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For many organisms, the primary locus of study is
the laboratory, and not the organism’s natural habitat.
Through a century of laboratory studies, a huge body
of knowledge has been accumulated for several **model
organisms’ of molecular and cell biology. This contrasts
sharply with the often limited amount of information
available on the ecology of such model organisms, a
discrepancy that is particularly striking for microbes.
Microbes arguably provide the bulk of our cell biolog-
ical knowledge, but their natural habitats are poorly un-
derstood. Their physiology, their genomic gene content,
and the structure of their genetic networks have been
shaped over millions of years by natural selection in the
wild. However, even for model microbes such as Esch-
erichia coli and yeast, little is known about the ecolog-
ical conditions under which they evolved. And because
of the difference in laboratory and natural environments,
laboratory experiments often have limited value in pro-
viding an understanding of these conditions. A case in
point is the huge number of gene knockout experiments
in multiple eukaryotes that show little or no phenotypic
effects in the laboratory (Tautz 1992; Smith et al. 1997,
Wagner 2000). The artificial conditions under which
these experiments are carried out may sometimes be re-
sponsible for the absence of such phenotypic defects.
Arguably, in the wild, such knockout mutations might
be eliminated from the population. It would thus be best
to assay their effects under more realistic conditions.

Even when known, the complexity of a natural en-
vironment, such as the vertebrate intestine for E. coli, is
difficult to emulate in the laboratory. However, experi-
menters often have a broad range of choices of labora-
tory conditions under which to study an organism. Some
of them may more closely resemble the situation in the
wild and should thus be preferred over others. Especialy
for microbes, a number of simple and fundamental
choices are possible. What is the main carbon source, if
any, available to the organism in the wild? Is energy
metabolism predominantly aerobic or anaerobic? Is
there a dominant nitrogen source? For organisms that
are facultatively diploid, in which ploidy stage do they
spend the majority of their life cycle? Are they frequent-
ly or rarely exposed to DNA-damaging agents such as
UV light? Answers to such questions have implications
far beyond the choice of a suitable laboratory environ-
ment. They provide fundamental insights into an organ-
ism’s ecology. This paper offers a suggestion as to how
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these questions might be addressed without extensive
ecological studies, through an approach whose key in-
gredient is information on codon usage bias in com-
pletely sequenced genomes.

Codon usage hias is the preferential occurrence of
particular codons for amino acids that are encoded by
more than one codon. In microbes, preferred codons are
those for which the respective tRNAs are abundant.
Highly expressed genes have highly biased codon usage,
which ensures efficient translation. Genes expressed at
a lower level tend to show less selective codon occur-
rence. Because the expression level of each gene de-
pends on the environment, the observed distribution of
codon usage hias should reflect gene expression levels
in a typical environment or the mix of environments
encountered by the organism on an evolutionary time-
scale. Gene expression levels of many genes and their
codon biases would be highly correlated in a (labora-
tory) environment or a mix of environments similar to
that in which the organism evolved. Conversely, in an
environment that is very dissimilar to that typically en-
countered by an organism, the correlation between co-
don usage bias and gene expression levels will be poor.

Large-scale gene expression studies have shown
that even seemingly simple physiological changes entail
expression changes in vast numbers of genes. A casein
point is the diauxic shift in the yeast Saccharomyces
cerevisiae, which is the change from anaerobic (fermen-
tative) to aerobic (respiratory) metabolism as a cell de-
pletes its fermentable carbon source (such as glucose)
and has to rely on a nonfermentable carbon source such
as ethanol. During the diauxic shift, the mRNA expres-
sion level of more than 1,700, or 27% of all yeast genes,
changes by more than a factor of two (DeRisi, lyer, and
Brown 1997). One of the most basic questions one can
ask about the life of a facultatively anaerobic organism
such as yeast is whether its metabolism in the wild is
predominantly fermentative or oxidative. For those or-
ganisms that show a strong Pasteur effect (the inhibition
of fermentation by oxygen), this also suggests a question
about the abundance of oxygen in the environment in
which they evolved.

Figure 1 shows a scatterplot of yeast gene expres-
sion level versus codon usage bias, as measured by the
codon bias index (CBI; Bennetzen and Hall 1981).
Shown are mRNA expression levels under fermentative
(fig. 1a) and oxidative (fig. 1b) conditions of nonribo-
somal yeast genes that show both a significant codon
usage bias and a significant change in expression during
the diauxic shift. Codon usage bias is significantly cor-
related with gene expression levels only for cells grow-
ing fermentatively. Thus, based on this assay, the codon
bias indices observed in yeast have probably evolved
largely under the influence of fermentation, and fer-
mentable carbon sources may thus be yeast’s prevalent
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Fic. 1.—Codon bias index (CBI; Bennetzen and Hall 1981) ver-
sus expression level for 93 yeast genes that show a greater than twofold
change in MRNA expression level during the shift from anaerobic to
aerobic metabolism. a, Expression level versus CBI before the diauxic
shift (Pearson r = 0.75; P < 10-6; Kendall 7 = 0.50) b, Expression
level versus CBI after the diauxic shift (Pearson r = 0.09; P > 0.2;
Kendall T = 0.27). A t-test after Fisher’'s z-transformation of the Pear-
son r values indicates that the two correlation coefficients are signifi-
cantly different at P < 10-4. Expression values shown represent ab-
solute fluorescence intensity (minus background) at time step 7 of the
diauxic shift experiment reported by DeRisi, lyer, and Brown (1997),
where fermentative and oxidative expression levels are taken from the
Cy3-dUTP-labeled control population and the Cy5-dUTP-labeled pop-
ulation, respectively. Because of the considerable variation across mi-
croarray experiments, expression levels shown do not translate into
absolute MRNA concentrations and are only informative when viewed
in relation to other genes. Codon hias indices range from —1 to 1,
where a CBI of 0 indicates no codon bias and a CBI of 1 indicates
the most severe codon bias associated with the most highly expressed
genes. Negative codon bias levels are rarely observed. Only nonribo-
somal yeast genes with significant codon bias (CBI > 0.5) are included
in the analysis, but qualitative results are similar if all genes are in-
cluded. Ribosomal proteins are excluded here because they are highly
expressed under many conditions. For the purpose of comparison, r?
= 0.14 for al yeast genes whose expression levels do not change by
a factor greater than two. ¢, For each gene whose expression level is
shown in a and b, the expression levels before and after the diauxic
shift (X, and X)) were used to calculate a linear interpolation, y(t),
between these values that estimates the average expression level of the
geneif acell spendst percent of itstime in an oxidative state and (100
— t) percent in a fermentative state (y(t) = (1 — t/100) X X, +(t/
100) X X4). For each value of t between 0 and 100, the Pearson
correlation coefficient between the (interpolated) expression level and
the CBI was calculated and is plotted as a function of t in the figure.

carbon sources. However, because yeast cellsin the wild
certainly cycle between metabolic states, the relationship
between gene expression levels and codon usage bias
may reflect this mix of states. This issue is addressed
by figure 1c, which shows the correlation between CBI
and expression level if a cell spends, on average, t per-
cent of itstime in an oxidative state. The figure is based
on a numerical interpolation of gene expression levels
between the two pure states shown in figure 1a and b,
and it shows that no mixed state improves the correla-
tion between expression level and CBI.

There are, of course, caveats to this approach.
Methodologically, a major concern is the noisiness of
microarray expression data and the limited correlation
between mMRNA and protein expression levels. However,
the amount of noise is smaller and the correlation higher
for highly expressed genes (Gygi et al. 1999), which are
of most interest here. Second, aspects of fitness that do
not leave a CBI signature will elude this approach.
These aspects may include fitness components deter-
mined by an organism’s interaction with its biotic en-
vironment (predation, competition, etc.) as opposed to
its abiotic environment. Similarly, the importance of
particular physiological states, such as quiescence,
where gene expression is much reduced cannot be as-
sessed. While many microbes in the wild may spend
substantial amounts of time in quiescence (Lewis and
Gattie 1991), it is also clear that periods of high cell
activity must be evolutionarily important. Otherwise, we
would not see extreme codon bias in highly expressed
microbial genes. Third, it is possible that some param-
eters influencing trandational efficiency, such asthe dis-
tribution of tRNA species, change in different environ-
ments. Fourth, in highly derived laboratory strains of
organisms, some evolution may have occurred in the
laboratory (Ferea et a. 1999). However, for many poor-
ly studied microbes, such as the increasing number of
completely sequenced extremophiles, this approach may
provide valuable information on their ecology that can-
not be obtained otherwise.
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Dashed lines indicate 95% confidence intervals. The figure demon-
strates that the assumption that the cell spends only a fraction of time
in either state does not improve the correlation between CBI and ex-
pression level.
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