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B Abstract The multigene family that encodes ribosomal RNA (the rDNA) has been
the subject of numerous review articles examining its structure and function, as well
as its use as a molecular systematic marker. The purpose of this review is to integrate
information about structural and functional aspects of rDNA that impact the ecology
and evolution of organisms. We examine current understanding of the impact of length
heterogeneity and copy number in the rDNA on fitness and the evolutionary ecology of
organisms. We also examine the role that elemental ratios (biological stoichiometry)
play in mediating the impact of rDNA variation in natural populations and ecosystems.
The body of work examined suggests that there are strong reciprocal feedbacks between
rDNA and the ecology of all organisms, from microbes to metazoans, mediated through
increased phosphorus demand in organisms with high rRNA content.

INTRODUCTION

The increasingly integrative nature of science in the twentyfirst century has opened
up fresh vistas in the fields of ecology, evolutionary biology, and molecular ge-
netics, whereby a synthesis of techniques and perspectives has provided new ad-
vancements in these fields (e.g., Feder & Mitchell-Olds 2003). Herein we examine
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acentral cellular component, the ribosome, and describe how the multi-gene family
encoding ribosomal(r)RNA (the rDNA) plays a major functional role in the evo-
lutionary ecology of organisms. Past reviews have examined the basic structure
and cellular function of rDNA/rRNA (for example, Flavell 1986, Fromont-Racine
et al. 2003, Moore & Steitz 2002, Sollner-Webb & Tower 1986), the evolution of
rDNA among organisms (Gerbi 1985), and the use of rDNA as a molecular marker
for systematics and phylogenetic reconstruction (Hillis & Dixon 1991, Mindell &
Honeycutt 1990). We address the interaction between rDNA and important life-
history features, especially growth rate, and how selection on rDNA variants plays
an important role in the microevolutionary processes in many natural populations.
We conclude by applying the emerging perspective of biological stoichiometry
(Elser et al. 2000b, Sterner & Elser 2002) to examine how evolutionary forces
operating on variation in rDNA can have a major effect on ecological interactions,
such as competition, trophic production, and biogeochemical cycling through the
central role played by ribosome biogenesis in determining growth and resource
requirements.

BACKGROUND

Why study rDNA variation? Our basic thesis is that ribosome biogenesis is one
of the most central processes in cellular biology from a functional perspective be-
cause of its close connections to the pace of growth and development [e.g., growth
regulation mechanisms such as stringent control versus growth-related control in
prokaryotes (Gourse et al. 1996), as rDNA transcription is the first step of ribo-
some biogenesis (Sollner-Webb & Tower 1986)]. Furthermore, rRNA synthesis
represents a large energetic and nutrient sink for all growing organisms, represent-
ing ~80% of cellular RNA content and 20% of total cell dry weight (Neidhardt
et al. 1990). Much work in this area has focused on well-studied prokaryotes (i.e.,
relationship between rDNA structure and regulation and organismal function in
Escherichia coli), but the full range of connections between rDNA structural vari-
ation and variation in rDNA expression is not completely appreciated by many re-
searchers who study eukaryotes. In addition, the ramifications of rRNA metabolism
are likely to range far beyond cell biology and will impact all organismal func-
tions related to growth rate (e.g., life-history evolution), as well as represent a
fundamental component of ecological production (Sterner & Elser 2002).

We first review the basic structure of rDNA in prokaryotes and eukaryotes; de-
scribe what is known about how transcriptional efficiencies of the rRNA-encoding
genes can be influenced by variations in copy number (CN), spacer length varia-
tion, regulatory regions, and epigenetic effects; and discuss how these variations
may influence growth rate. We then examine evidence for either artificial or natu-
ral selection on rDNA variants across a range of organisms. Furthermore, we will
show how rDNA variations can be directly linked to the ecology of an organism
via rDNA growth connections and impacts on production. Finally, because rRNA
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represents a critical pool of phosphorus (P) in many organisms, we link rDNA vari-
ations to the nutrient requirements of organisms, focusing on carbon:phosphorus
(C:P) stoichiometry, and to the impacts of biogeochemical cycling of P as a key
limiting nutrient influencing ecosystem functions.

Basic Structure of rDNA

Ribosomes are the sites of protein synthesis in all organisms. These organelles basi-
cally consist of two subunits (the large and small subunits) composed of ribosomal
RNA (rRNA) and proteins and whose size (molecular weight) varies depending
on systematic affinity. In prokaryotes (i.e., E. coli), the ribosome consists of a 30S
(small) and 50S (large) subunit that make up the functional (70S) ribosome. The
small subunit contains a /65 rRNA molecule, whereas the large subunit contains
a 58 and a 23S rRNA molecule. The genes encoding these molecules are usually
closely linked and transcribed as one precursor. In addition, there are often several
copies dispersed throughout the genome, but the CN is generally less than 10 in
prokaryotes (Figure 1; Liao 2000).

The functional eukaryotic ribosome is also composed of a small and a large
subunit. The small subunit contains a /6-18S rRNA molecule; the large subunit
contains a 58, 5.8, and a 25-28S rRNA molecule (Figure 2). The genes encoding
5.8S, 18S, and 28S rRNA are generally found together in one or more tandem
arrays of a repeat unit (rDNA) that consists of the three coding regions separated
by intergenic spacers (IGS). These genes are transcribed as a single large precursor
that is spliced to create the mature rRNA molecules that make up the core of the
ribosomal subunits (Sollner-Webb & Tower 1986).

The CN of rDNA repeats can vary from as few as one copy per haploid genome
in Tetrahymena to hundreds or thousands of copies, and it is positively correlated
with genome size (Prokopowich et al. 2000). It is thought that the multiplicity of
rRNA genes is required to offset the cell’s inability to amplify the original transcript
via multiple rounds of translation, as occurs with mRNA. Even so, most organisms

E. coli (4639 kb)
rrnA

rrnB
2495 kb

513 kb 692kb

rrnA
rrnC rrnD rrnG

Figure 1 Diagram showing the orientation, distribution, and size, in nucleotides
(expressed as kilobases—kb), of the seven rRNA operons in E. coli (modified from
Liao 2000).
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The Intergenic Spacer

Figure 2 Diagram showing the basic structure of the genes encoding for eukaryotic rRNA
(the rDNA). A single tandem repeat (plus a portion of an adjoining repeat) is shown. The
intergenic spacer (IGS) region is highlighted to show the location of variable numbers of
subrepeats (which often contain enhancers or promoters) that greatly influence IGS length
heterogeneity (modified from Sterner & Elser 2002).

possess many more copies of rDNA than are needed to meet their requirement for
rRNA production because some copies remain transcriptionally inactive even at
maximal growth rate (Reeder 1999).

A high degree of sequence homogeneity is observed among rDNA copies within
individuals and throughout entire species despite the divergence of these sequences
between species. This pattern of sequence homogeneity, which was first described
in the rDNA of Xenopus (Brown et al. 1972), is known as concerted evolution and
is thought to be the result of molecular mechanisms such as unequal crossing over,
gene conversion, and gene amplification, which have collectively been termed
molecular drive (Dover 1982). Even so, variation among rDNA copies within
species and within individuals has been observed, with respect to both nucleotide
substitutions and length heterogeneity, the latter of which is often the result of
variable numbers of subrepeats in the IGS. The rDNA repeat unit is composed
of regions that are under different levels of selective constraint, and thus they
vary substantially in their rates of divergence among species and in their levels
of intraspecific polymorphism. For example, highly conserved core regions of
the rRNA genes are interspersed with variable domains or expansion segments
that show high levels of divergence between species, as well as variation within
populations and individuals. Similarly, the IGS tends to show much higher levels
of variation than do the core regions of the rRNA genes (e.g., Pikaard 2002).

Eukaryotic rDNA is one of the best-studied multi-gene families, and the results
of this work have provided important insights into the mechanisms of concerted
evolution (reviewed in Elder & Turner 1995, Liao 1999). For example, studies on
Drosophila (Polanco et al. 1998, Schlotterer & Tautz 1994), Daphnia (Crease &
Lynch 1991), humans (Seperak et al. 1988), and plants (Copenhaver & Pikaard
1996) have provided evidence that intrachromosomal recombination is much more
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frequent than interchromosomal exchanges so that rDNA arrays within chromo-
somes tend to become homogenized into “superalleles,” which then segregate
within populations via sexual reproduction. In the case of some plant species with
rDNA arrays on more than one chromosome, rates of exchange between the par-
alogous rDNA loci are so low that each array becomes homogenized for different
variants (Rogers & Bendich 1987). Even so, the rDNA loci on these nonhomolo-
gous chromosomes are still more similar to one another than they are to orthologous
rDNA loci in closely related species. This suggests that exchange does occur, albeit
infrequently, between rDNA copies located on different chromosomes (Rogers &
Bendich 1987).

Studies of rDNA variation in parthenogenetic organisms have shown that both
intra- and interchromosomal exchanges occur in rDNA in the absence of meiosis
and provide important opportunities for evolution within asexual lineages (Crease
& Lynch 1991, Gorokhova et al. 2002, Hillis et al. 1991, Shufran et al. 2003). In
addition, whereas many studies have suggested that unequal crossing over plays an
important role in the generation of length variation among rDNA copies, as well
as changes in overall CN of rDNA units, it is thought that this process alone cannot
account for the rate of homogenization within rDNA arrays (Elder & Turner 1995;
Liao 1999, 2000) and that its tendency to reduce the size of multi-gene families
over time must be offset by other gene amplification mechanisms that are not yet
well understood (Liao 1999, 2000; Elder & Turner 1995).

It is becoming increasingly clear that gene conversion plays a major role in the
homogenization of multi-gene families and that natural selection may even favor
the occurrence of initiation sites for gene conversion within the coding sequences
of multi-gene families to ensure their homogenization (Liao 1999). Indeed, rates
of gene conversion are estimated to be orders of magnitude higher than rates of
unequal crossing over (Elder & Turner 1995, Liao 1999 and references within).
In addition, Hillis et al. (1991) have shown that gene conversion in hybrid lizards
can be biased and thus rapidly lead to the replacement of one variant or group
of variants by another. It has also been suggested that most recombination events
between members of multi-gene families on nonhomologous chromosomes occur
via gene conversion (Liao 1999 and references within), an advantage of which is
that such exchanges do not result in potentially deleterious gene rearrangements.

A number of other phenomena, which are beyond the scope of this review, but
warrant mentioning, show how variation in rDNA structure and function can have
far-reaching ecological and evolutionary consequences. For example, the pres-
ence of retrotransposable elements in rDNA (Eickbush 2002), which can lead to
phenotypic abnormalities such as bobbed (Taylor 1923) or abnormal abdomen
(Templeton & Rankin 1978) in Drosophila, can have major impacts on the fitness
and survivorship of organisms (Hollocher & Templeton 1994, Templeton et al.
1993) and can be directly related to known environmental variables (e.g., temper-
ature, rainfall) (Johnston & Templeton 1982). Likewise, work on the epigenetic
phenomenon of nucleolar dominance in hybrids (Reeder 1985), whereby the rRNA
genes of one parental species become transcriptionally dominant over the rRNA
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genes of the other parental species, has been observed in a wide variety of organ-
isms including amphibians (i.e., Xenopus), insects (i.e., Drosophila), numerous
plant species, and even among hybrid mammalian somatic cell lineages (Reeder
1985). The functional ecological bases of phenomena such as nucleolar dominance
remain to be studied in detail (Pikaard 2000).

FUNCTIONAL ECOLOGY OF rDNA VARIATION
Growth Rates and Rates of Transcription

PROKARYOTES Much of what is known about the role of rDNA in regulating rates
of transcription and growth rates stems from studies done on prokaryotes, in par-
ticular, E. coli (Condon et al. 1995, Gourse et al. 1996, Sarmientos & Cashel 1983,
Stevenson & Schmidt 1998), with much work about rate of ribosome synthesis
and cellular growth rate being conducted in the 1960s (Maalge 1969, Maalge &
Kjeldgaard 1966, Stent & Brenner 1961). The early work by Maalge and others
indicated that ribosome efficiency was relatively constant, leading many to con-
clude that growth rates were determined by the number of ribosomes in the cell.
However, none of these experiments was performed under slow-growth conditions
(Nomura 1999). Further work by Koch and colleagues (Koch 1971, Koch & Deppe
1971) demonstrated that ribosomes are in excess at low-growth rates. They argued
that having unengaged ribosomes was advantageous for “shifting up” when and if
substrates subsequently became available.

The rate-limiting step in ribosome synthesis at high-growth rates is the syn-
thesis of rRNA. Gourse et al. (1996 and references within) argued that in order
to make the very high number of ribosomes at high-growth rate, the promoters
for the seven E. coli rRNA operons (Figure 1) transcribe greater than 50% of the
cell’s total RNA. This is remarkable given that there are approximately 2000 other
operons in the cell. The central role of ribosome biogenesis in cellular function
has motivated the development of a number of models to describe and explain
the mechanisms responsible for regulating rRNA synthesis (Gourse et al. 1996).
These models arbitrarily divide rRNA synthesis into different operating stages:
(a) during steady-state growth at different growth rates (growth-rate-dependent
control) and (b) during nutritional upshifts/downshifts and starvation conditions
for amino acids (stringent control). Under growth-rate control of ribosome biosyn-
thesis, free, nontranslating ribosomes inhibit the transcription of rRNA and tRNA
genes (Maalge 1969, Nomura 1999). However, under stringent control, uncharged
tRNAs bound to RelA (relaxed control protein that is bound to ribosomes) cause
it to produce guanosine-tetraphosphate (ppGpp), which inhibits rRNA and tRNA
transcription (Nomura 1999, Wagner 1994).

EUKARYOTES The study of rRNA transcription has been ongoing for several
decades, and, in fact, rRNA genes were one of the first sets of genes to be character-
ized and are now among the best-studied of all eukaryotic genes (Sollner-Webb &
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Tower 1986). The typical cell in a eukaryote produces approximately 10,000 dif-
ferent RNA species, most of which are tRNAs and mRNAs. However, nearly 50%
of a cell’s transcriptional capacity (closer to 80% in yeast) (Moss & Stefanovsky
2002) is directed toward the synthesis of the ~35-47S5 rRNA precursor of the ma-
ture ~18S, ~28S, and 5.85 RNAs of the ribosome. Even so, it is estimated that at
maximum rRNA output, only about 50% of the rRNA genes are transcribed (Moss
& Stefanovsky 2002). Indeed, it has been shown that yeast cells tend to alter rates
of transcription of active genes rather than activate additional genes in response
to increased requirements for rRNA (Reeder 1999 and references within). Even
though rRNA transcription is known to be directly related to an organism’s growth,
development, and survivorship, it appears that the full transcriptional capacity of
these genes is rarely (if ever) simultaneously engaged. The transcription of rDNA
is catalyzed by RNA polymerase I (Sollner-Webb & Tower 1986), which is an effi-
cient and highly controlled process. Each cell produces greater than a million new
ribosomes each generation, which are required to support protein synthesis in the
cells (e.g., for certain mammalian cells ~ 2 x 10° ribosomes per ~15 h generation
time) (Sollner-Webb & Tower 1986 and references within). The life span of an
average ribosome is on the order of days to weeks (Moss & Stefanovsky 2002).

Variation in rDNA CN and IGS Length Heterogeneity

PROKARYOTES There can be a tremendous degree of variability in rDNA CN in
nature and in laboratory cultures, and a number of studies have addressed the issue
of whether variation in the numbers of rDNA genes (i.e., rrn operons) has adap-
tive significance in microbes. In laboratory experiments that varied temperature
and shifted nutrient environments from simple to complex (i.e., varying carbon
sources), Condon et al. (1995) found that increased rDNA copies increase the
growth rate of E. coli, but only five of the seven rrn operons in E. coli (Figure 1)
may actually be necessary for near-optimal, steady-state growth. However, redun-
dant rDNAs were particularly beneficial when there was a rapid, favorable change
in growth conditions (i.e., increased nutrients and/or temperature). The authors
speculated that having multiple operons facilitates the surge in rRNA production
induced by these new environmental conditions. Thus the significance of having
seven rrn operons was not necessarily in supporting rapid growth rates but rather
in allowing a rapid shift-up from one growth environment to a new environment.

Another important issue is whether there are any trade-offs associated with
having too many copies of the rDNA operons. Similar to the findings of Condon
et al. (1995), Stevenson & Schmidt (1998, 2004) found that an enhanced ability
for a rapid response to favorable growth conditions occurred only when growth
rates were moderate to fast. Under slow-growth-rate conditions, multiple operons
appear to be nonadaptive. They noted that the presence of extrarDNA operons in the
E. coli strain studied resulted in the overproduction of rRNA and decreased growth
rates, especially under low-nutrient supply, suggesting that the regulation of rRNA
synthesis was overwhelmed at slow-growth rates. This apparent disadvantage when
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nutrient availability is low, i.e., slow-growth-rate conditions, may be compensated
by the capacity to rapidly increase growth rate in a response to an influx of nutrients.
The advantage of a rapid shift in growth rate may be rarely realized in stable,
low-nutrient environments. However, it may occur under more unpredictable or
fluctuating conditions, which may often be the case in natural bacterial assemblages
(Koch 1971).

Multiple rDNA copies are common in other prokaryotes as well. In a survey
of 76 bacterial genomes, Acinas et al. (2004) found that the maximum number
of rDNA operons was 15 and the minimum, and most common, was 1. Among
E. coli strains, CN can vary widely from 1 to 7 operons as cited above. Likewise,
numbers can vary widely among Vibrio spp. and strains (Aiyar etal. 2002, Bagetal.
1999, Heidelberg et al. 2000). Aiyar et al. (2002) showed that Vibrio natriegens,
with doubling times of less than 10 min, manages such rapid growth through a
combination of mechanisms and that one of those mechanisms is to have hightDNA
CN (up to 13). This study and several others have concluded that increased rDNA
CN increases the speed at which bacteria can adapt to changing environmental
conditions, but a high CN does not necessarily imply a high maximal growth rate
at steady state (Klappenbach et al. 2000, Stevenson & Schmidt 2004). The results
of these studies suggest that there are ecological trade-offs associated with rDNA
CN, with more variable and nutrient-rich environments selecting for high-copy
number and less variable, nutrient-poor systems selecting for lower CNs.

Another factor related to the ecological significance of rDNA is the efficiency
with which the ribosomes function and, not surprisingly, different strains seem to
function at different efficiencies. In a study of several prokaryotes, Cox (2004)
demonstrated that increased growth of E. coli and Streptomyces was achieved via
multiple copies of rrn operons, but that Streptomyces required higher ribosome
content for similar growth rates, suggesting lower per-ribosome efficiencies. Such
variations have some important ecological implications. For instance, nucleic acids
are phosphorus (P)-rich (9-10% by mass) compared with the remainder of major
cellular biochemicals (0-3% by weight) (Sterner & Elser 2002). Thus because
most of the P in growing cells is associated with nucleic acids and, particularly,
ribosomes, variability in ribosome efficiency should have important ecological
feedbacks by altering the stoichiometric nutrient requirements of different micro-
bial taxa (Elser et al. 2003, Makino & Cotner 2004, Makino et al. 2003) (see below).
Of particular relevance was the observation by Elser et al. (2003) that a consortium
of bacteria isolated from a Minnesota lake could grow at temperature-corrected
rates similar to that of E. coli, but they achieved those growth rates using 20-50%
less RNA. Therefore, one adaptation of growth in low-nutrient environments such
as lake or sea water might be to increase ribosomal efficiency.

Although counterintuitive, there may be tighter regulation of rDNA transcrip-
tion when there are multiple copies in the genome (Gu et al. 2003, 2004). For in-
stance, some rDNA operons may function more constitutively, whereas others may
be induced. In Bacillus cereus, which has 6-10 copies of rDNA, low-temperature-
tolerant strains had unique rDNA sequence signatures relative to mesophilic strains,
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suggesting different roles for some of the rDNA operons at low temperatures (Pruss
etal. 1999). This idea was supported by a study demonstrating differential effects
of particular rDNA deletions on E. coli growth rate and ribosome efficiency (Asai
et al. 1999). Earlier work by Sarmientos & Cashel (1983) has shown that dual
(tandem) promoters (P1, upstream; P2, downstream) on the rrnA operon of E. coli
(Figure 1) are differentially regulated under fast- and slow-growth-rate conditions,
suggesting the potential for adaptive responses in E. coli, and possibly in other
prokaryotes.

EUKARYOTES Among eukaryotes, variation in CN has been studied in a variety
of organisms (see below). In addition, many studies have focused on the role
that length heterogeneity owing to variation in the number of subrepeats in the
IGS, which often contain transcription promoter and enhancer sequences, plays in
influencing rates of transcription and growth rate in a range of organisms (Flavell
1986, Reeder 1984).

Substantial pioneering work on rRNA transcription has involved the frog species,
Xenopus laevis (Reeder 1984, 1985; Reeder & Roan 1984; Reeder et al. 1983).
Reeder et al. (1983) injected X. laevis oocytes with ribosomal gene plasmids con-
taining variable numbers of a particular (60/81 bp) IGS subrepeat element and
found that (a) if a long IGS and a short IGS are allowed to compete in equal
molar ratios, the gene promoter attached to the long IGS always has a higher rate
of transcription (i.e., competition effect), and (b) as the total number of 60/81 bp
subrepeats in the spacer of a given plasmid increases in a reaction, there is a
concomitant decrease in the total amount of transcription (i.e., sink effect). Fur-
thermore, the authors found that regardless of orientation, the 60/81 bp repeats
still conferred competitive dominance on the longer IGS types. They proposed a
model to suggest that the 60/81 bp repeats serve as “attraction sites” for some (as
yet) unknown factors needed to stimulate/activate the gene promoter. This sug-
gests that multiple mechanisms related not only to absolute IGS length but also to
absolute number of particular repetitive elements (i.e., 60/81 bp elements) can in-
fluence the level/amount of transcription. Thus selection might favor some optimal
or intermediate IGS length and rDNA CN, or a combination of the two.

ARTTFICIAL AND NATURAL SELECTION
ON rDNA VARIATION

The preceding section has highlighted some aspects related to the functional sig-
nificance of rDNA variations. We now examine changes in two main features of
the rDNA in response to either artificial or natural selection: (a¢) IDNA CN and
(b) tDNA IGS length that results from variable numbers of subrepeats. For the for-
mer, we simply refer to CN, whereas for the latter, we use the term length variant
(LV). Table 1 summarizes a number of studies, including some examples that we
discuss below.



P1: OJO/NPC

AR ANRV259-ES36-10.tex XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

11 Aug 2005 20:42

WEIDER ET AL.

228

00 ‘T8 19 puLIRyS
200z ‘e 32 widng

0661 ‘Te 30 Sueyz
0661 ‘T2 30 pIe[y

0661 ‘T8 19 JOOIRIN-TRySeS

861 T 19 JoOIR\-TeySes

9661 'T& 30 uuewIney]

0661 ‘T2 19 P10JYO0Y

8661 100§ 79 Ko[uen

0007 Te 30 yoequadders|

juatpeisd AypLie/Apruuny

& 3uore Sunerado s1 uono9as Jey) 15933 ns (s10J08]

orydepa ‘[[ejurel ‘Aypruiny) seInjeaj 91s0IOT
puE SAT SOJ U29M19q SUOIBIDOSSE JUBOYIUSIS

JUQWIUOIIAUS ) UI s10Joe] [edrsAyd

6 UMM PIIB[IIIOD 2I0M SAT SO Ul PAIdJJIp
jey) sadAK1ouad (z-uLt pue J-uLt) SNOO] YN OM],

JUQWIUOIIAUD oY) UI S1030e] [ed1sAyd g Jo § pue sA]
SDJ U39M)dq SUOTIR[AII0)/SUOTIEIO0SSE JUROYTUSIS

100] JOY)0 0} payuI] 3q Os[e Aewr
{PoAIasqoO SAT SO Jo Aouanbaiy ur Jiys Jueoyrusig

SuTeIs UIe)Iad
ur sjueLIeA 105uo] 03 SAT SOJ Jueurwopaid ut )J1ys
SAT 108u0] JoABJ AewI UONOIIS Jey) Sunsa33ns SAT
SDI Ul SPIYS JULOYIUSIS a1oMm 219y} ‘uoneoyrind
a10ds-o[3uIs JO suoneIoua3 0m) AJUO 1Y

A1pider azowr ma13
SND uorado YN 93eI1oAe 19YSIY Y)im BLId)ORg

SATVNQT ut
UONJBLIEA [RINJEU PIKIAING

syejiqeq
SSOIO® SJUBLIBA O1}OUSS
Jo uonnquusip pakaaing

syejiqey
SSOIO® SJUBLIBA O1}OUSS
JO uonNqIISIp pakoAIng

suoneIouasd

¢ 103 suonendod proy
Ul SP[AIA Ures)s paIOJIUuoA

preik

PaSLaIOUT UO UOTIO[S
[EUOTIOIP [EIOYNIY

SUOIIBISUAS 0M] IO
qe[ 9y} UI SUTRI)S PAIOITUOIA
wnipaw
[1os jo Arxadwoo
[euoninu paje[ndiuey

24D3NA “[—PIJeA[ND

wnauviuods
WNapIO[—pIim
Korreg
24D3NA "[—PIJLAI[ND
wnauvjuods
WNapLO—pIim
Korreg

:\Smtchtﬁﬁh wnapLoH
pris—Aapreg

S:mﬁBN:QQh wnapiof
pris—Aajreq

1 s&kvut vaz
ZIBIN
puaky vuryddi 2pyoids
X 1jo] wnipoyd joaN
13ung

BLIOJORQ [10S PIXIA

SIDUIYNY

UoONBAIISqO

Apmnys Jo adA,

wis[uesiQ

Uond9[as [ernjeu

aanend J0 UONOI[As [RIOYNIE JOYIId 0) 9SU0dsal Ul IMONNS YN (! Ul SaSUBYD PIAIISqO ARy Jey) sarpms jo uoneidwo) [ A TAVL



P1: OJO/NPC

AR ANRV259-ES36-10.tex XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

11 Aug 2005 20:42

229

FUNCTIONAL ECOLOGY OF rDNA VARIATION

(ponuniuoD)

9861 'Te 10 [[oAB]

L661
B30A B[ Op Z219d 29 00UB[Oq

Y00 ‘T2 10 e

8861 IAISN]D 29 UISUITIOf

S661 PIB[[V % Iasn[D

€661 T8 19 [[9om0d

Ioquinu Adod N1
[101 UO UONIA[As Joj J1oddns 1axyeam PIM SOT AU}
ur Sunerado s1 uonoIas JBY) OUIPIA 9ANSAZING

surens p[im uey
SATT SOI 1e8uo] Apueoyrusis pey (p[RIA 1oysiy
10J) SIIPN}S P[[ONUOD UI Palq SUIBI)S/SIBAII[ND)
juarpeld aInjsiow e Juofe syren) A103s1y 1|
10} SONI[IqeILIAY JUBOYIUSIS PaMOYs sjuauwLIadxo
Surssoio :adKjouad orrex parodwosino
odAj0ua3 o159u JBY) PUNOJ SUOIIBIOOSSE
VN1/QWAZO[[e JO SaIpn)s Ja1[Ied uo dn mo[[0]

saroads Auew 10J 11X eI AT SOJ (S1RIpoWLIdIUL)
rewndo ue yey s3s933ns soroads JuareyIp
Suowre SAT SOJ JO UOHNQIISIP WOPUBI-UON

ueds own (suonerouad ())z—0S1) Moys A[eAne[al
B JOAO PALINDJ0 UOTIBOYISIJAIP [BIIS0[00H
"JuQIpeIs [[eJurel/oInisIowl € SUofe SUOTB[OII0d
ydiowowizo[re, v NG Surpnjout pajoalop

1om $2dK1009/s0dK10u93-18)1qRY JUSISIJIP USAS

syrery aanonpoidax

uo 99JJ0 Suons e sey suor3ar Surziuesio

TR[O9[ONU IIM PIJBIOOSSE dWOUAT JO UOTIO9S [[eUS

® Jey) SunedIpur ‘snoof SH-YON Y3 Je So[o[[e
)M PIIBIOOSSE A[SUOIS 9I9M S)TRI) JYJO PUEB P[AIX

SAT SOI
VNI JO AoAIns [ernjeN

SIBAD[NO
Jo so1pms Surpaarg

sosA[eue

onjouad aaneIuenb

pue syjuowiradxa
uoneduwos asnoyssen

uoneLreA SO VNA!
pIPqInq “y U0 SUISNO0J
IMIeIAI] Jo KoAaIng

SQWAZo[[e SNOo[-nnw
pue 100] YN J8 UoneLIeA
O130u93 JO AQAINS [BINJEN

syren aanonpoxdar
I9UJO PIJBIOOSSE pue
PISIA UO UONOJ[AS [RIOYNITY

§2P1022021P WNDNLL]
plim—ijeaym
Jowrwg

DANDS DUy
PajBARNO—SIBQ

IPQIDG Y
PIIM—SIEQ
saroads doid 1oyjo pue
pIPQIPG Y
PIIM—sIeQ

DIPQIDG DUIAY
PIIM—SIEQ

spuqdy ' pue
S:mﬁBNEQ&m wnapioH
prim—Aapreg



P1: OJO/NPC

AR ANRV259-ES36-10.tex XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

11 Aug 2005 20:42

WEIDER ET AL.

230

L861 T2 12 193801

8861 eST % ssneng

661 'Te 10 B[oqog

T661 sMM 7 nlerepuiron

0661 'T& 39 98S9pI0))

sour] Surdojoaap-mofs
ul pa1ndd0 soddo ayy oIym ‘saur|
Surdoroaap-ise} ur pajeurwopaid SAT SOT Suo|

SND 1oyS1y Suraey suone[ndod (u10)som) [8ISLOD
s puern eurpmrsuof pue (suonendod uayiiou
Qrow ur roquinu Adod 19y31y) opnirie] pue Jequinu

Adoo YN T U29M12q UOTBIDOSSE (JeaM) dANISO]

(p3usy

uoseas Jurmoid ‘arnjeroduwra) ¢9'1) UONII[AS 10

o101 9[qissod $1s933ng "Aeanoadsal ‘vuviivur g

pue suagn. g 10j Jaqunu Adod ur uoneLIeA pP[OJXIS

PUE P[OJIY) IIM JUAIPLIS [RUIPMITIE] B SSOIOR
Ppa1nd20 (sadAy yeadar) sofo[e VNI 10UnsI(q

ND M0[

)M PlR[aLI0d 9q ABw ssams Y31y Jey s3sa33ns

(Po1e[I-211) SSAMS [RIUSUIUOIIAUD JO [IA] pUE
ND VNI U09M)2q UOTIE[OII0) 9SIQAUT SUOLS

{So10ads pojeAnno Juowe SAT

SO ut Surfjund/3urdind jo aanse33ns ¢soroads

PIIM om] yim paredwiod SAT SOJ UI UONRLIBA

ou pamoys (DulL1aqp]8 v2L1()) 91 UBILIFY

parean[n)) 'saroads 9OLI P[Im pue pajeAn[nd
U9M19q SAT SDJ UT SOOUIJIP JUBOYIUSIS

91 juowdoaaap

jnpeaid paseardop

1O PasEaIOUL J0J UOIIOJ[AS
Teroynae aandnisiq

SJUSIPRIS [RUOT)BAR[Q pUB

[euIpruISuo ‘Teutpraie|

sso1oe zoquuinu £dod
VN Ul UONBLIBA [RINJEN

ND VNQ pue sad4 jrun
1eadar YN Ul uoneLIRA

onoua3 uonendod
[eInjeu pakoAIng

pakesse sem ND VNI
Ul UOTJBLIBA OTJOUDS [eInjeN

suorjendod
Pl pPUB PAIBATI[ND UT
UOIJBLIBA O1)QUQS PAIOJIUOIA

121sD30UD] U
ppydososq
Ap nnig

112U DENSIOPNIS
1y se[3noq

puviivul
J—oonuds yoelg

suaqni
p221J—oon1ds poy

TN Dp18LL snutd
ourd yojg

“dds n24u
PAJBAL[ND PUB P[IM—OTY

SIDUIIYNY

UoNBAIISqO

Apmjs Jo adA,

wisiuesiQ

(panunuo)d) 1 ATAVL



P1: OJO/NPC

AR ANRV259-ES36-10.tex XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

11 Aug 2005 20:42

231

FUNCTIONAL ECOLOGY OF rDNA VARIATION

8661 AueoQ 2 nS
‘6661 unidnry 7% Luepq

€861 '[& 19 Iopasy

T00 'Te 12 BAOY0I0D)

00T 'Te 10 uawal)

€00 T¢ 10 Uenynys

8661 'T¢ 19 00uR[Og

moi13 aanonpoidax

10 OTJEWOS JOYIID JOJ UOTIOA[AS O} POJB[OI Iom
150] (JON) IB[09[ONU pue SUOIFAI SO U SYIYS

sAesse

uondLIosuen) ONTA UT JO SALIdS B UT SA I91I0YS
uey} aAnodwod a1ow 1M SAT SOJ Je3uo]

PaAIasqo os[e a1am snioydsoyd
pue VN Jo oSejuooiad ur soSueyd Jue)iuodouo))
-a1e1 ImoI3 oftuaan( 10y3ry Suniqyxa
saurf ut s AT Jo3uoj jo suonzodoid 1oy3iy
Im SATT SO ueurwopald ur saueyo JuedYIUSIS

SJUBLIBA VNI JO SIoquunu 19)edrs

Surssardxe sepmnye 1oy31y Woij S[enpIAIpur

IIM SpMIN[E YIIM POIRIOOSSe A[JuedoyrusTs

sem [enpratpur 1ad (SOJ oy} ur Ajurewtad)
SiuRLIRA VN T 414y JO Joquinu oSeIoAe oy,

uoouayjred

B UI so3ueyd o1jouas o[eos-a3re[ 103 [enjudjod

9y} sajeodrpuy ‘uonendod [eurdo oy woij SAT

991U} JO SSO[ 3yl yim SATT SDI Ul SYIYS pamoys
SOUT] PAJOJAS ‘SIYIYS OU POMOYS SAUT[ [OTUOD)

(pare[ar-armerodway sdeyrad) armonns

VN uo a1nssaid s110xe uono[as jey) s1se33ns

JUAIPLIS [eUIPNIIIR] AU} SSOIOB SI[BWIRJ Suowe
SATT SDI JO UOUNQLISIP UL SYIYS [BUI[O JUBOYIUSIS

y1moi3
pue praif uo syusuwrradxo
UOT)O[aS [RIOYTIY

sjuowrradxa
OIIA Ul A10JRIOqR

saInjeay
K10ISTY-9J1] PoIB[AI-YIMOIT
Uo UOI}oJ[as

aandnisip reroynry

JuaIpeIs reurpmne
UE $SOIO® UOTJBLIBA
o1jouas TeInjeu PAIOITUOA

(s1894 $~) suoneroual

00¢ 10} 2oUR)SISaI

(UO10JNSIP) SPIoTOASUT
J0J UONII[AS [BIOYNIY

93ues [eurpnine] € Suoe
suone[ndod [ernieu jo
QIN)ONIS J1}oUdT PAIOITUOTA

snpp3 snjpo surens
paziferoads [BI9AS UNOIYD)

s142p] sndouay
3o1q

xapnd viuydpq
LRITREITYY

samp3uoja snydoayoig
Ioddoyssein

wnunun.43 S1ydn21yog
3nquodi3/prydy

kma@mcs:dms .Q
Ap ymag



11 Aug 2005 20:42 AR ANRV259-ES36-10.tex XMLPublishS™(2004/02/24) P1: OJO/NPC
AR REVIEWS IN ADVANCEI10.1146/annurev.ecolsys.36.102003.152620

232 WEIDER ET AL.

Artificial Selection

The relationship between rDNA structure and important fitness-related traits (e.g.,
growth rate, productivity/yield) in both wild and domesticated populations has
been studied extensively in crop science, where artificial selection on specific
life-history traits has been conducted for a variety of species including maize
(Kaufman et al. 1996, Rocheford et al. 1990), barley (Powell et al. 1992, Saghai
Maroof et al. 1984), oats (Latta et al. 2004, Polanco & Pérez de 1a Vega 1997), and
rice (Cordesse et al. 1990). In addition, artificial selection experiments have been
conducted on a few model animal species, including invertebrates such as the fruit
fly Drosophila melanogaster (Cluster et al. 1987), the aphid/greenbug Schizaphis
graminum (Shufran et al. 2003), and the water flea Daphnia pulex (Gorokhova et al.
2002), as well as vertebrate models such as the frog X. laevis (Reeder et al. 1983)
and the chicken (Delany & Krupkin 1999, Su & Delany 1998). In general, these
studies have documented significant changes in rDNA structure in response to
selection on important life-history/fitness-related traits (e.g., Kaufman et al. 1996,
Powell etal. 1992, Rocheford et al. 1990, Saghai-Maroof et al. 1984); (see Table 1).
Furthermore, quantitative genetic studies among certain crop species (e.g., barley,
wild oats) have attempted to pinpoint key ecological traits among rDNA genotypes
in wild populations to elucidate the quantitative genetic underpinnings of this
variation (Latta et al. 2004, Powell et al. 1992).

Among the few animal studies that have utilized artificial selection on specific
traits (e.g., growth rate, life-history traits) and examined concomitant changes in
rDNA, the studies by Cluster et al. (1987) and Grimaldi & Di Nocera (1988)
on D. melanogaster are noteworthy because they show a clear response of the
rDNA to directional selection. Cluster et al. (1987) selected for fast and slow
development times among lines of D. melanogaster and noted a significant shift in
the frequency of IGS LVs in the two selection regimes. A greater proportion of the
faster developing lines maintained longer LVs, whereas the slower developing lines
maintained shorter LVs. Subsequent work by Grimaldi & Di Nocera (1988) showed
that the rate of transcriptional production of pre-rRNA was directly proportional to
the number of enhancers located in the IGS. These two studies provide support for
the notion that genotypes composed of longer IGS LVs may benefit from higher
rDNA transcriptional rates via more enhancer and promoter sites in the subrepeat
region of the IGS and thus exhibit faster development (higher growth rates).

In another study using the cyclically parthenogenetic water flea Daphnia pulex,
Gorokhova et al. (2002) observed shifts in the frequency of IGS LVs during direct
selection on a life-history character (production rate) in progeny descended from
a single (clonal) stem mother. The frequency of a longer LV increased as pro-
duction/fecundity rate decreased, along with concomitant shifts in other important
characters such as the percentage of RNA, and body phosphorus and juvenile
growth rates (see below). These data clearly show that even within a single clone
of a parthenogenetic species considerable plasticity exists in the ability to shift key
life-history features along with LV frequencies in response to artificial selection.
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This implies that asexual organisms possess considerable flexibility to adapt to
changing environmental conditions via structural mutations in the rDNA.

Finally, work with domesticated strains of chicken (Delany & Krupkin 1999,
Su & Delany 1998) has shown that in some artificial selection experiments, the
combination of shifts in both IGS length variation and overall rDNA CN need to
be considered jointly before any predictions can be made about the outcome of the
selection regime.

Natural Selection

A number of studies (Table 1) have surveyed and/or examined natural varia-
tion in rDNA CN and/or LVs in a number of organisms, including soil bacteria
(Klappenbach et al. 2000), wild barley (Allard et al. 1990, Gupta et al. 2002,
Saghai-Maroof et al. 1990, Sharma et al. 2004, Zhang et al. 1990), wild oats
(Cluster & Allard 1995, Jorgensen & Cluster 1988), wild emmer wheat (Flavell
et al. 1986), a variety of conifer species (Bobola et al. 1992, Govindaraju & Cullis
1992, Strauss & Tsai 1988), and arthropods (Clemente et al. 2002, Polanco et al.
1998), and have attempted to relate this underlying genetic variation to potentially
important environmental variables.

Among prokaryotes, Klappenbach et al. (2000) found that in a phylogenetically
diverse soil bacterial assemblage, species that possessed higher average CNs of
rDNA genes formed colonies more quickly when exposed to nutritionally com-
plex medium, as opposed to species that possessed lower average CNs, which
responded more slowly. They concluded that rDNA CN strongly influences eco-
logical strategies and competitive abilities among soil bacteria and potentially can
be under direct natural selection.

Among eukaryotes, work on cultivated and wild barley, Hordeum vulgare and
Hordeum spontaneum, respectively, has shown strong correlations between LV
composition and important environmental/selective factors such as temperature
and moisture availability/humidity (Allard et al. 1990, Gupta et al. 2002, Saghai-
Maroof et al. 1990, Zhang et al. 1990). Allard et al. (1990) suggested that selection
is acting directly on the sequence variability in the transcription units (i.e., subre-
peats in the IGS), but no eco-physiological traits were assessed. In a companion
paper, Zhang et al. (1990) determined that the high adaptedness associated with
a few specific alleles may result from adaptively favorable nucleotide sequences
in either the transcription units or the IGS and that adaptedness in barley depends
more on the quality (i.e., sequence and length variation) rather than the quantity
(i.e., CN) of rDNA present. Similar work on another important crop species, wild
emmer wheat (Triticum dicoccoides), reported by Flavell et al. (1986), provides
further support for the notion that natural variations at rDNA loci are significantly
correlated with important environmental parameters. Govindaraju & Cullis (1992)
examined rDNA CN and LVs in eight populations of pitch pine (Pinus rigida Mill.)
associated with the Pine Barrens region of southern New Jersey. Interestingly,
the authors noted an inverse relationship between rDNA CN and the level of
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environmental stress and proposed that strong diversifying selection is operating
to influence rDNA CN in this species. Although this study is purely correlational,
it suggests that tDNA CN may indeed be influenced by environmental parameters,
akin to the soil microbe study of Klappenbach et al. (2000) cited above.

From the above examples and others listed in Table 1, it indeed appears that
variations in rDNA CN and LVs in a broad range of organisms have ecological
significance and can respond to either artificial or natural selection.

LINKING rDNA VARIATION TO ECOLOGICAL PROCESSES

A Stoichiometric Perspective

The previous sections have highlighted how structural and regulatory features of
rDNA operate to affect key aspects of organism function, such as the maximal and
realized rates of growth and development of diverse biota ranging from bacteria to
vertebrates. In particular, we have seen that variations in rDNA structure and ex-
pression are commonly linked to the challenge of maintaining a high rate of rRNA
production associated with rapid cellular proliferation. In this section we show how
the functional consequences of IDNA variation extend well beyond those normally
considered by cellular and evolutionary biologists. We employ the perspective of
biological stoichiometry (the study of the balance of energy and multiple chemical
elements in living systems) (Sterner & Elser 2002) to consider how ecological
forces, such as the supply of the key limiting nutrient phosphorus (P), impinge on
evolutionary change involving rDNA, as well as potential feedbacks generated by
the coupling of rDNA to growth and ribosome production. In doing so we highlight
some of the ecological forces that may operate to impose trade-offs on the evolu-
tion of high-growth-rate phenotypes associated with changes in the rDNA genome.
Connections between growth, cellular P requirements, and RNA allocation under
conditions of environmental P limitation have been established for some time
in unicellular algae, dating to classic studies of Rhee and colleagues (e.g., Rhee
& Gotham 1981 and references within). These connections have more recently
become integrated in various emerging stoichiometric models of growth-rate reg-
ulation in photoautotrophic organisms (e.g., Agren 2004, Klausmeier et al. 2004).

Because the associations of growth, RNA, and P in autotrophs have been cov-
ered extensively elsewhere (Frost et al. 2005, Geider & La Roche 2002, Sterner &
Elser 2002), our emphasis in this section is on connections between these variables
in metazoans, where the elemental composition of animal biomass, its physiolog-
ical regulation, and its connections to biochemical allocations have come under
close scrutiny in only the past 10 years. It is now known that the elemental compo-
sition of animal biomass, in contrast to the physiological plasticity of autotrophs,
is homeostatically regulated by various physiological mechanisms around taxon-
and stage-specific levels (Sterner & Elser 2002). For example, the P content of the
ubiquitous crustacean zooplankter, Daphnia, varies between only 1.2 and 2%, with
variation largely due to the stage of development (juveniles have somewhat higher
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P content than adults). In contrast, another crustacean zooplankter, Bosmina, gen-
erally seems to have lower P content, with values between 0.6 and 0.9% (Hessen
& Lyche 1991). Such studies have been extended recently to include insects and
show that crustacean zooplankton and insect taxa exhibit similar ranges of vari-
ation in C:N, C:P, and N:P ratios (Elser et al. 2000b). In the following we focus
on microorganisms (heterotrophic bacteria) and invertebrate animals (primarily
insects and crustaceans). We choose this emphasis because in vertebrate animals
the dominant form of P is in the apatite mineral that forms bone (Elser et al. 1996)
and thus potential connections to rDNA variation are obscured.

Because variation in C:N:P ratios has been shown to have considerable conse-
quences for ecological processes such as secondary production (Sterner & Schulz
1998) and consumer-driven nutrient recycling (Elser & Urabe 1999), a desire to
understand the biological basis of this variation led to formulation of the growth-
rate hypothesis (GRH) (Elser et al. 1996), which states that variation in organismal
C:N:P ratios reflects differences in growth rate because of differential allocation to
P-rich rRNA (RNA is ~9.6% P by mass) that is needed to meet the protein synthe-
sis demands of growth. Elser et al. (2000b) extended the GRH to include its genetic
basis, postulating that variations in rDNA IGS length and CN underpin variation
in growth and therefore RNA allocation, and thus P content and C:N:P ratios.

So, is growth-related variation in RNA allocation sufficient to explain organism
level variation in P content? A variety of recent studies indicates that this is the
case, at least in microorganisms (Makino et al. 2003) and invertebrates including
zooplankton (Acharya et al. 2004; Carrillo et al. 2001; Elser et al. 1996; Main
et al. 1997; Vrede et al. 1998, 2002;) and insects (Schade et al. 2003). In an
integrated analysis, Elser et al. (2003) showed not only that growth, RNA, and P
were generally tightly coupled across all study organisms (ranging from microbes
to invertebrates), but also that RNA allocations were sufficiently large such that
RNA contributed, on average ~50% of biomass P across the taxa reported. Thus
RNA production generates a physiologically dominant pool of P in many organisms
and therefore rDNA transcription itself appears to represent an ecologically and
biogeochemically significant process.

This work supports the hypothesized connection among organismal growth rate,
RNA allocation, and C:N:P stoichiometry proposed nearly 10 years ago (Elser et al.
1996). Thus uncovering the contributions of rDNA variations that drive variation
in growth and RNA allocation will be fruitful in many areas. This empirical base
has now stimulated several lines of theoretical investigation of the GRH (Agren
2004, Klausmeier et al. 2004, Vrede et al. 2004). These papers offer different
perspectives on this coupling, but their collective message is that relatively simple
eco-evolutionary formulations are beginning to capture the ecological significance
of RNA-related impacts on C:N:P stoichiometry and growth rate. For example,
under resource-rich conditions, increased allocation to assembly machinery (i.e.,
RNA) results in organisms with low optimal N:P ratios (that is, organisms that are
easily P limited and are poor P competitors) whereas low-resource environments
favor organisms with high optimal N:P ratios (Klausmeier et al. 2004).
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We now turn our attention to the question of whether connections, indeed, exist
among rDNA variations and C:N:P stoichiometry. In particular, Elser et al. (2000b)
proposed that there should be a generally positive association between the length
of the rDNA IGS and organismal growth rate, RNA content, and P content in
eukaryotes. The data collected for the explicit purpose of evaluating these connec-
tions remain quite limited; however, a number of relevant studies have appeared
(discussed, in part, above). For example, Weider et al. (2004) identified IGS length
variation among clones in three species of Daphnia and examined growth rates,
RNA levels, and P contents under standardized conditions. As predicted by the
GRH, there were positive correlations between RNA:DNA ratio and either growth
rate or IGS length, and a significant positive correlation between IGS length and
growth rate when clonal means for all three species were examined. However,
no clear-cut relationships between RNA:DNA and P content were observed for
any of the three species, likely because of the limited sample size and narrow
range of values observed for P content and RNA:DNA ratios. However, as noted
above (Gorokhova et al. 2002), IGS length in single daphnid clones can respond to
artificial selection with concomitant changes in growth rate, RNA, and P content.

The aforementioned studies provide some of the first evidence that rDNA vari-
ations can be connected not only to growth itself but also to the elemental com-
position of living biomass. This suggests the existence of a potentially important
mechanism for a trade-off in the evolution of rapid growth rate: high-growth rate
appears to impose a disproportionate elevation in organismal P demands in order
to maintain production of P-rich rRNA. Preliminary evidence from evolution-
ary/ecological studies provides some support for this claim. For example, there
is a general trend for increasing growth and development rates for organisms as
one moves to high latitudes (Conover & Schultz 1995), suggesting that arctic
biota should be more P-rich than those in temperate and tropical regions, a pattern
documented in recent studies of vascular plants (McGroddy et al. 2004, Reich &
Oleksyn 2004) and in Daphnia (Elser et al. 2000a). Indeed, the results of feeding
experiments in the latter study showed that arctic Daphnia were not only more
P-rich than their temperate counterparts, they also were more sensitive to low P in
their diets and had very low recycling rates of P. Weider et al. (2005) have recently
evaluated whether stoichiometric food quality impinges on the relative success of
rDNA variants. In an experiment where algal food differing in C:P ratio was exter-
nally supplied to a mixture of two allozymically different D. pulex clones differing
in the length of their IGS, the clone with the longer IGS (and likely to have higher
P requirements according to the GRH) increased dramatically relative to the clone
with the shorter IGS when the external food supply was P-rich. Conversely, when
food was low in P, the clone with the shorter IGS, which is likely to have lower
P requirements according to the GRH, won out. In a follow-up experiment, algal
food was not supplied externally, but instead algae and Daphnia were present to-
gether and thus nutrient recycling by the Daphnia could play a role. In this case,
clonal coexistence of these two variants was observed in treatments of different
light intensity that were intended to produce divergence in algal C:P ratios. Thus
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feedback mechanisms at the ecosystem level may contribute to stabilizing the co-
existence of rDNA variants in nature. The above studies highlight that connections
between rDNA variation, C:N:P ratios, and important ecological parameters (e.g.,
growth rate, competitive ability) may indeed be important and certainly warrant
further study.

CONCLUDING REMARKS

In this review, we have provided evidence from a variety of organisms that se-
lection on variation in the CN or IGS length of rDNA can have a number of
substantial ecological consequences. This is because IDNA polymorphisms can
affect two aspects of profound ecological importance: (a) growth rate, which is
directly linked to ecological production, and (b) organismal P requirements, which
contribute to stoichiometric food quality effects and the sequestering and recycling
of phosphorus. Therefore, patterns of energy flow and the cycling of a key limiting
nutrient (P) are simultaneously impacted by evolutionary events mediated by the
functional consequences of rDNA variation. Taking such a multilevel approach as
indicated above may allow us to begin linking subcellular and genetic processes (as
exemplified by rDNA variation, and its impacts on ribosome biogenesis) with the
evolution of major life-history traits and, ultimately, lead to a better understanding
of the nature and outcome of ecological interactions in natural ecosystems.

ACKNOWLEDGMENTS

We thank K.L. Glenn, P. Jeyasingh, and M. Kyle for assistance with the literature
search for this review and for comments on earlier drafts of the manuscript. We
thank R.W. Sterner for first suggesting that we put together such a review, and we
thank our NSF-IRCEB colleagues, in particular R.W. Sterner, J.F. Harrison, and
W.F. Fagan, who helped us to formulate many of the underpinnings represented in
this review. We acknowledge the support of NSF-IRCEB (grant #9977047) during
the early stages of manuscript preparation, as well as support for some of the work
cited herein. We thank the editors of the Annual Review of Ecology, Evolution, and
Systematics, particularly D. Futuyma, for providing input and editorial assistance.

The Annual Review of Ecology, Evolution, and Systematics is online at
http://ecolsys.annualreviews.org

LITERATURE CITED

Acharya K, Kyle M, Elser JJ. 2004. Biological Polz MF. 2004. Divergence and redundancy
stoichiometry of Daphnia growth: an eco- of 16S rRNA sequences in genomes with
physiological test of the growth rate hypo- multiple 7rn operons. J. Bacteriol. 186:2629—
thesis. Limnol. Oceanogr 49:656-65 35

Acinas SG, Marcelino LA, Klepac-Ceraj V, Agren GI. 2004. The C:N:P stoichiometry of



11 Aug 2005 20:42 AR

ANRV259-ES36-10.tex

238 WEIDER ET AL.

XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

P1: OJO/NPC

autotrophs—theory and observations. Ecol.
Lett. 7:185-91

Aiyar SE, Gaal T, Gourse RL. 2002. rRNA pro-
moter activity in the fast-growing bacterium
Vibrio natriegens. J. Bacteriol. 184:1349-58

Allard RW, Saghai-Maroof MA, Zhang Q, Jor-
gensen RA. 1990. Genetic and molecular
organization of ribosomal DNA (rDNA) vari-
ants in wild and cultivated barley. Genetics
126:743-51

Asai T, Condon C, Voulgaris J, Zaporojets D,
Shen BH, et al. 1999. Construction and initial
characterization of Escherichia coli strains
with few or no intact chromosomal rRNA
operons. J. Bacteriol. 181:3803-9

Bag PK, Nandi S, Bhadra RK, Ramamurthy
T, Bhattacharya SK, et al. 1999. Clonal di-
versity among recently emerged strains of
Vibrio parahaemolyticus O3:K6 associated
with pandemic spread. J. Clin. Microbiol.
37:2354-57

Bobola MS, Eckert RT, Klein AS. 1992. Re-
striction fragment variation in the nuclear
ribosomal DNA repeat unit within and be-
tween Picea rubens and Picea mariana. Can.
J. For. Res. 22:255-63

Brown DD, Wensink PC, Jordan E. 1972. A
comparison of the ribosomal DNAs of Xeno-
pus laevis and Xenopus mulleri: the evolution
of tandem genes. J. Mol. Evol. 63:57-73

Carrillo P, Villar-Argaiz M, Medina-Sanchez
JM. 2001. Relationship between N:P ratio
and growth rate during the life cycle of cope-
pods: an in situ measurement. J. Plankton
Res. 23:537-47

Clemente M, Remis MI, Vilardi JC. 2002. Ri-
bosomal DNA variation in the grasshopper,
Dichroplus elongatus. Genome 45:1125-33

Cluster PD, Allard RW. 1995. Evolution of ri-
bosomal DNA (rDNA) genetic structure in
colonial populations of Avena barbata. Ge-
netics 139:941-54

Cluster PD, Marinkovic D, Allard RW, Ay-
ala FJ. 1987. Correlations between devel-
opment rates, enzyme activities, ribosomal
DNA spacer-length phenotypes, and adapta-
tion in Drosophila melanogaster. Proc. Natl.

Acad. Sci. USA 84:610-14

Condon C, Liveris D, Squires C, Schwartz I,
Squires CL. 1995. rRNA operon multiplic-
ity in Escherichia coli and the physiological
implications of rrn inactivation. J. Bacteriol.
177:4152-56

Conover DO, Schultz ET. 1995. Phenotypic
similarity and the evolutionary significance
of countergradient variation. Trends Ecol.
Evol. 10:248-52

Copenhaver GP, Pikaard CS. 1996. Two-
dimensional RFLP analyses reveal mega-
base-sized clusters of rRNA gene variants
in Arabidopsis thaliana, suggesting local
spreading of variants as the mode for gene
homogenization during concerted evolution.
Plant J. 9:273-82

Cordesse F, Second G, Delseny M. 1990. Ribo-
somal gene spacer length variability in cul-
tivated and wild rice species. Theor. Appl.
Genet. 79:81-88

Cox RA. 2004. Quantitative relationships for
specific growth rates and macromolecular
compositions of Mycobacterium tuberculo-
sis, Streptomyces coelicolor A3(2) and Es-
cherichia coli B/r: an integrative theoretical
approach. Microbiology 150:1413-26

Crease TJ, Lynch M. 1991. Ribosomal DNA
variation in Daphnia pulex. Mol. Biol Evol.
8:620-40

Delany ME, Krupkin AB. 1999. Molecular
characterization of ribosomal gene varia-
tion within and among NORs segregating in
specialized populations of chicken. Genome
42:60-71

Dover GA. 1982. Molecular drive, a cohesive
model of species evolution. Nature 299:111—
17

Eickbush TH. 2002. Repair by retrotransposi-
tion. Nat. Genet. 31:126-27

Elder JF, Turner BJ. 1995. Concerted evolution
of repetitive DNA sequences in eukaryotes.
Q. Rev. Biol. 70:297-320

Elser JJ, Acharya K, Kyle M, Cotner J, Makino
W, et al. 2003. Growth rate—stoichiometry
couplings in diverse biota. Ecol. Lett. 6:936—
43

ElserJJ, Dobberfuhl D, MacKay NA, Schampel
JH. 1996. Organism size, life history, and N:P



11 Aug 2005 20:42 AR

ANRV259-ES36-10.tex

FUNCTIONAL ECOLOGY OF rDNA VARIATION

XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

P1: OJO/NPC

239

stoichiometry: towards a unified view of cel-
Iular and ecosystem processes. BioScience
46:674-84

Elser JJ, Dowling T, Dobberfuhl DA, O’Brien
J. 2000a. The evolution of ecosystem pro-
cesses: ecological stoichiometry of a key her-
bivore in temperate and arctic habitats. J.
Evol. Biol. 13:845-53

Elser 1], Sterner RW, Gorokhova E, Fagan WF,
Markow TA, et al. 2000b. Biological stoi-
chiometry from genes to ecosystems. Ecol.
Lett. 3:540-50

Elser JJ, Urabe J. 1999. The stoichiometry
of consumer-driven nutrient cycling: the-
ory, observations and consequences. Ecology
80:735-51

Feder ME, Mitchell-Olds T. 2003. Evolution-
ary and ecological functional genomics. Nat.
Genet. 4:649-55

Flavell RB. 1986. The structure and control of
expression of ribosomal RNA genes. Oxford
Surv. Plant Mol. Cell Biol. 3:251-74

Flavell RB, O’Dell M, Sharp P, Nevo E, Beiles
A. 1986. Variation in the intergenic spacer of
ribosomal DNA of wild wheat, Triticum dic-
occoides, in Israel. Mol. Biol. Evol. 3:547-
58

Fromont-Racine M, Senger B, Saveanu C,
Fasiolo F. 2003. Ribosome assembly in eu-
karyotes. Gene 313:17-42

Frost P, Evans-White M, Finkel Z, Jensen T,
Matzek V. 2005. Are you what you eat?
Physiological constraints on organismal sto-
ichiometry in an elementally imbalanced
world. Oikos 109:18-28

Ganley ARD, Scott B. 1998. Extraordinary
ribosomal spacer length heterogeneity in
a neotyphodium endophyte hybrid: impli-
cations for concerted evolution. Genetics
150:1625-37

Geider RJ, La Roche J. 2002. Redfield revis-
ited: variability in C:N:P in marine microal-
gae and its biochemical basis. Eur. J. Phycol.
37:1-17

Gerbi SA. 1985. Evolution of ribosomal DNA.
In Molecular Evolutionary Genetics, ed. RJ
Maclntyre, pp. 419-517. New York: Plenum

Gorokhova E, Dowling TE, Weider LJ, Crease

TJ, Elser JJ. 2002. Functional and ecological
significance of rDNA intergenic spacer vari-
ation in a clonal organism under divergent
selection for production rate. Proc. R. Soc.
London Ser. B 269:2373-79

Gourse RL, Gaal T, Bartlett MS, Appleman
JA, Ross W. 1996. rRNA transcription and
growth rate-dependent regulation of ribo-
some synthesis in Escherichia coli. Annu.
Rev. Microbiol. 50:645-77

Govindaraju DR, Cullis CA. 1992. Ribosomal
DNA variation among populations of a Pinus
rigida Mill. (pitch pine) ecosystem: I. Distri-
bution of copy numbers. Heredity 69:133—
40

Grimaldi G, Di Nocera PO. 1988. Multiple
repeated units in Drosophila melanogaster
ribosomal DNA spacer stimulate rRNA pre-
cursor transcription. Proc. Natl. Acad. Sci.
USA 85:5502-6

Gu ZL, Rifkin SA, White KP, Li WH. 2004.
Duplicate genes increase gene expression
diversity within and between species. Nat.
Genet. 36:577-79

Gu ZL, Steinmetz LM, Gu X, Scharfe C, Davis
RW, Li WH. 2003. Role of duplicate genes
in genetic robustness against null mutations.
Nature 421:63-66

Gupta PK, Sharma PK, Balyan HS, Roy
JK, Sharma S, et al. 2002. Polymorphism
at tDNA loci in barley and its relation
with climatic variables. Theor. Appl. Genet.
104:473-81

Heidelberg JF, Eisen JA, Nelson WC, Clayton
RA, Gwinn ML, et al. 2000. DNA sequence
of both chromosomes of the cholera pathogen
Vibrio cholerae. Nature 406:477-83

Hessen DO, Lyche A. 1991. Inter- and intraspe-
cific variations in zooplankton element com-
position. Arch. Hydrobiol. 121:343-53

Hillis DM, Dixon MT. 1991. Ribosomal DNA:
molecular evolution and phylogenetic infer-
ence. Q. Rev. Biol. 66:411-53

Hillis DM, Moritz C, Porter CA, Baker RJ.
1991. Evidence for biased gene conversion
in concerted evolution of ribosomal DNA.
Science 251:308-10

Hollocher H, Templeton AR. 1994. The



11 Aug 2005 20:42 AR

ANRV259-ES36-10.tex

240 WEIDER ET AL.

XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

P1: OJO/NPC

molecular through ecological genetics of ab-
normal abdomen in Drosophila mercatorum.
Genetics 136:1373-84

Johnston JS, Templeton AR. 1982. Dispersal
and clines in Opuntia breeding Drosophila
mercatorum and Drosophila hydei at Ka-
muela, Hawaii. In Ecological Genetics and
Evolution, ed. JSF Barker, WT Starmer,
pp. 241-56. Sydney: Academic

Jorgensen RA, Cluster PD. 1988. Modes and
tempos in the evolution of nuclear ribosomal
DNA: new characters for evolutionary stud-
ies and new markers for genetic and popu-
lation studies. Ann. Missouri Bot. Gard. 75:
1238-47

Kaufman B, Rocheford TR, Lambert RJ, Hal-
lauer AR. 1996. Change in ribosomal DNA
spacer-length composition in maize recurrent
selection populations. 2. Analysis of BS10,
BS11, RBS10, and RSSSC. Theor. Appl.
Genet. 92:680-87

Klappenbach JA, Dunbar JM, Schmidt TM.
2000. rRNA operon copy number reflects
ecological strategies of bacteria. Appl. En-
viron. Microbiol. 66:1328-33

Klausmeier CA, Litchman E, Daufresne T,
Levin SA. 2004. Optimal nitrogen-to-
phosphorus stoichiometry of phytoplankton.
Nature 429:171-74

Koch AL. 1971. The adaptive responses of Es-
cherichia colito a feast and famine existence.
Adv. Microbiol. Physiol. 6:147-217

Koch AL, Deppe CS. 1971. In vivo assay of
protein synthesizing capacity of Escherichia
coli from slowly growing chemostat cultures.
J. Mol. Biol. 55:549-62

Latta RG, MacKenzie JL, Vats A, Schoen DJ.
2004. Divergence and variation of quanti-
tative traits between allozyme genotypes of
Avena barbata from contrasting habitats. J.
Ecol. 92:57-T71

Liao D. 1999. Concerted evolution: molecu-
lar mechanisms and biological implications.
Am. J. Hum. Genet. 64:24-30

Liao D. 2000. Gene conversion drives within
genic sequences: concerted evolution of ri-
bosomal RNA genes in bacteria and archaea.
J. Mol. Evol. 51:305-17

Maalge O. 1969. An analysis of bacterial
growth. Dev. Biol. Suppl. 3:33-58

Maalge O, Kjeldgaard NO. 1966. Control of
Macromolecular Synthesis: A Study of DNA,
RNA, and Protein Synthesis in Bacteria. New
York: Benjamin. 284 pp.

Main T, Dobberfuhl DR, Elser JJ. 1997. N:P
stoichiometry and ontogeny in crustacean
zooplankton: a test of the growth rate hypo-
thesis. Limnol. Oceanogr. 42:1474-78

Makino W, Cotner JB. 2004. Elemental stoi-
chiometry of a heterotrophic bacterial com-
munity in a freshwater lake: implications for
growth- and resource-dependent variations.
Agquat. Microbiol. Ecol. 34:33-41

Makino W, Cotner JB, Sterner RW, Elser,
JJ.. 2003. Are bacteria more like plants
or animals? Growth rate and resource de-
pendence of bacterial C:N:P stoichiometry.
Funct. Ecol. 17:121-30

McGroddy ME, Daufresne T, Hedin LO.
2004. Scaling of C:N:P stoichiometry in
forest ecosystems worldwide: implications
of terrestrial Redfield-type ratios. Ecology
85:2390-401

Mindell DP, Honeycutt RL. 1990. Ribosomal
RNA in vertebrates: evolution and phylo-
genetic applications. Annu. Rev. Ecol. Syst.
21:541-66

Moore PB, Steitz TA. 2002. The involvement of
RNA in ribosome function. Nature 418:229—
35

Moss T, Stefanovsky VY. 2002. At the center
of eukaryotic life. Cell 109:545-48

Neidhardt FC, Ingraham JL, Schaechter, M.
1990. Physiology of the Bacterial Cell: A
Molecular Approach. Sunderland, MA: Sin-
auer & Assoc.

Nomura M. 1999. Regulation of ribosome
biosynthesis in Escherichia coli and Saccha-
romyces cerevisiae: diversity and common
principles. J. Bacteriol. 181:6857-64

Pikaard CS. 2000. Nucleolar dominance: uni-
parental gene silencing on a multi- megabase
scale in genetic hybrids. Plant Mol. Biol.
43:163-77

Pikaard CS. 2002. Transcription and tyranny in
the nucleolus: the organization, activation,



11 Aug 2005 20:42 AR

ANRV259-ES36-10.tex

FUNCTIONAL ECOLOGY OF rDNA VARIATION

XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

P1: OJO/NPC

241

dominance and repression of ribosomal RNA
genes. In The Arabidopsis Book, ed. CR
Sommerville, EM Meyerowitz, pp. 1-23.
Rockville, MD: Am. Soc. Plant Biol.

Polanco C, Gonzdlez Al, de la Fuente A,
Dover GA. 1998. Multigene family of ribo-
somal DNA in Drosophila melanogaster re-
veals contrasting patterns of homogenization
for IGS and ITS spacer regions: a possible
mechanism to resolve this paradox. Genetics
149:243-56

Polanco C, Pérez de la Vega M. 1997. Intergenic
ribosomal spacer variability in hexaploid oat
cultivars and landraces. Heredity 78:115-
23

Powell W, Thomas WTB, Thompson DM,
Swanston JS, Waugh R. 1992. Association
between rDNA alleles and quantitative traits
in doubled haploid populations of barley.
Genetics 130:187-94

Prokopowich CD, Gregory TR, Crease TJ.
2000. The correlation between rDNA copy
number and genome size in eukaryotes.
Genome 46:48-50

Pruss BM, Francis KP, von Stetten F, Scherer
S. 1999. Correlation of 16§ ribosomal
DNA signature sequences with temperature-
dependent growth rate of mesophilic and psy-
chrotolerant strains of the Bacillus cereus
group. J. Bacteriol. 181:2624-30

Reeder RH. 1984. Enhancers and ribosomal
gene spacers. Cell 38:349-51

Reeder RH. 1985. Mechanisms of nucleolar
dominance in animals and plants. J. Cell Biol.
101:2013-16

Reeder RH. 1999. Regulation of RNA poly-
merase I transcription in yeast and verte-
brates. Prog. Nucleic Acid Res. Mol. Biol.
62:293-327

Reeder RH, Roan JG. 1984. The mechanism
of nucleolar dominance in Xenopus hybrids.
Cell 38:39-44

Reeder RH, Roan JG, Dunaway M. 1983.
Spacer regulation of Xenopus ribosomal gene
transcription: competition in oocytes. Cell
35:449-56

Reich PB, Oleksyn J. 2004. Global patterns of
plant leaf N and P in relation to tempera-

ture and latitude. Proc. Natl. Acad. Sci. USA
101:11001-6

Rhee GY, Gotham 1J. 1981. The effect of envi-
ronmental factors on phytoplankton growth:
light and the interactions of light with nitrate
limitation. Limnol. Oceanogr. 26:649-59

Rocheford TR, Osterman JC, Gardner CO.
1990. Variation in the ribosomal DNA in-
tergenic spacer of a maize population mass-
selected for high grain yield. Theor. Appl.
Genet. 79:793-800

Rogers SO, Bendich AJ. 1987. Ribosomal RNA
genes in plants: variability in copy number
and in the intergenic spacer. Plant Mol. Biol.
9:509-20

Saghai-Maroof MA, Allard RW, Zhang Q.
1990. Genetic diversity and ecogeographical
differentiation among ribosomal DNA alle-
les in wild and cultivated barley. Proc. Natl.
Acad. Sci. USA 87:8486-90

Saghai-Maroof MA, Soliman KM, Jorgensen
RA, Allard RW. 1984. Ribosomal DNA
spacer-length polymorphisms in barley:
Mendelian inheritance, chromosomal loca-
tion, and population dynamics. Proc. Natl.
Acad. Sci. USA 81:8014-18

Sarmientos P, Cashel M. 1983. Carbon starva-
tion and growth rate-dependent regulation of
the Escherichia coli RNA promoters: Differ-
ential control of dual promoters. Proc. Natl.
Acad. Sci. USA 80:7010-13

Schade J, Kyle M, Hobbie S, Fagan W, Elser
JJ. 2003. Stoichiometric tracking of soil nu-
trients by a desert insect herbivore. Ecol. Lett.
6:96-101

Schlétterer C, Tautz D. 1994. Chromosomal ho-
mogeneity of Drosophila ribosomal DNA ar-
rays suggests intrachromosomal exchanges
drive concerted evolution. Curr. Biol. 4:777—
83

Seperak P, Slatkin M, Arnheim N. 1988.
Linkage disequilibrium in human riboso-
mal genes: implications for multigene family
evolution. Genetics 119:943-49

Sharma S, Beharav A, Balyan HS, Nevo E,
Gupta PK. 2004. Ribosomal DNA polymor-
phism and its association with geographi-
cal and climatic variables in 27 wild barley



11 Aug 2005 20:42 AR

ANRV259-ES36-10.tex

242 WEIDER ET AL.

XMLPublish$M(2004/02/24)
AR REVIEWS IN ADVANCE10.1146/annurev.ecolsys.36.102003.152620

P1: OJO/NPC

populations from Jordan. Plant Sci. 166:467—
71

Shufran KA, Mayo ZB, Crease TJ. 2003. Ge-
netic changes within an aphid clone: ho-
mogenization of rDNA intergenic spacers
after insecticide selection. Biol. J. Linn. Soc.
79:101-5

Sollner-Webb B, Tower J. 1986. Transcription
of cloned eukaryotic ribosomal RNA genes.
Annu. Rev. Genet. 55:801-30

Stent GS, Brenner S. 1961. A genetic locus for
the regulation of ribonucleic acid synthesis.
Proc. Natl. Acad. Sci. USA 47:2005-14

Sterner RW, Elser JJ. 2002. Ecological Stoi-
chiometry: The Biology of Elements from
Molecules to the Biosphere. Princeton:
Princeton Univ. Press. 439 pp.

Sterner RW, Schultz KL. 1998. Zooplankton
nutrition: recent progress and a reality check.
Verh. Int. Verein. Limnol. 27:3009-14

Stevenson BS, Schmidt TM. 1998. Growth
rate-dependent accumulation of RNA from
plasmid-borne rRNA operons in Escherichia
coli. J. Bacteriol. 180:1970-72

Stevenson BS, Schmidt TM. 2004. Life history
implications of rRNA gene copy number in
Escherichia coli. Appl. Environ. Microbiol.
70:6670-77

Strauss SH, Tsai C-H. 1988. Ribosomal gene
number variability in Douglas-fir. J. Hered-
ity 79:453-58

Su MH, Delany ME. 1998. Ribosomal RNA
gene copy number and nucleolar-size poly-
morphisms within and among chicken lines
selected for enhanced growth. Poultry Sci.
77:1748-54

Taylor WF. 1923. The inheritance of ‘bobbed’
in Drosophila hydei. M.S. thesis, Univ. Calif.,
Berkeley, CA. 17 pp.

Templeton AR, Hollocher H, Johnston JS.
1993. The molecular through ecological ge-

netics of abnormal abdomen in Drosophila
mercatorum. V. Female phenotypic expres-
sion on natural genetic backgrounds and in
natural environments. Genetics 134:475-85

Templeton AR, Rankin MA. 1978. Genetic rev-
olutions and control of insect populations, In
The Screwworm Problem, ed. RH Richard-
son, pp. 83—-112. Austin: Univ. Texas Press

Vrede T, Andersen T, Hessen DO. 1998. Phos-
phorus distribution in three crustacean zoo-
plankton species. Limnol. Oceanogr. 44:
225-29

Vrede T, Dobberfuhl DR, Elser JJ, Kooij-
man SALM. 2004. The stoichiometry of
production—fundamental connections amo-
ng organism C:N:P stoichiometry, macro-
molecular composition and growth rate.
Ecology 85:1217-29

Vrede T, Persson J, Aronsen G. 2002. The
influence of food quality (P:C ratio) on
RNA:DNA ratio and somatic growth rate of
Daphnia. Limnol. Oceanogr. 47:487-94

Wagner R. 1994. The regulation of ribosomal
RNA synthesis and bacterial cell growth.
Arch. Microbiol. 161:100-9

Weider LJ, Glenn KL, Kyle M, Elser JJ. 2004.
Associations among ribosomal (r)DNA in-
tergenic spacer length variation, growth rate,
and C:N:P stoichiometry in the genus Daph-
nia. Limnol. Oceanogr. 49:1417-23

Weider LJ, Makino W, Acharya K, Glenn KL,
Kyle M, et al. 2005. Genotype x environ-
ment interactions, stoichiometric food qual-
ity effects, and clonal coexistence in Daphnia
pulex. Oecologia. In press

Zhang Q, Saghai Maroof MA, Allard RW.
1990. Effects of adaptedness of variations in
ribosomal DNA copy number in populations
of wild barley (Hordeum vulgare ssp. sponta-
neum). Proc. Natl. Acad. Sci. USA 87:8741—
45



