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Context and interaction are of the essence.
Lewontin (1974)

ABSTRACT
Gene interactions are emerging as central to understanding the realization of any phenotype. To probe

the flexibility of interactions in a defined gene network, we isolated a set of 16 interacting genes in
Drosophila, on the basis of their alteration of a quantitative behavioral phenotype—the loss of coordination
in a temperature-sensitive allele of Syntaxin1A. The interactions inter se of this set of genes were then
assayed in the presence and in the absence of the original Syntaxin1A mutation to ask whether the rela-
tionships among the 16 genes remain stable or differ after a change in genetic context. The pattern of
epistatic interactions that occurs within this set of variants is dramatically altered in the two different
genetic contexts. The results imply considerable flexibility in the network interactions of genes.

CONTEXT is the hallmark of biological processes. among these elements is predominately fixed and pre-
dictable. The first assumption—specificity—has comeAmong the various categories of biological con-

text, much attention has been paid to environment and under increasing scrutiny as more and more genes are
found to be pleiotropic, a property that appears to beto historical contingency. These factors have been ap-

proached experimentally in studies of norms of reaction particularly prevalent in genes implicated in neural func-
tion and behavior (Hall 1994; Greenspan 2001; Soko-and by means of laboratory selection. The discovery

early in experimental genetics of epistasis established lowski 2002). In this report, we challenge the second
assumption—the stability of relationships in a gene net-genetic context as another important factor and gave

rise to the study of interactions among genes. work—in an analysis of interactions among a set of genes
affecting loss of coordination in Drosophila melanogaster.Interactions among genes are key to understanding the

realization of any phenotype. Although the term “epista- Unlike previous studies of gene networks, we have pre-
sis” has meant different things to different people (Phil- defined a gene network in terms of functional inter-
lips 1998), the study of gene interactions and networks actions, rather than common phenotype, common bio-
has been integral to population genetics (Fisher 1918; chemical function, or covariation of gene expression
Wright 1931, 1968), quantitative genetics (Cockerham patterns. A classical analysis of epistasis was performed
1954; Hirsch and Erlenmeyer-Kimling 1962; Cohan on 16 mutations isolated on the basis of their interaction
et al. 1989; Clark and Wang 1997), classical mutant with a mutation of Syntaxin-1A (Syx1A), a component
analysis (Herskowitz and Hagen 1980), molecular ge- of the machinery of secretion and synaptic transmission
netic analysis (Scott and Carroll 1987), and more re- (Richmond and Broadie 2002). The functional rela-
cently the interpretation of DNA microarray results tionships among the 16 genes are shown to vary with
(Davidson et al. 2003). In its more recent molecular their genetic context: they change dramatically depend-
incarnations (Scott and Carroll 1987; Davidson et al. ing on the presence or absence of the Syx1A mutation,
2003), this viewpoint has assumed that the elements of indicating a potential for network flexibility beyond that
a gene network are specific in their interactions and that predicted by standard, molecular biological models of
the relationships among them are stable (Greenspan gene interactions.
2001), specific in the sense that their molecular interac-
tions and the phenotypic consequences of those interac-
tions are predominately dedicated and restricted and MATERIALS AND METHODS
stable in the sense that the propensity for interactions

D. melanogaster cultures and stocks: Flies were cultured at
22�, 50–60% humidity, 12 hr:12 hr light:dark cycle, on brewer’s
yeast, dark corn syrup, and agar food, slightly modified from
the original (Bennett and van Dyke 1971). Flies were aged 2–51Corresponding author: Neurosciences Institute, 10640 John Jay Hop-

kins Dr., San Diego, CA 92121. E-mail: greenspan@nsi.edu days prior to behavioral testing. Syx1A3-69 was obtained from
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T. Littleton (Massachusetts Institute of Technology). Wild- Diallel design and statistical analyses: Two diallel designs
were used. In the first (matrices I and II), two sets of eight EPtype flies are from the Canton-S strain. The w 1118 strain, a non-

isogenized laboratory strain maintained in vials, was obtained interactor strains (with or without Syx1A3-69/�) were inter-
crossed for all pairwise combinations within each set (2 � 28from the Berkeley Drosophila Genome Project, as were the

200 chromosome 2 EP lines (Rorth et al. 1998). All other combinations). In the second design (matrix III), each EP
interactor strain from one set (with or without Syx1A3-69 ) wasstrains were obtained from the Bloomington Drosophila Stock

Center. New EP lines were generated by crossing w 1118/Y; crossed with each strain from the other set (64 combinations),
to tie both smaller matrices together. An additional matrix ofTM6 Sb �2-3/TM3 Ser � w 1118/w 1118; EP409/EP409 females,

collecting w 1118/Y; TM6 Sb �2-3/EP409 progeny, and crossing eight entirely different EP strains (28 combinations) was also
them to w 1118/w 1118; TM3 Ser/Syx1A3-69, from which w 1118/Y; analyzed for the coordination phenotype in the absence of
EP*; TM6 Sb/Syx1A3-69 flies, representing jumps to either chro- Syx1A3-69, for comparison to the Syx1A3-69-interacting EP strains.
mosome 1 or 2, were collected. (Representative schemes for Average EP effects were derived from each matrix separately,
these crosses can be found in Greenspan 2004.) These were and the “tie-in” matrix (matrix III) provides an independent
then crossed with w 1118 females to establish stocks. A total of assessment of the average effects calculated from matrices I
268 such lines were tested, from which 15 were saved, yielding and II. These calculations provide the material for calculating
two unique inserts (EP2 and EP7, see Table 2) whose flanking predicted values for each trans-heterozygote pair, with which
sequences and genomic position were identified by inverse observed data can be compared and epistasis identified. These
PCR (Dalby et al. 1995). For all subsequent analysis, Syx1A3-69 calculations are somewhat different for either diallel design
and all EP lines were placed onto the w 1118 background by (matrices I and II vs. matrix III). For matrices I and II, the
backcrossing for a minimum of six generations. general combining ability (GCA) for each strain and the spe-

The eight additional lines used as a control matrix of EP, cific combining ability (SCA) for each pair were calculated
not isolated on the basis of an interaction with Syx1A3-69 exactly as described in Griffing (1956) and Fedorowicz et al.
(EP2221, EP2367, EP2534, EP3417, EP2162, EP2508, EP2505, (1998). The calculations were performed for data at each of
and EP3171), were obtained in a screen for variants altering the 60 time points, resulting in 60 separate GCA and SCA
locomotor patterns. calculations that were in turn fit by nonlinear regression, as

Interactor screen: Flies tend to climb upward, especially described above, to yield genotypic data. For matrix III, which
when tapped or heated, but Syx1A3-69/� flies display a “bottom- involves all pairwise combinations of the two separate matrices,
dwelling” phenotype when placed in glass test tubes at 39�. the GCA calculations were modified as
In contrast, wild-type flies will still be able to run up (and

GCAi � Ti /(n � 1) � �T/2(n 2 � n),down) the sides of the glass tube for several minutes, before
also becoming uncoordinated. In the initial screen for genes

where Ti is the sum of mean bottom-dwelling proportions atinteracting with Syx1A3-69, EP lines were crossed to the w 1118 ;
each time point of heterozygotes with the i th EP element, �TSyx1A3-69/Syx1A3-69 strain, resulting in EP/�; Syx1A3-69/� fe-
is two times the sum of mean proportions of all heterozygotesmales, which were tested behaviorally, in batches of 10 flies
at each time point, and n is the scale of the matrix (the numberper genotype. Flies were placed in 16 � 150-mm borosilicate
of EP lines on one side). The SCA effects for matrix III wereglass test tubes (Fisher Scientific, Pittsburgh), which were stop-
then calculated aspered with foam plugs and submerged in a 39� water bath up

to the plug levels. After 4 min of exposure to heat, all tested SCAi j � xij � (Ti � Tj )/(n � 1) � �T/2n 2,
flies were allowed into a “refuge” at room temperature (22�)
for each tube, provided some were still able to climb the walls where xij is the observed mean proportion at each time point,
of the glass tube. This was achieved by raising the foam plug and �T/2n 2 is the grand mean for matrix III. For all matrices,
3 cm above the waterline in the partially submerged test tubes. significance was determined by simultaneous curve fitting of
Strains with any flies in the refuge were selected and subse- the data in xij vs. (GCAi � GCAj � grand mean) for all time
quently retested as described below. points. An F -variance ratio was found by

Behavioral assay: Nine flies per genotype were loaded into
((SSR2 � SSR1)/(d.f. 2 � d.f. 1))/�21,16 � 150-mm borosilicate glass test tubes, plugged with foam

stoppers, and lowered into a 39� circulating water bath such
where SSR2 and SSR1 are the sums of squares resulting fromthat the chambers containing the flies were completely sub-
a logistic fit of either set of data together or separately, respec-merged. The instantaneous number of flies found in the bot-
tively, d.f. are degrees of freedom, and �21 is the chi-squaretom third of the tube was scored at 10-sec intervals for a total
statistic for the two curves treated separately (DeLean et al.of 10 min, four tubes at a time. Four sets of flies were tested
1978). Significance was set at P � 0.05.for each genotype. The data for each strain thus yielded four

sets of 60 time points, for which a t 1/2 score could be calculated
by logistic nonlinear regression (Waud 1972).

Curve fitting: The proportion (normalized to a maximum RESULTS
of 1) of bottom-dwelling flies was averaged for each time point

The goal of this study was to probe the flexibility of(four replicates per time point and 60 time points) and the
averaged data were fit by logistic nonlinear regression (Waud interactions in a defined gene network. A set of 16
1972) to provide a t 1/2 statistic for each genotype (the time re- such interacting genes was isolated, on the basis of their
quired for half the flies to become bottom dwellers). Different alteration of a quantitative behavioral phenotype asgenotype scores were compared for significance against one

double heterozygotes with a starting mutation. Theanother by a simultaneous curve-fitting approach (DeLean
interactions inter se of this gene set were then assayedet al. 1978), where all of the data are considered rather than

just the t 1/2 statistic. In the case of calculating the significance in the presence and in the absence of the starting muta-
of deviations for observed data from predicted curves (see tion. The question is whether the relationships among
below), the simultaneous curve-fitting protocol compared the the 16 genes remain stable or change in a differentobserved data points to a predicted curve of 60 points. Micro-

genetic context (i.e., presence vs. absence of the originalcal Origin 5.0 (Northampton, MA) software was used for these
curve-fitting calculations. mutation).
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Flies of the genotype Syx1A3-69/� lose coordination matrices were also done in the absence of the Syx1A3-69

mutation (Table 4, top entries, and Figure 1B, red line,when their temperature is raised from 25� to 39� (Lit-
tleton et al. 1998). A count of the number of uncoordi- for an example).

The diallel cross design (the “matrix”) can be usednated flies (see materials and methods), every 10 sec
over a 10-min period following the temperature shift, to identify genetic interactions among a set of genes.

These interactions are uncovered in trans-heterozygoteprovides a sensitive, quantitative measure of the heat-
response kinetics. In both the presence and the absence phenotypes, which deviate significantly from the pheno-

type predicted by the additive effect of their combinedof Syx1A3-69, time at 39� can be treated like a “dosage”
effect to yield dose-response curves with pharmacologi- components. The average effect of each EP element

(GCA; see materials and methods and Table 1) is cal-cal (sigmoidal) characteristics. The loss of coordination
data (proportion of uncoordinated flies at 60 time culated as a deviation from the grand mean of the ma-

trix. In this study, each EP element is described by 60points following the temperature shift) can be fit by
nonlinear regression (Waud 1972) to yield a t 1/2 for average effects (at each of 60 time points), which are

the deviations from the mean curve for the matrix. Tothe tested fly strain. Although the t 1/2 statistic assigns a
shorthand for the phenotype, a fuller representation of generate a predicted curve for a trans-heterozygote on

the basis of additive effects, the average effects of eachthe strain’s phenotype is described by the entire curve,
which is used in all subsequent statistical tests. The strain component are added to the grand mean data at each

of the 60 time points, and the resulting data are fit byused as the genetic background for this study, w1118, was
found to have a t 1/2 of 233 	 4.4 s (	 standard error nonlinear regression to produce a predicted t 1/2 statistic

(Tables 3 and 4, bottom entry for each genotype, andof the estimate), as compared to 103 	 2.7 sec for w1118 ;
Syx1A3-69/�. The significantly lower t 1/2 for the w1118 ; Figure 1, A and B, blue lines). If the predicted and

observed curves for a trans-heterozygote are significantlySyx1A3-69/� strain indicates a semidominant effect of
temperature at the level of synaptic release (Syx1A3-69 different from each other (see materials and methods

and Figure 1B for an example), this indicates an emer-homozygotes “pass out” completely in seconds at 39�).
The Syx1A3-69/� semidominant phenotype provided the gent phenotype dependent on the specific combina-

tion of elements in that strain, or epistasis. In thestarting material for identifying genes interacting with
Syntaxin1A. The set of 16 mutations suppressing the Syx1A3-69/� background that was used to isolate these

suppressors, EP pairings identified a large number ofmutant Syx1A3-69/� phenotype (increasing the t 1/2) was
isolated in a screen of 486 EP insertions (Rorth et al. epistatic interactions among the suppressor elements

(Table 3, entries in boldface type). This high level of1998), tested as heterozygotes with Syx1A3-69 on the white
(w1118) background (Table 1). Although we are not pri- epistasis was fairly evenly divided among the three ma-

trices examined (matrix I, 13 of 28 pairs; matrix II,marily concerned in this study with their mechanism
of interaction, the putative identities of the EP lines 10/28; matrix III, 21/64) for a grand total of 44 signifi-

cant interactions among 120 EP combinations on thesuppressing the synaptic mutation phenotype are shown
in Table 2. They suggest a wide range of functions, from Syx1A3-69/� background. The relative connectivity among

these EP elements can be illustrated in a formal diagramtranscription to metabolism.
To measure the interactions among the 16 Syx1A in- indicating (with a line connecting the two elements)

the significant deviations from additivity (Figure 2, A,teractors, we divided them arbitrarily into two groups
of eight and constructed a matrix of double heterozy- C, and E for matrices I, II, and III, respectively).

In further probing the character of this network, thegotes for each group in the presence of the original
Syx1A3-69 mutation (a classical diallel cross). Coordina- Syx1A3-69 mutation used as the original basis for isolation

of the EP interactors was removed from each double-tion phenotypes were scored at 39� for each of the pair-
wise combinations within each group, average data was heterozygote combination, and the three matrices of

EP pairs were rescored on a (nonmutant) Syx1A� back-fit by nonlinear regression, and a t 1/2 statistic was derived
to describe the coordination phenotype of each trans- ground (Table 4). Predicted phenotypes were calculated

from combined average effects of each EP as beforeheterozygote (see Figure 1A, red curve, for a sample
trans-heterozygote phenotype on a Syx1A3-69/� back- on this novel genetic background. As for the previous

crosses performed in the presence of the Syx1A3-69 muta-ground). These data are shown (by t 1/2 statistics) as the
top entry for each genotype in Table 3, where matrix tion, the observed phenotypes (curves) of many trans-

heterozygotes also differ significantly from their pre-I (top left 28 pairs) corresponds to one set of eight
interactors and matrix II (bottom right 28 pairs) corre- dicted values, indicating that epistasis was prevalent

among these EP elements even when the mutation theysponds to the other. To relate the two matrices to each
other, and to provide an independent assessment of EP originally suppressed individually was removed. The

number of nonadditive interactions found was similareffects, matrix III (top right 64 pairs) represents the
results of pairwise combinations made between the to the number found in the presence of the Syx1A3-69

mutation (matrix I, 10 of 28 pairs; matrix II, 9/28; ma-members of each set, also on a Syx1A3-69/� background.
To assess the effect of genetic context, the same three trix III, 24/64), adding to a grand total of 43 significant
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TABLE 1

“Bottom-dwelling” kinetics of Syx1A3-69 interactor EPs

GCA Syx� from GCA Syx� GCA Syx� from GCAs Syx�

EP strain EP; Syx1A/� EP/� MI and II from MIII MI and II from MIII

Matrix I
2 162 	 3.4 318 	 4.7 �50 �16 �2 �14
548 136 	 3.5 410 	 5.9 �15 �40 �46 �63
364 176 	 4.9 260 	 6.0 �9 �17 �47 �5
718 195 	 3.5 315 	 3.3 �20 �9 �15 �1
598 165 	 2.8 201 	 4.0 �1 �29 �34 �1
563 206 	 4.7 220 	 4.5 �2 �21 �4 �27
547 180 	 3.3 374 	 6.3 �7 �12 �49 �44
1244 182 	 3.8 258 	 4.6 �14 �4 �1 �27

Matrix II
638 146 	 2.6 178 	 4.2 �6 �8 �46 �7
315 156 	 3.1 356 	 5.4 �20 �5 �2 �16
2096 125 	 3.1 347 	 3.6 �7 �14 �55 �80
386 156 	 3.2 186 	 6.0 �37 �23 �70 �115
701 128 	 2.5 206 	 5.2 �32 �24 �15 �31
7 126 	 0.95 349 	 6.7 �7 �25 �96 �74
704 145 	 3.6 404 	 4.7 �21 �18 �5 �25
454 184 	 4.0 201 	 4.9 0 �7 �23 �24

Syx1A� Syx1A�

MI MII MIII MI MII MIII

Grand means 218 	 2.6 215 	 2.4 166 	 1.5 265 	 3.1 235 	 3.7 227 	 2.4

Background strains

w 1118 233 	 4.4
Syx1A�/� 111 	 3.2
w 1118 ; Syx1A�/� 103 	 2.7
Canton-S a 251 	 6.7

The coordination kinetics for the 16 EP lines, with and without the mutant Syx1A allele, are expressed as
t 1/2 scores (in seconds 	 standard errors of the estimate). The EP lines were arbitrarily placed into two groups,
matrix I (MI) and matrix II (MII). GCAs were calculated within either matrix for all 60 time points. Shown
here for both allelic backgrounds are the t 1/2 deviations (GCA) from the grand means, which sum to zero for
each matrix. Grand means for each matrix (MI, MII, and MIII) are shown below. These statistics were then
calculated again from a completely different source, matrix III (MIII, all intercrosses between I and II), yielding
an independent estimate of average effects. Although the t 1/2 statistics shown provide an estimate of effects,
they are not the actual data used in our analysis. For calculating predicted effects and determining significant
deviations, we used the entire fitted curve of 60 individual GCA statistics. In this way, any characteristic effect
on the shape of the curve is included in the analysis, yielding a more accurate assessment than a single t 1/2

score.
a Canton-S is not a background strain in this study, but is provided as a reference comparison.

interactions among 120 EP combinations on the Syx1A� emerged, even though the total number of interactions
detected remained roughly the same.background. The relative connectivity among the EP

elements on the Syx1A� background is illustrated along- One might have expected that these EP elements found
to be suppressing the same mutation would have shownside the connectivity diagrams found for the same EP

elements on the Syx1A3-69 background (Figure 2, B, D, conserved synergistic effects on either background. In-
stead, phenotypes on either background are uncorrelated,and F, for matrices I, II, and III, respectively). Strikingly,

most of the interactions on the Syx1A� background dif- even beyond the illustrative purposes of a diagram (which
shows only significant effects, not quantitative tenden-fered from those on the Syx1A3-69 background. Most of

the interactions that were statistically significant on the cies). The observed phenotypes for matrices I and II in
the absence of the Syx1A3-69 mutation were not correlatedSyx1A3-69 background ceased to be significant, a few inter-

actions reversed sign, and a whole new set of interactions with the observed phenotypes on the Syx1A3-69 background



2155Flexible Gene Network in Drosophila

TABLE 2

Syx1A3-69 interactor EPs

EP2 (5B5)
Near CG15770—unlike anything, vague homology to

mus309
Near MAPk-Ak2 (MAP kinase-activated protein kinase-2)
Near CG3097—some homology to svr carboxypeptidase

(makes neuropeptides)
EP7 (23B1)

Disrupts CG9894—NLS motif, neural precursor gene
EP315 (21B4)—P{EP}Gmd EP315

Gdp-mannose 4,6-dehydratase
EP364 (33D2)

CG6579—unknown function, domains
EP386 (54C7)—P{EP}MESR4 EP386

Misexpression interactor of ras 4 zinc finger, C2H2 type
EP454 (54C7)

Unclear which gene associated, no flanking sequence in
database

Near l(2)k00611
l(2)rH280

EP547 (45D4)—P{EP}Pdk EP547

Pdk—pyruvate dehydrogenase (lipoamide) kinase,
mitochondrial matrix

EP548 (60E6)—P{EP}CG3760 EP548

CG3760—unknown function, domains
EP598 (22C3)

aop EP598-anterior open—Ets-domain signature 1 and 2
EP563 (21B4)

Next to kismet
EP638 (50E6)—P{EP}CG8415

S12—component of the cytosolic small ribosomal subunit
EP701 (30E3)—P{EP}CG5899

ATP-dependent DNA helicase
EP704 (49D1) P{EP}704

Unclear which gene associated, flanking sequence
resembles nothing

Near l(2)k09328 Figure 1.—Observed and predicted curves. The proportion
kelch-like—BTB/POZ-domain of flies of a sample strain unable to climb the sides of a glass

EP718 (58F3)—P{EP}CG13512 tube at 39� (“proportion bottom”) is plotted against time and
Disrupts CG13512—unknown function, domains fit by a logistic equation to estimate a t 1/2 statistic 	 a standard

EP1244 (12D3)—P{EP}CG14756 error of the estimate. Actual average data (60 red circles 	 SEM)
Very vaguely like Cecropin, otherwise unknown domains and fitted curves (red lines) are plotted alongside predicted

and protein phenotypes (blue circles) and curves (blue lines). (A) Data
EP2096 (42A4)—P{EP}Act42A EP2096 for a sample double-heterozyous EP pair, EP1244/EP2096;

Actin 42A Syx1A3-69/�, with the mutant Syx1A allele. (B) The same EP
pair, EP1244/EP2096; �/�, on a Syx1A� background.

Cytogenetic map position is in parentheses.

between predicted curves and the variance (four sepa-(r � 0.07, P � 0.60, n � 56 combinations). Similarly,
rate curves) of a strain; if variance was a big problem,matrix III phenotypes in the absence of Syx1A3-69 were
nothing would be significant by these measures. On thenot well correlated with measurements in the presence
other hand, since the matrices were separate experi-of the mutant (r � 0.21, P � 0.09, n � 64 combina-
ments done at different times, it remained possible thattions). Finally, the differences between observed and
different environmental conditions produced the shift-predicted t 1/2 values are also uncorrelated between ma-
ing patterns described above. We addressed this possibil-trices on either background (r � 0.06, P � 0.65, for ma-
ity in two ways: by investigating the stability of averagetrices I and II, and r � 0.13, P � 0.31, for matrix III).
effects and predicted phenotypes calculated for theWe questioned whether the strikingly different pat-
same EP elements from completely different matricesterns of interactions among EP elements on either back-
(within the same background Syx1A allele) and by re-ground might be due to some variability in our assay.
scoring eight select EP pairs (on a Syx1A3-69 backgroundTo a certain extent, environmental variance is not an
and backcrossed for an additional five generations toissue at this level because all significant epistatic effects

were deemed as such following a statistical comparison w1118) after a hiatus of 3 years.
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element twice by including each element in two com-
pletely different diallel matrices (Tables 3 and 4; note
that each EP is crossed to seven other EPs within matrix I
or II, as well as to eight different EPs in matrix III). We
were thus able to calculate two sets of average effects
(GCA values) for each EP and two sets of predicted
phenotypes for each EP combination in matrices I and
II, from independent sources. On the Syx1A� back-
ground, both sets of predicted values (n � 56 combina-
tions, i.e., matrices I and II values derived from their
own GCA calculations vs. matrices I and II values derived
from matrix III GCA calculations) were highly corre-
lated (r � 0.65, P � 0.0000001), as were the 16 EP phe-
notypic averages calculated from the different Syx1A�

matrices (r � 0.63, P � 0.01). Similarly, on the Syx1A3-69

background, average EP effects calculated twice from
completely different sources were also found to be cor-
related (r � 0.53, P � 0.05, for the 16 EP phenotypic
averages, and r � 0.48, P � 0.001 for the 56 predicted
values). Thus, average EP effects on either background
are stable (relative to one another) and can reliably be
used to make phenotypic predictions, indicating that
the deviations from additivity found throughout these
matrices include genuine epistatic effects representing
functional network phenomena. However, we did note
some large environmental effects: on the Syx1A3-69 back-
ground, matrix III displayed a significantly lower grand
mean than matrices I and II, perhaps due to unidenti-
fied environmental conditions at the time of phenotyp-
ing matrix III in this background (see Table 1). Criti-
cally, such a phenotypic shift had little effect on the
phenotypic averages relative to one another within the
matrix (which is how epistasis was identified), as evi-
denced by the significant correlations between repli-Figure 2.—Connectivity diagram of Syx1A3-69 interactors. A,
cated average effects discussed above. The correlatedC, and E display interactions on a Syx1A3-69 background. B, D,

and F display interactions on a Syx1A� background. A–B and phenotypes between matrix III and matrices I and II
C–D are separate sets of EP strains and E–F is the interaction within the same genetic background are in marked con-
matrix between the two sets. Each set (A–B, C–D, and E–F) trast to the uncorrelated phenotypes between corre-represents a separate experiment. The crosses in E–F are all

sponding matrices on different Syx1A backgrounds. Atperformed between the two previous sets, not replicating
the very least, this strengthens the argument that thecrosses already done in A–B and C–D (hence the lack of any

of the interactions seen above). EP numbers are displayed in dramatically altered pattern of epistasis on either back-
green for the A–B set and in purple for the C–D set, to make ground is not due to variance in average additive effects,
them distinguishable in the combined matrix E–F. In A, C, but rather to altered functional relationships amongand E, a significant interaction between two elements (see

the interacting genes when Syx1A is different. Resultsmaterials and methods) is shown with a solid line, with the
from retesting of eight selected EP pairs 3 years aftercolors dark pink and turquoise indicating that the observed

phenotype was higher or lower than predicted, respectively. the original experiment mirrored the preceding com-
In B, D, and F, preserved interactions from A, C, and E are parisons between matrices within a background. The
shown with a dashed black line, interactions whose sign is correlation between phenotypes was high (r � 0.69 be-reversed from that in A, C, and E are shown with a dashed

tween replicates). This finding is particularly notable ingreen line, and new positive or negative interactions are shown
view of the fact that the phenotypic mean was substan-as in A, C, and E with solid light pink or blue lines, respectively.
tially different (270 sec originally vs. 180 sec for the re-
peats), thus underlining the robustness of our findingsOur measure of epistasis assumes that the average

additive effect of each element relative to other ele- on the relationships among the EP elements per se, as
opposed to the absolute phenotypes—a property forments in a matrix is stable, regardless of some combina-

tions producing unexpected phenotypic deviations. To which diallel-type investigations are ideally suited.
The breadth of t 1/2 phenotypes was large for EP pairstest for the stability of average effects, and as part of

our original design, we calculated GCAs for each EP under both Syx1A backgrounds, partially due to many
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large epistatic effects. This can be visualized by plotting
predicted vs. observed phenotypes, where the deviation
from a diagonal (representing equivalence) is a measure
of the size of epistatic effects within a diallel cross (Fig-
ure 3). The data plotted this way provide an additional
level of comparison between genetic backgrounds com-
pared to that provided by network diagrams (Figure 2).
Each EP line was isolated by virtue of its interaction
with the Syx1A3-69 mutation, so the “cloud” of epistatic
effects seen among these functionally related elements
may not be surprising when considered on a Syx1A3-69

background (Figure 3A). However, when the mutant
Syntaxin1A allele was exchanged for a wild-type form of
Syntaxin1A, we still saw a large number of epistatic effects
among the elements, which can be visualized by the
even larger cloud of (blue and red) points around the
diagonal in Figure 3B. We wondered whether the breadth
of phenotypes on the Syx1A� background, including
many significant epistatic effects, was peculiar to the
group of EPs chosen, by virtue of their functional relat-
edness. It is possible that when the common interacting
Syx1A3-69 mutation is removed, these elements display
larger than ordinary synergistic effects because they
form part of a functional network. We investigated this
possibility by analyzing eight other EP lines in a new
diallel cross on the Syx1A� background. These EP lines
were selected not because of any interaction with the
Syx1A3-69 mutation, but rather they were isolated for af-
fecting a locomotor phenotype in a different behavioral
study. As such, they are not functionally related to any
common mutation and are less likely to be functionally
related to one another. An analysis of this last matrix
revealed much smaller deviations from additivity (Fig-
ure 3B, black points) and altogether fewer significant
instances of epistasis (3/28 vs. 10/28 and 9/28 for ma-
trixes I and II, respectively; P � 0.001 by chi-square
comparison of ratios). Thus, the EPs isolated on the Figure 3.—Range of deviation of observed from predicted

phenotypes in EP pairs. Data from Tables 3 (A) and 4 (B) onbasis of interaction with Syx1A3-69 show greater epistasis
observed vs. predicted t 1/2 scores for loss of coordination ofthan an independently isolated set of EPs from an unre-
all pairwise genotypes are plotted against each other. Redlated screen. circles represent the two different sets of eight EP lines (matri-
ces I and II), blue circles represent the tie-in matrix (matrix
III) between them, and the diagonal lines represent equiva-DISCUSSION lence of observed and predicted values for each genotype (see
text). An additional unrelated set of EP lines was analyzed forWe set out to ask the question: How stable are gene
comparison in the Syx1A� background, and results are plottedinteractions to changes in genetic context? The results as black circles in B. These lines are EP2221, EP2367, EP2534,

suggest that they are less stable than expected. The EP3417, EP2162, EP2508, EP2505, and EP3171. Units on the
pattern of epistatic interactions that are measurable ordinates and abcissas of A and B are time in seconds.
within a set of variants is dramatically altered in the
presence vs. the absence of an additional mutation.
These results imply considerable flexibility and breadth activities and, where their functions are well defined,

reflect a high degree of pleiotropy—e.g., DNA helicase,in the network interactions of genes (Greenspan 2001).
Pleiotropy: The breadth of gene interactions revealed Pdk, aop, Gmd, Act42A, etc. This finding is in keeping

with the well-documented extent of pleiotropy in genesin the current study is reflected in the wide range of
biological activities represented in the set of Syx1A inter- affecting behavior in Drosophila (Hall 1994; Green-

span 2001; Sokolowski 2002). Wide-ranging geneticactors. While firm identifications of the genes affected
in these insertion lines have yet to be made, the likeliest contributions to behavioral phenotypes in Drosophila

have been seen previously in analyses of strains selectedcandidates (Table 2) cover a wide range of biological
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for geotactic preference (Toma et al. 2002) and in sets The two different approaches to epistasis, sometimes
referred to as “physiological” vs. “statistical” epistasisof insertional mutations isolated for their effects on

odor-guided behavior (Anholt et al. 2003) or for long- (Cheverud and Routman 1995), have led to different
assessments of its importance. The statistical sudies ofterm memory (Dubnau et al. 2003).

The standard molecular biology model of gene inter- natural and selected strains have often failed to detect
significant epistasis (e.g., Cohan et al. 1989; Hoffmannactions would have predicted that at least some of the

Syx1A interactors would occur among the more intimate and Parsons 1989; Weber et al. 1999, 2001; reviewed
by Mackay 2001). Its relative rarity in these contexts hascomponents of the vesicle secretion machinery. Their

absence is likely to be accounted for by the fact that contributed to a critique of Wright’s “shifting balance”
theory of evolution (Coyne et al. 1997, 2000), in whichthese are insertional mutations that affect expression

levels, as opposed to amino acid sequence, and thus epistasis plays a central role. In recent times, a handful
of quantitative studies have been made of epistatic inter-would be incapable of compensating for the altered

conformation of the mutant Syx1A3-69 protein (Little- actions among individually defined genes. In Drosoph-
ila, these have focused on sets of independently isolatedton et al. 1998). Yet in spite of the far-flung activities

of these genes, many of them exhibit network-like non- mutations that either have been selected for a common
phenotype, such as defective olfactory behavior (Fedoro-independence as indicated by their epistatic interac-

tions. (Note that even if the putative identifications of wicz et al. 1998), or have been chosen at random and
tested for a range of biochemical and physiological phe-insertion sites in Table 2 prove incorrect, the neigh-

boring two or three loci on either side of these sites are notypes (Clark and Wang 1997). Similar results have
also been obtained with Escherichia coli (Elena and Len-no more closely associated with vesicle secretion.) Our

choice of Syntaxin1A as the central “node” for this net- ski 1997; Remold and Lenski 2004). These and other
studies (reviewed by Mackay 2001) have found evi-work may have been conducive to uncovering such ef-

fects. Syntaxin, crucial for neurosecretion, is a highly dence for extensive epistatic interactions. Furthermore,
in molecular studies, whole-genome transcriptional pro-promiscuous protein that has been shown to physically

interact with at least a dozen other synaptic proteins files in Drosophila have revealed extensive nonadditivity
at the level of transcription. This has been shown in an(Jahn and Sudhof 1999). Each of these partners, in

turn, is likely to interact with a number of other proteins, analysis of sex-specific gene expression in two inbred
strains (Gibson and Dworkin 2004) and also in individ-all of which are subject to regulation of their own. Such

an exponential expansion of interactions quickly covers ual olfactory-defective mutants previously analyzed for
epistatic interactions in behavioral phenotype (Anholtmuch of the genome, possibly explaining how such dis-

parate elements can functionally interact to control a et al. 2003), as well as in this report.
One possible solution to this apparent paradox maybehavioral phenotype.

The epistatic paradox: The concept of epistasis is be that it is simply a sampling problem. After all, some
statistical studies do provide evidence for epistasis (e.g.,almost as old as that of the gene itself and its meaning

has evolved with the discipline (Phillips 1998). Bate- Cohan 1984; McGuire 1992; Blows and Sokolowski
1995; Wade and Goodnight 1998; Goodnight andson (1909) first introduced the term to describe the

ability of alleles at one locus to mask the effects of alleles Wade 2000; Mackay 2001; Li et al. 2001; Leamy et al.
2002) and not all of the specific genes tested for interac-at another locus. Fisher (1918) gave it a statistical form

as the deviation from additivity and Wright (1931, tions with each other show epistasis (e.g., Federowicz
et al. 1998; and this report). Another possibility is that1968) made gene interactions the cornerstone of his

evolutionary theory. Experimental analyses of epistasis the natural or spontaneous variants present in the statis-
tically analyzed natural or selected strains are generallyhave mirrored this bipartite origin. On one hand, com-

parisons of pairwise combinations of specific alleles at less severe than those studied in the analyses of specific
genes and that milder mutations are less likely to showidentified loci have been used to determine pathway

order in studies of the specific actions of a gene on a epistatic interactions. This explanation fails to account
for those natural cases that do show epistasis (e.g., Cohanparticular phenotype. Although this method for de-

tecting epistasis has a longer history, it has been prac- 1984; McGuire 1992; Blows and Sokolowski 1995;
Wade and Goodnight 1998; Goodnight and Wadeticed in earnest only relatively recently as part of the

genetic and molecular analysis of development (e.g., 2000; Li et al. 2001; Leamy et al. 2002) and it is not
supported by our study in which many of the interactingAvery and Wasserman 1992). These studies of epistasis

are rarely, if ever, quantitative (see Gibson and van EP variants show only very mild effects on their own
(Table 1). A third, stronger possibility is that statisticalHelden 1997 and Polakzyk et al. 1998 for an interesting

exception). On the other, statistical analyses of natural measures of epistasis, in the absence of any knowledge
of the relevant loci, may be relatively insensitive due toand selected strains and crosses among them have been

used to infer the presence or absence of epistatic inter- the assumptions that must be made (Cheverud and
Routman 1995; Mackay 2001; Cordell 2002).actions among the unidentified genes contributing to

a quantitative trait. Cryptic epistasis: In this study, we defined a gene set
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on the basis of a physiological interaction—modifi- also found in metabolic networks (e.g., Cohen 1999), in
the immune system (e.g., Swain 2001), and in the ner-cation of Syx1A3-69-induced loss of coordination—and

then tested statistically for functional relatedness among vous system (e.g., Marder and Thirumalai 2002), where
a network’s output has been shown to shift substantiallythem. Not only did they exhibit a significant level of

interaction, but also the pattern of interaction changed following subtly different conditions of stimulation. If
networks have tipping points, where small alterationsdepending on the genetic context. An extensively differ-

ent set of interactions was obtained in the presence of in their elements can have large effects on phenotype
(in the appropriate context), then the evolutionary rele-Syx1A3-69 than in its absence, indicating that the func-

tional relationships among genes are plastic. vance of epistasis warrants reconsideration. These mat-
ters hinge on the fundamental nature and flexibility ofThis finding of significant genetic and phenotypic

effects due to sorting of a central network node (Syx1A3-69 gene networks.
Flexibility, robustness, and degeneracy: Flexible rela-vs. Syx1A�) provides a graphic example of cryptic ge-

netic variation and is consistent with claims for the fun- tionships among elements of a network are a major
source of robustness (Wagner 2000; Siegal and Berg-damental contribution of epistasis to cryptic genetic

variation (Gibson and Dworkin 2004; Hermisson and man 2002) as well as a source for the emergence of new
properties (Bhalla and Iyengar 1999; Bergman andWagner 2004). Although the actual role of epistatic

effects in evolution remains controversial (e.g., Coyne Siegal 2003). In contrast to the conventionally invoked
mechanisms of local feedback or redundancy to accountet al. 1997, 2000), cryptic epistasis may nonetheless have

evolutionary implications. Imagine a natural sequence for such properties (Hartman et al. 2001; Davidson
et al. 2003), the more far-flung interactions that we haveof the same events that we contrived in the laboratory:

(1) selection in favor of alleles that modify an existing uncovered may be better attributed to degeneracy, the
wide-ranging ability of a system to produce the samevariant and (2) segregation of the original variant away

from the modifiers to produce (3) a new, emergent output by different strategies. The many different geno-
types that produce nearly identical behavioral scoresphenotype driven by rearranged genetic interactions.

Although our experiments remain contrived laboratory (Tables 3 and 4) exemplify this property.
Degeneracy is a signature feature of biological systemsparadigms, they lend some credence to a mode of phe-

notypic evolution involving shuffled genetic architec- in general (Edelman and Gally 2001) and of gene
networks in particular (Greenspan 2001). Degeneratetures rather than modular, piecemeal changes (Temple-

ton 1980; Wade 2001; Hermisson et al. 2003). Epistatic biological systems have many nonidentical elements
(e.g., genes) that are extensively interconnected, but thatinteractions would build up like potential energy, with-

out major phenotypic change, only to be released, with have nonuniform patterns of connectivity. The effective
range of each gene is further enhanced by pleiotropybroad phenotypic consequences, following introgres-

sion or population bottlenecks. Phenotypic change, and (see discussion above and Wright 1968). These proper-
ties endow biological systems with the ability to compen-evolution in general, would thus not be a consequence

of single mutations per se, but of rearranged gene inter- sate for perturbations that may never have been encoun-
tered before. An important consequence of this propertyactions. Our results support the contention that accu-

mulation of cryptic genetic variation need not depend is that there is a great deal more latent potential in gene
networks than has previously been revealed either byexclusively on the buffering action of specific genes

(Bergman and Siegal 2003; Gibson and Dworkin classical quantitative genetics, where the identities of
interacting genes were not known, or by classical mutant2004; Hermisson and Wagner 2004).

A major issue concerning the relevance of epistasis to analysis, where the scope of interaction was relatively
narrow.evolution is the phenotypic magnitude of such effects,

which appear small from statistical measures and large A shifting genetic landscape: An implication of our
findings and of these ideas for mechanistic studies offrom physiological measures (see discussion above).

Evaluation of this question is hampered, however, by gene action is that if the functional state of a gene
network is perturbed when one of its elements isour current lack of understanding of how gene networks

function in the production of phenotypes and of the changed, then caution must be exercised in extrapolat-
ing back to a “normal” system state from mutant data.potential for small changes in these networks to have

large, ramifying effects on phenotype. There is already Moreover, it casts a shadow over the very concept of a
normal system state, in much the same way that popula-good evidence that behavioral phenotypes are partic-

ularly sensitive to small genetic changes (Greenspan tion geneticists have long questioned the notion of a
“normal” individual (Hirsch 1963; Lewontin 1974).1997), a property well illustrated by the foraging locus

in D. melanogaster, in which a small change in the expres- If the functional relationships among genes change
with each genetic perturbation, then the very feasibilitysion level of a cGMP-dependent protein kinase accounts

for the majority of the variance in naturally polymorphic of mapping a genetic landscape underlying a pheno-
typic landscape is called into question. The assumptionforaging behavior (Sokolowski 1980; deBelle et al.

1989; Osborne et al. 1997). Analogs of this property are in landscape mapping is that there is something stable
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