Magnetically simulated displacements

In the experiments described in Fig. 3, the orientation arena was surrounded by a magnetic
coil system that was used to control the field in which each lobster walked. The coil system
consisted of two different independent four-coil systems arranged orthogonally*. Each
coil measured 2.3 m on a side. Lobsters were restricted by a tether to an area in the centre of
the coil defined by a horizontal circle of radius 25 cm. In this region, calculated® and
measured deviations from perfect field uniformity were less than 0.5%. Each lobster was
then tethered as before and tested in one of two magnetic fields. One field replicated
magnetic conditions that exist at a location approximately 400 km to the north, whereas
the other replicated a field at a location approximately 400 km to the south. The field used
to approximate magnetic conditions at the location north of the test site had an inclination
of 59.3° and a total intensity of 47.9 pT. The field simulating the location south of the test
site had an inclination of 51.4° and total intensity of 42.8 pT. All magnetic field values were
verified by three independent measurements with an Applied Physics Fluxgate
Magnetometer (model 520A). The experimental fields were based on estimates provided
by the International Geomagnetic Reference Field (IGRF) model, 2000 revision, for
August 2001 (when the data were collected) using latitude 28.5° N, longitude 80.5° W for
the northern site, and latitude 20.5° N, longitude 80.5°W for the southern site.
Experiments were conducted in Long Key, Florida (latitude 24.8°N, longitude 80.8°W)
where the measured inclination angle was 55.8° and the total field intensity was 45.3 pT.
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Deleting a gene in an organism often has little phenotypic effect'~,
owing to two mechanisms of compensation*'°. The first is the
existence of duplicate genes: that is, the loss of function in one
copy can be compensated by the other copy or copies. The second
mechanism of compensation stems from alternative metabolic
pathways, regulatory networks, and so on. The relative import-
ance of the two mechanisms has not been investigated except for a
limited study, which suggested that the role of duplicate genes in
compensation is negligible'’. The availability of fitness data for
a nearly complete set of single-gene-deletion mutants of the
Saccharomyces cerevisiae genome'' has enabled us to carry out
a genome-wide evaluation of the role of duplicate genes in genetic
robustness against null mutations. Here we show that there is a
significantly higher probability of functional compensation for a
duplicate gene than for a singleton, a high correlation between
the frequency of compensation and the sequence similarity of two
duplicates, and a higher probability of a severe fitness effect when
the duplicate copy that is more highly expressed is deleted. We
estimate that in S. cerevisiae at least a quarter of those gene
deletions that have no phenotype are compensated by duplicate
genes.

No correlation was found between the sequence similarity of
duplicate genes and the fitness effect of a null mutation in one of the
two duplicates when functional data from the yeast S. cerevisiae was
analysed previously'. It was therefore concluded that gene dupli-
cations contribute little to the ability of an organism to withstand
mutations (genetic robustness), although they may be responsible
for a small fraction of weak, null-mutation phenotypes'>. Because
this conclusion was based on only 45 duplicate genes, however, the
issue deserves further investigation. Indeed, this conclusion is not
supported by a limited analysis of a third of the genes in the yeast
genome' and is contrary to the general observation of relaxed
selective constraints after gene duplication'>'.

From 5,766 yeast open reading frames (ORFs) for which we had
a fitness measure of strains with a corresponding single-gene
deletion"!, we found 1,509 duplicate (paralogous) genes. To avoid
including pseudogenes and erroneously predicted genes, we sub-
sequently analysed only genes that had been studied previously (that
is, each had a gene name in the Saccharomyces Genome Database
(SGD) in addition to its ORF name). This yielded 1,275 singleton
genes, and 1,147 duplicate genes that had at least one paralogue
elsewhere in the genome. We compared the frequency distribution
of fitness for duplicate genes with that for singletons (Fig. 1a). We
classified genes into four groups on the basis of the minimum fitness
value for a strain across the five different growth conditions tested
(Methods) including both fermentation and respiration, the main
growth conditions of yeast.

The two distributions were significantly different (P << 0.001):
duplicate genes had a significantly lower proportion of genes with a
lethal effect of deletion (12.4% versus 29.0%) and a significantly
higher proportion of genes with a weak or no effect of gene deletion

© 2003 Nature Publishing Group 63




letters to nature

(64.3% versus 39.5%, the latter value is similar to a previous
estimate of 43.6% (ref. 10); Fig. la). This comparison indicates
that there is a significantly higher probability of functional com-
pensation for a duplicate gene than for a singleton. We emphasize
that ‘compensation” here does not imply that the gene is dispensable
in long-term evolution but means that the gene is dispensable in an
individual under the conditions tested®. When the genes with a
lethal effect of deletion were excluded from both collections, the
difference between the two distributions remained significant
(P < 0.001; Supplementary Table 1).

To see whether the above conclusion held for different growth
environments, we compared the distributions of fitness (f) for
duplicate and singleton genes under each of the five growth
conditions studied'. The empirical cumulative distributions of f
under the YPD growth condition (Methods) for duplicate genes and
for singletons are shown in Fig. 1b. The Kolmogrov—Smirnov test
indicated that the two distributions were significantly different
(P =22%107'%). The same conclusion held for the other four
growth conditions (Supplementary Fig. 1).

If duplicate genes tend to compensate for each other’s function,
then a testable prediction is that deletions of duplicate genes should
tend to show similar fitness effects. To avoid multiple comparisons
within a gene family, independent (non-overlapping) duplicate
gene pairs were selected randomly from each gene family. For
each of the 418 duplicate gene pairs selected (with both copies
having been previously studied), we computed the difference
between the fitness effects of duplicate genes i and j (D) and
then obtained the mean of all Dj; values (D*) for each growth
condition. For comparison, 418 protein pairs were selected ran-
domly from all previously studied genes and the D* value was
calculated as above. This procedure was repeated 100,000 times to
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Figure 1 Distributions of fitness (f). a, Discrete distributions of ffor singleton genes and
for duplicate genes. The difference for the two distributions is significant (a contingency
table test, P << 0.001) under YPD growth conditions. b, Empirical cumulative
distributions of ffor singleton genes and for duplicate genes. Data points with f = 0 have
been shifted to f= 0.025 for duplicate genes and to f= 0.01 for singleton genes to
distinguish between the two curves, but remained unchanged in the statistical analysis.
The Kolmogrov—Smirnov test shows that the two distributions are significantly different
(P=22x10""%).
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derive a frequency distribution of the mean difference in fitness
effects between genes for each studied condition. The mean value
(D* = 0.193) for duplicate genes was far lower than the mean value
for random gene pairs (P < 107°) under the YPD growth condition
(Fig. 2), confirming that duplicates tend to show more similar
fitness effects of deletion than do random gene pairs. The same
results held for the four other growth conditions (Supplementary
Fig. 2).

The two genes derived from a duplication should initially have
the same function. In long-term evolution, the accumulation of
mutations in both copies over time results in either functional loss
in one copy or functional divergence between the two copies'. If
gene duplication is important for genetic robustness, genes with
close paralogues should be compensated for deletion more often
than genes with only distant paralogues. To test this hypothesis, we
focused on a set of duplicate genes that excluded ribosomal proteins
because of their unusual properties, such as strong codon usage bias,
very high expression, and severe fitness effects of null mutations.
This set of duplicate genes was divided further into different groups
on the basis of the nonsynonymous distance (K, ) of each gene to its
most similar gene in the genome (defined as the gene with the
smallest K, value to the studied duplicate gene). Within each K,
interval, the frequencies of genes with different values of f were
calculated. The fitness classification was based on the minimum
fitness of a strain across all of the five tested media conditions, as in
Fig. la. As expected under the above hypothesis, the proportion of
genes with a weak or no effect decreased with K, (correlation
coefficient, R = —0.95; P < 0.001), whereas the proportion of
genes that are lethal when deleted increased with K, (R = 0.94,
P < 0.001; Fig. 3). This observation is contrary to the previous
conclusion that there is no correlation between K, and the fitness
effect of deleting a duplicate gene, which was based on a much
smaller data set'.

As the sequence similarity between duplicated genes decreases,
their frequency of compensation will approach that for singletons.
But even among duplicate genes with a K, greater than 0.7 from
their most similar paralogues in the whole genome, about 53% still
had a weak effect or no effect when deleted (Fig. 3), which was
significantly higher than the 39.5% of singletons that showed a weak
or no effect of deletion (Fig. 1a, x >~test, P < 0.01), implying that the
compensation effect might exist even for ancient duplicate genes.
Nevertheless, the decreasing compensation effect between duplicate
genes with K, suggests that the functional divergence of duplicate
genes is coupled to some extent with the divergence of their protein
sequences.

Because expression level is used frequently to infer the activity
and function of gene products, we tested whether deleting the copy
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Figure 2 Distribution of mean fitness differences between randomly selected gene pairs
(100,000 replicates each with 418 gene pairs) under the YPD growth condition. Arrow
indicates the mean difference (D* = 0.193) between duplicate genes.
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Figure 3 Relationship between protein distance and fitness effect of deletion. Protein
distance is measured by the Kj of each gene to its most similar paralogue in the genome.
The proportion of genes with a weak effect of deletion decreases with Ky (R = —0.95,
P < 0.001), whereas the proportion of genes with lethal effect increases with Ky
(R=0.94, P < 0.001).

of a duplicate gene that is more highly expressed would have a
stronger fitness effect than deleting the copy with lower expression.
We considered only duplicate gene pairs with different fitness effects
of deletion (that is, those in which the relative fitness difference (as
defined by |(f; — f7)/[(fi +f;)/21]) for genes i and j was larger than
5%, or those for which one of the two duplicate copies is essential
and the other is not). Expression (absolute transcript abundance)
was estimated using available data measured by Affymetrix micro-
array experiments'®. We used the fitness effects of the duplicate
genes measured under the YPD growth condition in this analysis
because the expression levels were also measured under the YPD
growth condition'. Deleting the duplicate gene that has higher
expression indeed tended to have a larger fitness effect (Table 1). For
example, in 72 of the 98 gene pairs where the deletions had different
fitness effects, the stronger fitness effect was seen in the more highly
expressed gene.

The high frequency of genes that have weak or no fitness effects of
deletion among single genes, as well as among duplicate genes
(Fig. la), indicates that the fitness effect of a gene deletion is also
affected by factors other than copy redundancy. Whereas some
genes may show null-mutation phenotypes only under experimen-
tal conditions that differ from the five growth conditions tested
here, a fraction of weak, null-mutation phenotypes among single-
tons might be due to compensation through alternative pathways or
network branching, as suggested previously'®. The relative import-
ance of the compensating mechanism through functionally redun-
dant duplicate genes can be estimated roughly as follows. If we
assume that the extra proportion of genes with a weak or no fitness
effect of deletion in duplicate genes when compared with the
proportion for singleton genes is due to copy redundancy (64.3%
for duplicates, 39.5% for singletons; difference 24.8%; Fig. la),
this will give the lower bound of the contribution of gene
duplication to genetic robustness. The proportion of this contri-
bution (G) is estimated to be 23% because for 284 genes
(1,147 duplicates X 24.8%) out of a total of 1,241 genes that are
robust against deletion (1,147 duplicates X 64.3% + 1,275
singletons X 39.5%), the robustness can be attributed to gene
duplication. The upper bound can be estimated by assuming that
all of the genes with a weak or no fitness effect of deletion in duplicate
genes are due to copy redundancy. This gives an upper estimate of
59% for G because 738 duplicate genes (1,147 duplicates X 64.3%)
and 503 singleton genes (1,275 singletons X 39.5%) showed a weak
or no fitness effect of deletion (Fig. la).

As our estimates of G were based on only about a third of all genes
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Table 1 Relationship between expression and fitness effect of null mutation in
duplicate genes*

Number of genes with a larger fitness effect of deletion
Relative expression

Different effectt One lethal Similar effectt
High 72t 50t 125
Low 26 12 108
Total 98 62 233

*Only gene pairs for which both copies have been studied previously were included.

+Two duplicate genes i and j were said to have different fitness effects if |(f; — f;) /[(fi + 1) /2]| >
0.05, but similar fitness effects if otherwise.

FSignificant at P < 0.001.

in the yeast genome owing to the stringent criteria used originally to
define singletons and duplicate genes (Methods), we repeated the
calculations on more genes by using a less stringent criterion to
group genes. We divided the whole set of yeast genes into singletons
and duplicate genes as follows: a protein was defined as a singleton if
it did not have a hit with any other proteins in a FASTA'” search of
the whole yeast proteome (6,357 ORFs) with E= 0.01 (E is the
expected number of hits by chance); otherwise, it was a duplicate
gene. This procedure led to 3,249 duplicate genes and 3,108
singletons. We then selected only genes that have been studied
previously: 2,240 duplicate genes and 1,567 singletons, for which
2,063 and 1,477, respectively, had an associated fitness measure-
ment. By applying the above procedure to these two sets of duplicate
genes and singletons, we estimated G to be between 0.21 and 0.67;
these two values are not very different from the above lower and
upper bounds, respectively. In conclusion, the analyses in this study
provide strong evidence for the importance of duplicate genes in
genetic robustness against null mutations.

Although our estimates are compatible with the view that
interactions among unrelated genes rather than duplicate genes
are the main cause of genetic robustness against mutations'®'®, two
additional factors need to be considered. First, because we have
considered only five growth conditions, it is possible that when a
gene deletion showed no effect in any of these conditions it was not
due to compensation by other genes but was because the gene
deleted was not related to the growth conditions used. Intuitively,
when more growth conditions are studied, both the proportion of
duplicate genes and the proportion of singletons that show only a
weak or no effect of deletion on growth rate will decrease. Indeed,
the two proportions were 70.9% and 49.2% when only the YPD
growth condition was considered (data not shown), but became
64.3% and 39.5% when the five growth conditions shown in Fig. 1a
were used. The decrease is larger for singletons than for duplicate
genes, probably because duplicate genes have on average a stronger
overlap in function than do singletons and so can compensate each
other in a wider range of conditions. For this reason, our lower
bound of 23% for the relative contribution of duplicate genes to
compensation for null mutations is likely to be an underestimate.
Second, a singleton in this or other studies could actually have one
or more paralogues in the genome that cannot be detected by the
criteria used but still overlap in function. Thus, gene duplication
might be the ultimate origin of functional compensation for some
‘singletons’. In conclusion, whether the contribution of gene dupli-
cation to genetic robustness is really less important than inter-
actions among unrelated genes is an issue that remains to be
resolved by further studies. O

Methods

Fitness measurements

Fitness measurements were obtained from a high-throughput study'' that measured the
growth of each strain of a nearly complete collection of yeast single-gene-deletion mutants
under both fermentable and non-fermentable (respiratory) growth conditions. We
studied five growth media: YPD (1% Bacto-peptone (Difco), 2% yeast extract and 2%
glucose), YPDGE (0.1% glucose, 3% glycerol and 2% ethanol), YPE (2% ethanol), YPG
(3% glycerol) and YPL (2% lactate). Each strain contained the precise homozygous
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diploid deletion of 1 of 4,706 ORFs in the yeast genome. We calculated the fitness values
for each media condition as the extent of survival and reproduction (fitness) of the
deletion strain relative to the pool of all strains grown and measured collectively. Fitness
values (f) of 1.0 indicate no difference between a single strain and the pool average for that
condition; f < 1.0 indicates that the strain is less fit, and f > 1.0 indicates that the strain is
more fit than the pool average. In addition, we added to our analysis 1,060 ORFs that each
had a lethal effect when deleted and assayed in YPD; we used only lethal deletions that
could be inferred as lethal from both of the two studies conducted'""”. We divided all genes
into four groups according to the f value as follows: (1) if f > 0.95 for all five media
conditions'!, the deletion has a weak or no fitness effect in all conditions; (2) if

0.8 = finin < 0.95, where f,.;,, is the smallest f value for all five growth conditions, the
deletion has a moderate effect; (3) if 0 < f,,i, < 0.8, the deletion has a strong effect; and
(4) if the deletion is lethal, we set f= 0.

Identification of duplicate and singleton genes

An all-against-all FASTA'” search was conducted for the whole set of S. cerevisiae protein
sequences (downloaded from SGD, http://genome-www.stanford.edu/Saccharomyces/).
A single-copy gene (that is, a singleton) was defined as a protein that did not hit any
other proteins in the FASTA search with E = 0.1; this loose similarity search criterion
was used to make sure that a singleton is indeed a singleton. (An even looser criterion
E =1 was also used in the definition of singleton genes but the results were essentially
the same.) Duplicate genes were identified as described™ except that the criterion of 80%
alignable regions between protein sequences was reduced to 50%, because the 80%
requirement can miss some duplicate genes. This relaxed criterion is still conservative for
identifying duplicate genes; but because we wanted to detect the differences in fitness
effects between real duplicate genes and singletons, we used stringent criteria to define
duplicate genes and single genes. For each protein pair that met the homology criteria,
the FASTA alignable regions were realigned using ClustalW*' and the corresponding
coding sequences were aligned on the basis of the protein alignments. The number of
substitutions per synonymous site (Ks) and the number of substitutions per
nonsynonymous site (K,) between duplicate genes were estimated by the PAML
package® using default parameters.

Estimation of gene expression

The Affymetrix microarray gene expression data were downloaded from a study
investigating gene expression in response to environmental changes across the genome'.
As controls, gene expression was measured at time zero in YPD before each environmental
change was conducted. We averaged seven independent time-zero measurements to
obtain an estimate of the absolute abundance of each messenger RNA transcript in YPD.
Our data showed a very high correlation (r = 0.95, P = 0) to previous estimates of the
absolute abundance of all transcripts in the yeast genome during YPD growth™.
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Short-term synaptic plasticity, which is common in the central
nervous system, may contribute to the signal processing func-
tions of both temporal integration and coincidence detection'.
For temporal integrators, whose output firng rate depends on a
running average of recent synaptic inputs, plasticity modulates
input synaptic strength and thus may directly control signalling
gain’ and the function of neural networks'™. But the firing
probability of an ideal coincidence detector would depend on
the temporal coincidence of events rather than on the average
frequency of synaptic events. Here we have examined a specific
case of how synaptic plasticity can affect temporal coincidence
detection, by experimentally characterizing synaptic depression
at the synapse between neurons in the nucleus magnocellularis
and coincidence detection neurons in the nucleus laminaris in
the chick auditory brainstem’. We combine an empirical descrip-
tion of this depression with a biophysical model of signalling in
the nucleus laminaris. The resulting model predicts that synaptic
depression provides an adaptive mechanism for preserving
interaural time-delay information (a proxy for the location of
sound in space) despite the confounding effects of sound-inten-
sity-related information. This mechanism may help nucleus
laminaris neurons to pass specific sound localization infor-
mation to higher processing centres.

In the avian auditory brainstem, each neuron of the nucleus
laminaris (NL), like the medial superior olive in mammals®’,
constitutes an azimuthal ‘place code™® that is tuned to detect the
coincidental arrival of excitatory postsynaptic potentials (EPSPs)
generated by ipsi- and contralateral nucleus magnocellularis (NM)
neuron action potential firing’, which is phase-locked to sound
waves arriving at each ear. The intensity of the sound, however,
changes the likelihood that an NM cell will fire on a given sound
wave cycle, such that increasing sound intensity increases the
average NM firing rate and thus the average frequency of NM-NL
EPSPs'. This increase of NM cell firing rate with sound intensity
would be expected to increase the postsynaptic NL cell firing rate,
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