (two- 
tailed test). 

Genetic  and  environmental effects on hemolymph 
osmotic  concentration: Any statements about  the role 
of peptidases in osmoregulation require  an  under- 
standing of  physiological changes in osmotic concen- 
tration in response to environmental osmotic stress. 
ANOVA on osmotic concentration in the larval hemo- 
lymph (HOSM)  revealed that, overall, osmotic stress 
had  a significant effect, with both  linear and  quadratic 
components  (Table 6). In addition,  the  medium 
source of variation was marginally significant, while 
the medium-by-concentration interaction was highly 
so. When the  data were analyzed by each osmotic 
effector,  the effect of concentration still remained, 
where osmotic concentration of the hemolymph of 
larvae reared  on NaCl exhibited  a positive linear 
response to osmotic stress while a  quadratic response 
was exhibited by larvae reared  on D-mannitol. These 
results clearly suggest that osmotic stress does affect 
HOSM,  but the type of changes  induced  depends on 
the type of environmental osmotic effector. 

As summarized in Table 6, marginal line differences 
were  evident, as was a significant medium-by-line in- 
teraction;  chromosomes and lines within chromo- 
somes served as significant sources of variation on D- 
mannitol and NaCl, respectively. In  order  to  better 
understand  the  nature of these line differences, AN- 
OVAs were performed by chromosome and medium. 
As illustrated in Figure 3, both sets of chromosome 
substitution lines exhibit similar changes in HOSM 
with increasing level of osmotic stress. Both the second 

and  the  third chromosome lines exhibit  a positive 
linear response with NaCl, although only the  third 
chromosome lines statistically exemplify the  quadratic 
response with  D-mannitol (Figure 5).  Genetic  differ- 
ences are suggested by the higher physiological os- 
motic concentration of the second chromosome lines 
compared to  the  third chromosome lines when reared 
on D-mannitol. In  addition, lines within chromosomes 
differ in osmotic concentration when reared on NaCl. 

Correlations  among  peptidase  activities  and 
hemolymph  osmotic  concentration: Figure  6 sum- 
marizes results of the  correlation analyses performed 
among line means of peptidase activities and HOSM 
for each combination of medium and level of osmotic 
stress. Overall,  dipeptidase activities are correlated 
over  medium and concentration  (Figure  6A, lower 
diagonal), and LAP activity is marginally correlated 
with DIP-C activity and HOSM. The computation of 
Pearson's product-moment  correlation coefficients av- 
erages  over  different levels of osmotic stress and en- 
vironmental osmotic effector, which means that pep- 
tidase activities and HOSM may be  correlated merely 
because of their  common association with either of 
these  factors or genetic  background. An effective 
approach  that assesses the relative contribution of 
these  factors  toward the observed  correlations is the 
comparison of partial  correlation coefficients when 
the  independent variables are held constant. This 
provides  a  measure of the  strength of the linear rela- 
tionships among peptidase activities and HOSM after 
the effects of osmotic stress (concentration), osmotic 
effector  (medium), and genetic  background (line) have 
been  controlled and removed.  When all  of these fac- 
tors  are fixed collectively, DIP-A, DIP-C and LAP 
activities are significantly intercorrelated  (Figure  6A, 
upper  diagonal). The effect of each of the factors also 
can  be  addressed separately by fixing them in  all 
possible combinations,  then  determining any corre- 
sponding  changes in the correlations. Most noticeable 
of these effects are  the common  directional  change by 
DIP-B and DIP-C activities with increasing levels  of 
osmotic stress (Figure  6B), and  the influence of  me- 
dium  on  the  correlation between DIP-A and DIP-B 
activities as well as between  LAP activity and HOSM 
(Figure 6C). Holding the line effects constant  pro- 
duces  a  tendency  for DIP-A activity and HOSM to be 
correlated in addition to a  correlation  between DIP- 
B and LAP activities. 

T o  study possible chromosomal effects involved in 
the  coordinate  regulation of peptidase activities and 
HOSM with each type of osmotic effector,  correlation 
analyses were performed separately for each combi- 
nation of medium and chromosome. As summarized 
in Figure  7A, one striking result for  both second and 
third chromosome lines is the absence of any linear 
relationship  between peptidase activities and HOSM 
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TABLE 4 

Summary of analyses of covariance on transformed peptidase activities 

F test  results” 

Source d.f. DIP-A DIP-B DIP-C LAP 

Blocks  (B) 
Replicates/Blocks 
Medium (M) 
B X M  
Concentration (C) 
B X C  
M X C  
B X M X C  
All lines (1) 

Chromosomes (K) 
Lines (L)/K 

B X K  
B X L/K 

M X K  
M X L/K 

B X M X K  
B X M X L/K 

C X K  
C X L/K 

B X C X I  
B X C X K  
B X C X L/K 

M X C X K  
M X C X L/K 

B X M X C X K  
B X M X C X L / K  

B X l  

M X I  

B X M X I  

C X I  

M X C X I  

B X M X C X I  

Protein 

Error 

1 
2 
1 
1 
2 
2 
2 
2 
7 
1 
6 
7 
1 
6 
7 
1 
6 
7 
1 
6 

14 
2 

12 
14 
2 

12 
14 
2 

12 
14 
2 

12 
1 

93 

9.46 
5.14** 
2.21 
2.10 
2.18 
3.08 
1.45 
0.1 1 
2.57* 
3.01% 
2.35* 
0.19 
2.90$ 
1.56 
1.27 
0.73 
1.31 
0.77 
0.01 
1.34 
0.45 
0.08 
0.50 
0.67 
0.52 
0.70 
1.26 
1 .oo 
1.28 
0.58 
0.08 
0.67 
1.07 

1.14 
30.36*** 
27.37*** 

3.53 
1.50 
3.41* 
0.31 
3.38* 
6.69*** 
5.23* 
5.42*** 
1.84 
0.39 
2.06* 
2.07 
3.44 
1.84 
0.90 
1.67 
0.77 
1.27 
0.59 
1.36 
1.14 
0.01 
1.33 
0.46 
1.57 
0.38 
1.94* 
1.17 
2.05* 
0.75 

3.88 

0.41 
1.16 
2.42 
0.06 
1.58 
0.06 
2.75* 
0.55 
3.14** 
1.67 
0.55 
1.87r 
0.71 
0.02 
0.85 
1.43 
4.78* 
0.87 
0.99 
0.59 
1.08 
0.54 
0.13 
0.61 
0.84 
0.81 
0.75 
0.76 
1.01 
0.72 
0.29 

20.00*** 
0.15 
4.78* 

12.07 
5.68* 
0.32 
9.38*** 
8.94*** 
1.33 

10.08*** 
130.04*** 

3.65’ 
3.99*** 
0.26 
4.60*** 
4.10*** 

20.31*** 
1.36 
0.76 
0.01 
0.89 
1.72 
0.72 
1.85* 
1.17 
0.57 
1.26 
1.14 
4.41* 
1.03 
3.99*** 
1.09 
4.47*** 
0.19 

In  this mixed effects model of analysis of variance, F tests were performed on M, C, I ,  K, L/K, and their interaction sources of variation 
using as their error term  their  corresponding interaction terms  that included B. When these error terms (interactions with  B) were found to 
be not significant, their sums of squares were pooled into  the overall error sums of squares and  the subsequent mean squares were used as 
theerrortermsfortheFtests.~P<0.10;*P<0.05;**P<0.01;***P~0.001. 

when concentration and line effects are removed.  In 
addition,  the two sets of  chromosome  substitution 
lines differ in the  pattern  of correlations.  Second 
chromosome lines exhibit no significant correlations 
on either  medium,  although DIP-C and  LAP activities 
are marginally correlated  among larvae reared  on D- 
mannitol.  Among third chromosome lines DIP-C and 
LAP activities are correlated  regardless of the me- 
dium,  and medium-dependent effects on correlations 
were exemplified by DIP-A and DIP-C activities with 
D-mannitol and DIP-B and DIP-C activities with NaCl. 
Clearly, correlations are affected by the osmotic effec- 
tor in both sets of lines, and  the only correlation that 
is common to both  chromosomes is between DIP-C 
and LAP activities when larvae are  reared  on D- 
mannitol, which suggests that  a  common mechanism 
may be involved in the regulation of these  peptidase 
activities. On  the  other  hand, chromosomal  differ- 

ences for correlations among  other peptidase activities 
may indicate the presence of chromosome-specific 
genetic effects involved in the coregulation  of  these 
enzymes. 

Comparison of  partial  correlations fixed for line 
effects provides  information about  the covariation of 
pairs of enzymes (or enzyme activity and HOSM) with 
environmental osmotic concentration  (Figure 7B). 
Changing  concentrations of  D-mannitol resulted in 
similar responses by DIP-C with DIP-B and LAP 
activities by the  third chromosome lines, while no 
such common responses by any pair of peptidases were 
detected  among  second  chromosome lines. Variable 
levels of stress induced by NaCl produced covariation 
among  third  chromosome lines of DIP-B and DIP-C 
activities, a  correlation  that also appears with &man- 
nitol. Second  chromosome lines reared  on NaCl  show 
a  tendency for DIP-B activity and HOSM to be neg- 
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TABLE 5 

Summary of analyses of covariance on transformed peptidase activities by  medium (osmotic effector) 

F test resultsb 

Sourcea d.f. DIP-A  DIP-B  DIP-C  LAP 

B 1 2.69 0.30 4.76 2.46 

RIB 
36.72*** 2.36  3.55 1.16 

2  4.27*  16.40***  8.31*** 3.57* 
1.14 

2 0.87 0.24 0.86 1.11 
4.54* 2.95' 3.35* 0.75 

Linear 1  0.40 0.48 0.56 0.03 
8.48**  5.39*  4.43*  1.31 

Quadratic 1 1.53 0.05 0.91 2.21 
0.13 0.14 3.22T 0.07 

B X C  2 1.59 3.74*  0.01  6.33** 
1.90  2.33 0.09  3.23* 

I 7 1.50 3.61**  0.80 8.97*** 
2.60* 4.25*** 2.79* 92.71*** 

K 1 0.08 1.31 0.01 110.99*** 
5.03* 5.73* 1.39 38.51*** 

L/K 6 1.69 3.75**  0.74 2.78 
1.63 3.69**  3.05*  6.75*** 

B X I  7 1.13 1.09 1.16 4.08** 
1.08 1.59 0.97 1.05 

B X K  1 0.98 0.01 2.52 1 .oo 
2.24 1.28 0.43 0.05 

B X L/K 6 1.53 1.27  1.12 4.52** 
0.84 1.63 1.06  1.20 

C X I  14  1.01 0.74  0.73 1.36 
0.93 1.16 1.28 1.88* 

C X K  2 0.37 0.10 0.42 0.57 
1.16 2.01 1.12 2.39 

C X L/K 12 1.08 0.50 0.77 1.39 
0.90 1.03  1.35 1.69 

B X C X I  14  0.68 1.81' 0.72  3.70*** 
0.42 1.24 0.50 1.53 

B X C X K  2 0.35 0.43 0.29 0.99 
0.12 0.80 1.11 0.55 

B X C X L/K 12 0.74 2.04* 0.79 4.14*** 
0.47 1.32 0.41 1.71' 

Protein 1  0.01 1.71  0.04 2.55 
2.53 0.03 1.12 0.76 

1.39 15.06***  9.99*** 
C 

Error 45 

a Letter designations are B for blocks, R/B for replicates within  blocks, C for concentration, I for all lines, K for chromosomes, and L/K 

b The upper and  the lower numbers for each source of variation are  the F test results for D-mannitol and NaCI, respectively. $ P  < 0.10; 
for lines  within chromosomes. 

* P < 0.05; ** P < 0.01; *** P < 0.001. 

atively correlated;  under  the same conditions, LAP 
activity is marginally correlated with HOSM among 
third chromosome lines. If peptidase activities are 
indeed  important in the maintenance of osmotic bal- 
ance,  the  tendency  for LAP activity to covary with 
HOSM among  the  third,  but  not  the  second,  chro- 
mosome lines implicates genetic variation for osmo- 
regulatory responses. These observations indicate that 
the intercorrelations  among peptidase activities and 
HOSM are affected by the  genetic  background, the 
type of environmental osmotic effector,  and  the level 
of osmotic stress. 

Relative larval viablilty: This  experiment was per- 
formed  to  determine  whether very low DIP-B activity 

conferred any significant reduction in larval viability 
in comparison with a  phenotype  that expressed nor- 
mal  levels of DIP-B activity when reared  under in- 
creasing levels of osmotic stress. Due to  the  unequal 
number of progeny  from each cross-by-medium-by- 
concentration, which ranged  from 14 to 186, 
weighted analysis of variance was performed using the 
total  progeny  count per  entry as weight. T o  minimize 
the heterogeneity of error variances, the  data were 
transformed by taking the arcsin of the square  root 
of the frequencies. As summarized in Table 7, F tests 
indicate  that the only significant source of variation 
was crosses. The lack of significant medium, concen- 
tration,  and medium-by-concentration interaction ef- 
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FIGURE 2.--Summary of  ANOVAs and  ANOCOVs  on peptidase activities by medium. For each source of variation, ANOVA and 
ANOCOV F-tests are represented by the left and  the right rectangles, respectively. A circle represents significant chromosome  effects. Refer 
to the text for the linear.model that'was employed in these analyses. 

fects suggests that viability differences failed to  mater- 
ialize  with increasing levels of osmotic stress. Table 8 
summarizes the differences in wild-type frequency 
between the two crosses under  different  environmen- 
tal conditions. 

DIP-B enzyme assays were  performed to biochemi- 
cally relate DIP-B activity differences to relative larval 
viability, and  the means of DIP-B activities are pre- 
sented in Table 9.  ANOVA  on DIP-B activity (table 
not shown) indicates that  the only significant source 
of variation was the phenotype  exhibited by the flies, 
either wild-type  (low  in DIP-B activity) or dominant 
marker  (normal level of DIP-B activity). Dip-B'ONCZ5/ 
Df3R)red3' exhibited substantially lower DIP-B activ- 
i ty  than either Dip-B'ON"''/MKRS (3.4% to 5.6%) or 
~ip-BioNCz5/ ln(3RL)Dcx~ (2.8% to 13.3%). I t  was pre- 
dicted  that DIP-B activity levels would differ signifi- 
cantly between the two progeny  genotypes, and  not 
surprisingly, F tests of ANOVA  indicate such a signif- 
icant difference ( P  < 0.0001). 

DISCUSSION 

These studies were performed to understand  the 
adaptive significance of peptidase activity variation, 
which may have regulatory or structural  genetic basis. 
The initial task was to assess the genetic basis for 
activity variation of these enzymes among isogenic 
lines. Overall, line differences, and  thus genetic vari- 
ation, were found  for all peptidase activities. Signifi- 

cant  chromosome effects were detected  for DIP-B and 
LAP activities, and lines differ significantly within a 
set of chromosome  substitution lines for  dipeptidase 
activities. Second  chromosome lines varied in LAP 
activity at  the control level, DIP-B activity at 0.5 
osmol, and  both DIP-B and LAP activities at 1.0 
osmol. Because Lap and Dip-B are mapped to  the  third 
chromosome,  these significant line differences  for 
LAP  and DIP-B activities suggest the presence of 
genetic  units  on the second chromosome which exert 
their effect on  third  chromosome loci. Third chro- 
mosome lines differed significantly in  DIP-C activity 
at 0.5 osmol and in LAP activity at 0.5 osmol and 1 .O 
osmol. Although allozymic differences were not  found 
for DIP-C and LAP among these lines, the distinction 
cannot  be  made readily between structural or regula- 
tory  genetic basis for  the significant differences in 
DIP-C and  LAP activities among  third  chromosome 
lines since the  structural  genes  for  these enzymes are 
also mapped to the  third chromosome. The possibility 
exists of the  contribution of undetected  structural 
differences that affect catalytic efficiency of the  en- 
zyme molecules to  the activity variation. Nonetheless, 
these results are in accordance with other  reports of 
genetic effects (such as unlinked activity modifiers) on 
peptidase activities in D. melanogaster (HIRAIZUMI  and 
LAURIE  1988;  LAURIE-AHLBERC  1982). The Drosoph- 
ila genome is characterized by activity modifiers or 
regulatory  genetic effects on enzyme-coding genes 
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FIGURE 3.-The effect of osmotic concentration by medium on peptidase activities and hemolymph osmotic concentration. Circles 
represent means for second chromosome lines, and squares  represent means for  third chromosome lines ( N  = 16 observations per mean). 
l k m  represent 95% confidence intervals for concentration differences (two-tailed test). 

(reviewed by LAURIE-AHLRERG 1985), of which the lation of the  amino acid and oligopeptide pools, of 
peptidases are not an exception. these enzymes. D-Mannitol and NaCl differed in their 

The second task was to determine if peptidase ac- effects on DIP-B and LAP activities as well as on 
tivities and hemolymph osmotic concentration varied hemolymph osmotic concentration, which means that 
directionally in response to a  potential selection pres- the type of osmotic effector in the  environment may 
sure. Environmental osmotic stress was hypothesized influence  osmoregulatory response and peptidase ac- 
to affect a physiological function, possibly osmoregu- tivities. Increasing levels of NaCl produced  a linear 
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FIGLIRE 4.--Summarv  of ANOVAs and ANOCOVs on peptidase activities by osmotic concentration. ANOVA and ANOCOV F-tests for 
line tlifferenres are represented by the left and the  right rectangles, respectively. A circle represents significant chromosome effects. Refer 
t o  the text for  the linear model that was employed in these analyses. 

TABLE 6 

Summary of analyses of variance on osmotic  concentration in the larval hemolymph 

F test results 

Source d.f. Overall d.f. WMannitoi NaCl 

2 
1 
I 
7 
1 
6 

14 
2 

12 
1 
2 
7 
1 
6 

14 
2 

12 

19.75*** 
34.50*** 
4.99* 
1.29 
3.46i 
0.93 
0.68 
0.13 
0.77 
2.7@ 

10.64*** 
2.18* 
1.67 
2.27* 
1.35 
3.21* 
1.04 

2 
1 
1 
7 
1 
6 

14 
2 

12 

3.82* 
1.07 
6.57* 
1.57 
4.00* 
1.16 
0.84 
1.46 
0.74 

33.80*** 
67.48*** 

0.12 
2.023 
0.2 1 
2.32* 
1.30 
2.01 
1.18 

I<rl-or 192 96 

~ P < 0 . 1 0 ; * P < 0 . 0 5 : * * F < 0 . 0 1 : * * * P < 0 . 0 0 1 .  

increase in HOSM, while HOSM  of  larvae  reared  on 
increasing D-mannitol concentration  varied  quadrati- 
cally. I t  is possible that  the effect  of D-mannitol as  an 
environmental  osmotic  effector is confounded by met- 
abolic  changes in the  larvae to manage excess dietary 
carbohydrates  that  are  presumed to be  inert,  the 
biochemical and physiological  mechanisms of which 
have  not yet been  investigated.  Increasing  concentra- 
tions  of D-mannitol had very little, if any,  effect on 
peptidase activities,  while dipeptidase activities de- 
creased linearly with increasing  concentrations  of 
NaCI. These  observations  suggest  that  the  dipeptidase 
activities do  not  change directionally under  conditions 
of environmental  osmotic  stress  as  hypothesized,  and 

tion or they may play a minor role which was not 
detected in this  study.  However,  environmental  con- 
centration  of NaCl had a  significant  effect  upon  LAP 
activity among  the  third  chromosome  substitution 
isogenic  lines, and  the significant  linear  response in 
the positive direction  indicates  that  LAP activity  in- 
creased with increasing levels of osmotic  stress.  When 
osmotic  concentration  of  the  hemolymph  of  larvae 
reared  under  increasing levels of  osmotic  stress was 
examined,  only  LAP activity  (particularly among sec- 
ond  chromosome lines reared  on NaCI) was found  to 
be  correlated  consistently with HOSM, which  suggests 
the possibility of LAP  being  the  primary or perhaps 
the only  peptidase  involved in the  osmoregulation  of 

that dipeptidases  may not  be  involved-in  osmoregula-  the  amino  acid  and  oligopeptide  pools.  LAP  has  been 
. .  . 
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FIGURE 6.-Correlations among peptidase activities and hemo- 
lymph osmotic concentration. N = 48 pairs of means, windows 
represent negative values. (A) Lower diagonal, product-moment 
correlation coefflcients; upper diagonal, partial correlation coeffi- 
cients with medium, concentration and line held constant. (B) Lower 
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and line. (C) Lower diagonal, partial correlation coefficients fixed 
for medium; upper diagonal, partial correlation coefficients fixed 
for concentration and line. (D) Lower diagonal, partial correlation 
coefficients fixed for line; upper diagonal, partial correlation coef- 
ficients fixed for medium and Concentration. 

found  to be a cell membrane-bound enzyme (HALL 
1988a,b; HIRAIZUMI and LAURIE 1987; WALKER and 
WILLIAMSON 1980),  and it has been  postulated  that 
the localization of LAP between the extracellular and 
intracellular  environments places this enzyme in the 
primary position to respond to osmotic stress. 

Studies of the  estuarine bivalve Geukensia  demissa 
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FIGURE 7,"Partial correlations by chromosome and medium. 
Upper diagonal, o-mannitol; lower diagonal, NaCI. N = 12 pairs of 
means. Windows represent negative values. (A) Partial correlations 
fixed for concentration and line. (B) Partial correlations fixed for 
line. 

TABLE 7 

Summary of weighted analyses of variance on relative larval 
viability 

Source d.f. F test results 

Medium  (M) 1  0.57 
Concentration (C) 2 0.58 
M X C  2 0.60 
Cross (X) 1 13.25 P C  0.001 
M X X  1 0.05 
c x x  2  0.25 
M X C X X  2  1.96 

Error 48 

TABLE 8 

Means of relative frequency of progeny low in DIP-B activity 
(Dip-B'"Ncz51Dff3R)rd31) under various cross and osmotic 

concentration conditions 

Environmental osmotic 
concentration (osmol) 

Of (3R)red3'/MKRS 0.4667 0.5108 0.4775 
(0.0212) (0.0212) (0.0382) 

Of (3R)red3'/In(3RL)Dcxf 0.571 1 0.5853 0.5665 
(0.0279) (0.0278)  (0.0354) 

~ 

Values  in parentheses are the  standard errors of the mean 
~ ~~ 
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TABLE 9 

Mean of DIP-B activity among progeny from  the relative 
viability study 

Environmental osmotic 
concentration (osmol) 

~ r o s s ~  Progeny genotype 0.0 0.5 1 .o 
1 D ~ ~ - B I O N C Z ~  /Of (3R)red'" 0.0003 0.0004 0.0004 

(0.0002) (0.0003) (0.0001) 
Dip-BlONC25 IMKRS 0.0089  0.0082 0.0072 

(0.0004) (0.0009) (0.001 1) 

2 D ~ ~ - B / o N ( : Z ~  /Of  (3R)red3' 0.0008 0.0005 0.0001 

(0.0003) (0.0003) (0.0001) 
~ i ~ - ~ l o N f : Z 5  lIn(3RL)Dcxf 0.0060 0.0072 0.0036 

(0.0009) (0.0003) (0.0006) 

Values in parentheses are  the standard errors of the mean. DIP- 
€3 activity is expressed as change in absorbance per minute  per 
individual. 

a Cross 1 : Dip-Bi"N(;25/Dip_Bi"N"25 X Df(3R)redJ1/MKRS; cross 2: 
nip-BlONfX5 /Dip-B'oN':'5 X Df  (3R)red3'/ln(3RL)Dcxf. 

have suggested that  the maintenance of leucine ami- 
nopeptidase-1  (LAP-1) allozyme polymorphism is di- 
rectly related to differential fitness of LAP-1 geno- 
types under variable environmental salinity (GARTH- 
WAITE 1989). In  the bivalve Mytilus edulis, protein 
hydrolysis, catalyzed by aminopeptidase-1 , is a  major 
source of free  amino acids in cellular volume regula- 
tion under conditions of high salinity (DEATON, HIL- 
BISH and KOEHN 1984). The enzyme is encoded by 
the polymorphic locus Lap, where at high salinity 
genotypes with the Lapg4 allele accumulate free  amino 
acids much faster  than  genotypes that  do  not contain 
Lap". The observed cline in the frequency of Lapg4 
that is associated with variable salinity among  natural 
populations fits a selection model that  incorporates 
the dominance of biochemical and physiological phe- 
notypic expression of Lapg4 genotypes. Furthermore, 
laboratory investigations revealed salinity-related de- 
viations from  Hardy-Weinberg  equilibrium  genotypic 
frequencies at  the Lap locus, and ontogenetic varia- 
tion was observed in selection against the Lapg4 allele 
at low salinity (BEAUMONT et al. 1988). Larval viability 
studies in D. melanogaster involving genotypes that 
differ in LAP  G activity and  are  reared  under increas- 
ing levels of osmotic stress should  provide substantial 
information in the evaluation of the adaptive signifi- 
cance of LAP activity variation. 

In  addition to chromosome-specific genetic varia- 
tion  for  peptidase activities described  earlier, the ef- 
fect of medium and concentration on peptidase ac- 
tivities differed  between the second and  third  chro- 
mosome lines. DIP-B activity in second chromosome 
lines exhibited  a negative linear  response to increasing 
NaCl, but such was not  the case with third  chromo- 
some lines; increasing levels of NaCl had  both  a  linear 
and a  quadratic effect on DIP-C activity among  the 

third,  but  not  the second,  chromosome lines. Whether 
these  changes are associated with the common  third 
chromosome  (and  thus the same Dip-B and Dip-C loci) 
among  the second chromosome lines or  the variable 
third chromosome  (perhaps  structural variability of 
the same genes) among  the  third  chromosome lines 
cannot  be readily determined  from this study. LAP 
activity is another example,  where the second,  but  not 
the  third, chromosome lines are affected quadratically 
by D-mannitol concentration, while the linear effect 
of increasing NaCl concentration is observed only 
among  the  third  chromosome lines. Interestingly, 
HOSM is affected quadratically by D-mannitol concen- 
tration  and linearly by NaCl concentration.  Genetic 
localization of these  factors to specific regions within 
second and  third chromosomes may  allow the distinc- 
tion between structural as opposed to regulatory ge- 
netic effects on these  concentration-dependent 
changes in peptidase activities. Studies are in progress 
to survey more lines, including those that vary genet- 
ically  only  in the X chromosome, for  the effect of 
hyperosmotic environmental  conditions on  the activ- 
ity  of these enzymes. 

The third task  in this investigation was to study the 
correlations  among  peptidase activities and changes 
in these  correlations in response to osmotic stress. In 
this manner, it is possible to study genetic effects 
involved in the covariation of peptidase activities. 
Genetic variation exists for  the correlation of activities 
of enzymes that are functionally related, such as shar- 
ing  a  substrate or product  (CLARK  1989; WILTON et 
al. 1982).  For  example, activity levels  of mitochon- 
drial enzymes are significantly intercorrelated, as are 
activities of some cytosolic enzymes. Genetic variation 
for a positive correlation between DIP-A and DIP-B 
activities has been reported (HIRAIZUMI and LAURIE 
1988; LAURIE-AHLBERG  1982), and peptidase activi- 
ties, in general, are intercorrelated (K. HIRAIZUMI, K. 
D. MATHES and C. I. SHALISH, in preparation).  In 
addition, several studies have been reported  on 
changes in intercorrelations  among enzyme activities 
in response to environmental or dietary  changes 
(CLARK  1989;  GEER,  LANGEVIN and MCKECHNIE 
1985; GEER and LAURIE-AHLBERG  1984; GEER and 
MCKECHNIE 1984),  and  correlated activities could 
result  from  simultaneous selection on activities of 
several enzymes (LANDE  1980). Based on these find- 
ings, it was predicted  that peptidase activities would 
be  correlated with each other, correlations would be 
sensitive to environmental osmotic stress, and because 
two sets of isogenic lines were used, the correlations 
would depend  upon  the genetic  background. 

Significant correlations of peptidase activities were 
apparent.  Overall,  DIP-A, DIP-C and LAP activities 
are intercorrelated when the effects of osmotic effec- 
tor, effector  concentration,  and  genetic  background 
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are held constant, while the type of osmotic effector 
in the medium affects the correlation between LAP 
activity and HOSM. The covariation of DIP-B and 
DIP-C activities with changing osmotic concentration 
suggest that these dipeptidases may be  regulated in a 
similar way. The influence of osmotic effector on 
these  intercorrelations is very apparent, where the 
pattern of correlations  differs between D-mannitol and 
NaCI. It is likely that D-mannitol serves not only to 
induce  environmental osmotic stress, but also as excess 
carbohydrate in the  diet of the larvae. Until the me- 
tabolism of D-mannitol, presumably a biologically in- 
ert molecule, is better  understood,  questions  about 
the physiological effect of this compound as an os- 
motic effector will remain  unanswered. The correla- 
tion between DIP-C and LAP activities among  both 
second  and  third  chromosome lines with D-mannitol 
is consistent with the idea that  there is a  general 
physiological response that is exhibited by these two 
enzymes to variable osmotic conditions,  for which no 
genetic variation exists among  the specific lines in this 
study. Genetic variation exists for  the  intercorrela- 
tions among some peptidase activities, as exemplified 
by the significant correlations  among  peptidase activi- 
ties with third  chromosome lines on  the  different 
media, which is conspicuously absent  among  second 
chromosome lines. The exact biochemical and genetic 
basis for these correlations  cannot  be  determined 
from this study, and it is not clear if these  chromo- 
somal differences in correlations involve single genes 
that  exert pleiotropic effects on several peptidases or 
activity modifiers in linkage disequilibrium. 

The final task involved the detection of selection 
operating  on  phenotypic  (peptidase activity) variation, 
which may have regulatory and/or  structural  genetic 
basis. Whether  differences in fitness components such 
as larval  viability or female fecundity are a  function 
of differences in enzyme activities must be deter- 
mined. Initially, it appeared  that  the  absolute larval 
viability  of a  genotype  that  exhibited low DIP-B activ- 
i ty  was drastically reduced  under  an osmotic selection 
pressure.  It was predicted that  the relative viability of 
genotypes with  low DIP-B activity would confer  a 
selective disadvantage compared to genotypes  that 
expressed  normal levels  of DIP-B activity under in- 
creasing levels  of environmental osmotic stress. Con- 
trary  to  the  expectation, results indicate no major 
effect of environmental osmotic stress with respect to 
DIP-B activity on egg-to-adult development. 

Because the genetic background was neither con- 
trolled  nor  defined, the significant difference between 
the two crosses  in the relative larval viability study 
suggests that  differences in the genetic  background 
may override viability effects associated with low DIP- 
B activity. It is unclear how  many genes that affect 
viability are mapped to  the specific chromosomes con- 

tained by the lines which were used in these studies. 
Perhaps the low  viability of Dip-B10NC25/Dip-B10NC25 un- 
der the conditions  for the absolute viability study was 
a  consequence of factors other  than DIP-B activity. It 
is not possible, therefore,  to  determine whether via- 
bility differences, if any, are  due  to  the  structural  gene 
or  the genetic  background. In a series of elaborate 
experiments involving sodium octanoate as the  exter- 
nal substrate  that  acted directly on Gbpd as the  tar- 
geted locus function,  EANES et al. (1 985)  determined 
that  the  genetic  background could contribute signifi- 
cantly to selective differences between Gbpd allozymic 
genotypes in egg to adult viability. Studies on enzyme 
activity levels and fitness components  require  an un- 
derstanding of  how the enzyme is affected by activity 
levels of the  other enzymes of the metabolic pathway 
as well as metabolic flux. CLARK  (1989)  found  that  the 
correlation  between viability and glucose-Bphosphate 
dehydrogenase (GGPD) activity depends highly on  the 
activity of 6-phosphogluconate  dehydrogenase 
(GPGD), where  both enzymes are involved in the 
pentose  phosphate  shunt. At low 6PGD activities, high 
G6PD activities confer low viability, whereas at high 
6PGD activities viability increases with increasing 
G6PD activities. Although peptidases are presumed 
to  share  a  common  amino acid and oligopeptide  pool, 
it remains to be seen if these enzymes are  interrelated 
in any specific metabolic pathway. 

The relationship between enzyme activity variation, 
osmoregulation, and differential viability  has been 
well-documented in the  intertidal copepod Tigriopus 
caZ$ornicus. In this marine  organism, cell volume is 
regulated  during hyperosmotic stress by the increase 
in intracellular  concentration of certain  amino acids 
(BURTON and FELDMAN  1983). Allozymic genotypes 
that exhibit  higher specific activity of glutamate-py- 
ruvate  transaminase (GPT), which catalyzes the final 
step of alanine synthesis, are more viable under hy- 
perosmotic  conditions  than genotypes that exhibit low 
GPT specific activity. Studies of F2 interpopulation 
hybrids,  however,  indicated that accumulation of  free 
amino acids in response to hyperosmotic conditions 
appeared  to  be  unrelated  to allozyme genotypes at 
two loci that  encode enzymes (malic enzyme and  GPT) 
involved in free  amino acid metabolism (BURTON 
1990). These results support  the  presence of regula- 
tory genes in a  marine  copepod  that affect free amino 
acid synthesis under hyperosmotic environmental con- 
ditions.  Studies are underway to investigate the ge- 
netic basis for activity variation of such enzymes as it 
relates to environmental osmotic stress in Drosophila 
larvae. 

The physiology  of osmoregulation in insects in- 
volves the  regulation of total osmotic pressure and  the 
regulation of ionic and solute composition (BURSELL 
1970).  It is possible that peptidases, especially LAP, 
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do play a role in osmoregulation; the corresponding 
changes in activity  levels under selective conditions 
may  be  relatively too small compared to  other phys- 
iological changes or too highly  localized  in  specific 
tissues for the detection of their effects in these stud- 
ies. The Malpighian tubules, the  hindgut, and the 
rectal papillae  play  an important role in the excretion 
and retension of  water and solutes. Musca domestica 
larvae, for example, have  specialized epithelial struc- 
tures ( i e . ,  solitary chloride cells and anal chloride 
epithelia) that participate in ion- and osmoregulation 
by active ion-transport (SCHWANTES and SIEBOLD 
1991). These  structures of the excretory system are 
intricately associated  with the regulation of  osmotic 
concentration of the hemolymph. Solute and ion  con- 
centrations in the hemolymph are regulated by alter- 
ations in the concentrations of  these  substances in the 
rectal fluid (STOBBART and SHAW 1974). Experiments 
are in progress to assess  tissue-specific  changes  in 
peptidase activities under conditions of environmental 
osmotic  stress. 

In conclusion,  peptidase  activity  levels  were found 
to be  affected by both genetic and environmental 
factors. In addition, there is variation in gene regula- 
tion, caused by unlinked modifiers. The relative im- 
portance of these regulatory units  in adaptative re- 
sponse to osmotic  selection pressure cannot be deter- 
mined from the egg to adult viability  studies.  More 
information on the exact  physiological function of 
these enzymes is needed in order to evaluate the 
adaptive significance  of  peptidase  activity variation. 

The authors  extend  their appreciation to TED EMIGH for statis- 
tical advice and  to CHERYL V ~ C E L  and TANIA ANDERSON for their 
assistance with the absolute viability study. Special thanks go to two 
anonymous reviewers and ROBERT BARNES and  SHERMAN  HENDRIX 
for helpful comments on  an  earlier draft of the paper. This work 
was supported by grants from the Whitaker Foundation of the 
Research Corporation (C-2560), the National Science Foundation 
(USE 8951018), and the National Institutes of Health (GM42115- 
01A1) to K.H. 

LITERATURE  CITED 

BEAUMONT, A.  R., C. M. BEVERIDGE, E. A. BARNET, M. D. BUDD 
and M. SMYTH-CHAMOSA, 1988 Genetic studies of laboratory 
reared Mytilus  edulis. I. Genotype specific selection in relation 
to salinity. Heredity 61: 389-400. 

BECKMAN, L., and F. M. JOHNSON, 1964 Genetic control  of ami- 
nopeptidases in Drosophila  melanogaster. Hereditas 51: 221- 
230. 

BRADFORD, M. M., 1973  A rapid and sensitive method for  the 
quantitation of microgram quantities of protein utilizing the 
principle of protein dye binding. Anal. Biochem. 72: 248-254. 

BRITTEN, R. J.,  and E. H. DAVIDSON, 1969 Gene regulation for 
higher cells: a  theory. Science 165: 349-357. 

BURSELL, E., 1970 An Introduction to Insect Physiology, Academic 
Press, New York. 

BURTON, R. S., 1990 Hybrid breakdown in  physiological response: 
a mechanistic approach. Evolution 44: 1806-1 8 13. 

BURTON, R. S., and M. W. FELDMAN, 1983 Physiological effects 
of an allozyme polymorphism: glutamate-pyruvate transami- 

nase and response to hyperosmotic stress in the copepod Ti- 
griopus  calfornicus. Biochem. Genet. 21: 239-251. 

CHAPMAN, R. F.,  1982 The  Insects, Harvard University Press, 
Cambridge, Mass. 

CLARK, A. G., 1989 Causes and consequences of variation in 
energy storage in Drosophila  melanogaster. Genetics 123: 131- 
144. 

CLARKE, B., 1975  The contribution of ecological genetics to evo- 
lutionary theory: detecting the direct effects of natural selec- 
tion on particular polymorphic loci. Genetics 7 9  101-1 13. 

COLLETT, J. I., 1976a Small peptides, a life-long store  of amino 
acid in adult Drosophila and Calliphora. J. Insect Physiol. 22: 

COLLETT, J. I., 1976b Peptidase-mediated storage of amino acids 
in  small peptides. Insect Biochem. 6: 179-185. 

COLLETT, J. I., 1976c The constancy and similarity of  the  amounts 
of free amino acids in inbred strains of Drosophila and outbred 
Calliphora. J. Insect Physiol. 22: 1251-1255. 

DAVIDSON, E. H., and R. J. BRITTEN, 1979 Regulation of gene 
expression: Possible role of repetitive sequences. Science 204: 

DEATON, L.  E., T. J. HILBISH and R. K. KOEHN, 1984 Protein as 
a source of amino nitrogen during hyperosmotic volume reg- 
ulation in the mussel Mytilus  edulis. Physiol. Zool. 57: 609- 
619. 

EANES, W.  F.,  B. BINGHAM, J. HEY and D. HOULE, 1985 Targeted 
selection experiments and enzyme polymorphism: negative evi- 
dence  for  octanoate selection at the G6pd locus  in Drosophila 
melanogaster. Genetics 109: 379-391. 

FALKE, E. V., and R. J. MACINTYRE, 1966  The genetic localization 
of non-specific leucine aminopeptidase in Drosophila  melano- 
gaster. Drosophila Inform. Serv. 41: 165-166. 

FLORKIN, M., and C. JEUNIAUX, 1974 Hemolymph: composition, 
pp. 255-307 in The Physiology of Insecta, Vol. 5, Ed 2, edited 
by  M. ROCKSTEIN. Academic Press, New York. 

FREUND, R. J., and R. C. LITTELL, 1981 SAS for  Linear  Models, 
SAS Institute, Cary, N.C. 

GARTHWAITE, R. L.,  1989 Leucine aminopeptidase variation and 
fitness parameters in the  estuarine bivalve Geukensia  demissa. 
Mar. Biol. 103: 183-192. 

GEER, E. W., M. L. LANGEVIN and W.  W. MCKECHNIE, 
1985 Dietary ethanol and lipid  synthesis in Drosophila  mela- 
nogaster. Biochem. Genet. 23: 607-622. 

GEER, B. W., and C. C. LAURIE-AHLBERG, 1984 Genetic variation 
in the dietary sucrose modulation of enzyme activities in Dro- 
sophila  melanogaster. Genet. Res. 43: 307-32 1. 

GEER, B. W., and S. W. MCKECHNIE, 1984 Dietary ethanol and 
lipid  synthesis in Drosophila  melanogaster. Genetics 107 (Suppl.): 
s36. 

COULD, S. J., 1977 Ontogeny  and Phylogeny, Harvard University 
Press, Cambridge, Mass. 

HALL, N. A., 1986 Peptidases in Drosophila  melanogaster. I. Char- 
acterization of dipeptidase and leucine aminopeptidase activi- 
ties.  Biochem. Genet. 24: 775-793. 

HALL, N.  A., 1988a Peptidases in Drosophila  melanogaster. 11. The 
variation of peptidase activities during development. Insect 
Biochem. 18: 145-155. 

HALL, N.  A., 1988b Peptidases in Drosophila  melanogaster. 111. 
The regulation of leucine aminopeptidase P and leucine ami- 
nopeptidase G .  Insect Biochem. 18: 157-161. 

HIRAIZUMI, K., and C.  C. LAURIE,  1987 The relationship between 
dipeptidase activity variation and larval  viability in Drosophila 
melanogaster. Genetics 117: 503-5 12. 

HIRAIZUMI, K., and C. C. LAURIE,  1988 Genetic characterization 
of dipeptidase activity modifiers in Drosophila  melanogaster 
from  natural populations. Biochem. Genet. 26: 783-803. 

KEITH, T. P., 1983 Frequency distribution of esterase-5 alleles in 

1433-1440. 

1052-1059. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/131/3/625/6007286 by guest on 25 M

ay 2023



642 K. Hiraizumi. P. A. Tavormina and K. D. Mathes 

two populations of Drosophila  pseudoobscura. Genetics 105: 

KOEHN, R. K.,  1978 Physiology and biochemistry of enzyme var- 
iation: the interface of ecology and population genetics, pp. 
51-52 in Ecological Genetics: The  Interphase, edited by P. F. 
BRUSSAR. Springer-Verlag, New York. 

LANDE, R., 1980 The genetic covariance between characters 
maintained by pleiotropic mutations. Genetics 9 4  203-215. 

LAURIE-AHLBERG, C.  C., 1982 Genetic, ontogenetic, and tissue- 
specific variation of dipeptidases in Drosophila  melanogaster. 
Biochem. Genet. 2 0  407-424. 

LAURIE-AHLBERC, C. C., 1985 Genetic variation affecting the 
expression of enzyme-coding genes in Drosophila: an evolution- 
ary perspective. Isozymes Curr.  Top. Biol.  Med.  Res. 12: 33- 
88. 

LAURIE-AHLBERC, C.  C.,  G. MARONI, G. C. BEWLEY, J. C. LUCCHFSI 
and B. S. WEIR, 1980 Quantitative genetic variation of en- 
zyme activities in natural populations of Drosophila  melano- 
gaster. Proc. Natl. Acad.  Sci.  USA 77: 1073-1077. 

LINDSLEY, D. L., and E. H. GRELL, 1968 Genetic  Variations of 
Drosophila  melanogaster. Carnegie Inst. Wash. Publ. 627. 

OHNISHI, S., and R. A. VOELKER, 1981 Comparative studies of 
allozyrne  loci in Drosophila  simulans and Drosophila  melano- 

135-155. 
gaster. I. Three dipeptidase loci. Biochem. Genet. 19: 75-85. 

ROHLF, F. J., and R. R. SOKAL, 1969 Statistical  Tables, pp. 208- 
214. W. H. Freeman, San Francisco. 

SCHWANTES, P. A., and G .  SIEBOLD, 1991 Ion-absorption by spe- 
cialized epithelial regions in Musca  domestica larvae. J. Insect 
Physiol. 37: 21 1-221. 

SNEDECOR, G. W., and W.  G. COCHRAN, 1967 Statistical  Methods, 
Ed. 6 .  The Iowa State University Press, Ames. 

STOBBART, R. H., and J. SHAW, 1974 Salt and water balance: 
excretion, pp. 361-446 in The Physiology of Insecta, Vol. 5, Ed. 
2, edited by  M. ROCKSTEIN. Academic Press, New York. 

VOELKER, R. A,,  and C. H. LANGLEY, 1978 Dipeptidase-A: a 
polymorphic locus  in Drosophila  melanogaster. Genetica 49: 

WADDINGTON, C. H.,  1959 Canalization of development and ge- 
netic assimilation  of acquired characters. Nature 183: 1654. 

WALKER, V. K.,  and J. H. WILLIAMSON, 1980 Ontogeny and tissue 
distribution of leucine aminopeptidase in Drosophila  melano- 
gaster. Insect Biochem. 1 0  535-541. 

WILTON, A. N., C. C. LAURIE-AHLBERG, T. H. EMIGH and J. W. 
CURTSINGER, 1982 Naturally occurring enzyme activity  vari- 
ation in Drosophila  melanogaster. 11. Relationships among en- 
zymes. Genetics 102: 207-22 1. 

233-236. 

Communicating editor: A. G. CLARK 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/131/3/625/6007286 by guest on 25 M

ay 2023


