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Abstract. The neutral theory often is presented as amode of neutral evolution, it is not the only conceivable
theory of “noise” or silent changes at an isolated “mo-mode. Neutral models may be applied to what is here
lecular level,” relevant to marking the steady pace ofcalled “constructive” evolution and what is elsewhere
divergence, but not to the origin of biological structure, referred to as “innovation” or the evolution of “novelty”
function, or complexity. Nevertheless, precisely these is-or sometimes “new functions.” Neutral models of con-
sues can be addressed in neutral models, such as thosteuctive evolution already exist, the most relevant ex-
elaborated here with regard to scrambled ciliate genesample being the “codon capture” phase of the Osawa—
gRNA-mediated RNA editing, the transition from self- Jukes model for changes in a genetic code (Osawa et al.
splicing to spliceosomal splicing, and the retention 0f1992). In the preliminary “codon loss” phase of this
duplicate genes. All of these are instances of a morenodel, the influence of a mutation bias results in the
general scheme of “constructive neutral evolution” thatgradual disappearance of one type of codon, allowing
invokes biased variation, epistatic interactions, and exsubsequent loss of the corresponding tRNA by random
cess capacities to account for a complex series of stefd&ation of a null mutant [see Osawa et al. (1992) for
giving rise to novel structures or operations. The direc-possible biological precedents]. If the mutation bias is
tional and constructive outcomes of these models are dulater relaxed, the stage is set for “codon capture” and a
not to neutral allele fixations per se, but to these othemew genetic code: the lost codon may arise (by mutation
factors. Neutral models of this type may help to clarify in some gene), but such events will produce only delete-
the poorly understood role of nonselective factors in evo+ious alleles until such time as an appropriate tRNA (one
lutionary innovation and directionality. that reads the lost codon) appears. Because spontaneous

duplications of tRNA genes and mutation that change
Key words: Neutral evolution — Scrambling — RNA tRNA specificities occur naturally (Osawa et al. 1992;
editing — Spliceosomal introns — Gene duplication — Robeson et al. 1980), such a tRNA is expected to appear
Complexity given sufficient time. When this happens, instances of
the lost codon may accumulate (by mutation and random
genetic drift) and the new genetic code may become
entrenched.

Neutral evolution is often seen as a conservative or “si- Covello and Gray (1993) have sketched a neutral

lent” process. Although this may be the most commoandeI for thg E’.VOIUt'?n of RNA pan;edltlng th_at IS In
some ways similar to “codon capture” and that is elabo-

rated further below. In both the Covello-Gray model and
*Present addressCARB, 9600 Gudelsky Drive, Rockville, MD the codon capturg phase of the Osawa_.‘]UKeS_ model, the
20850, USA outcome of a series of neutral changes is an increase in
E-mail: arlin@carb.nist.gov the number of parts, operations, or interactions (among
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parts) contributing operationally to fithess. Both modelsthat there is an absolute definition of neutrality (i.e., fit-
can be understood as instances of a more general modeéss difference of zero) and that any departure from this
of constructive neutral evolution invoking (i) the pres- unachievable ideal vitiates the neutral theory (e.g., as
ence of excess capacity in biological systems (e.g., amplied by Wallace 1991), or that a convenient rule-of-
gratuitous duplicate tRNA gene), (ii) biases in the pro-thumb exists by which “neutral” really means something
duction of variants (e.g., mutation biases leading to glob-akin to “biochemically similar,” or that “neutral” applies
al changes in codon frequencies), and (iii) a compoundto isolated characters (rather than to a comparison of
ing of selective constraints due to epistatic interactionscharacter states) according to a criterion of “lacking
with neutrally evolving sites (e.g., constraints againstfunction,” or that neutral evolution must involve “silent”
loss of a previously gratuitous tRNA due to instances ofchanges that depend on “degeneracy” of the relationship
a previously lost codon). between genotype and phenotype (e.g., Cronin 1991).
The terms “constructive” and “neutral” require some Instead, the only necessary “degeneracy” in the concept
clarification, since the former term is unfamiliar in an of neutrality is with respect to fithess: neutral evolution
evolutionary context, and the latter, though familiar, is ais a transition between states with approximate parity of
well-known source of confusion. First, the term “con- fithess, there being no restriction on how a given degree
structive” is not meant in the vernacular sense of “sym-of fithess is achieved, so that changes in phenotypic and
pathetic” or “positive” but is intended merely as a de- “functional” characters are fair game, including every-
scriptive term, useful in conjunction with “reductive” thing from morphological changes documented in the
and “conservative” to refer to increase, decrease, antbssil record (Lande 1976) to molecular changes that
lack of significant change (respectively) in the complex-alter enzyme activities (Hartl et al. 1985).
ity of features that contribute operationally to organismal A related use of “neutral evolution” refers by exclu-
fithess. For instance, in the Osawa—Jukes model for gesion to any change that is not itself an adaptation by
netic code changes, the codon loss phase (loss of a codmatural selection (as by Nitecki and Hoffman 1987). In
and iso-accepting tRNA) is reductive, the codon capturehis broader sense, “neutral” changes would include not
phase (gain of a tRNA and reappearance of the codon) isnly random fixations and genetic hitchhiking (fixation
constructive, and the overall codon reassignment is conef an allele tightly linked to a selected allele), but also
servative (to the extent that the two codes are simplypleiotropic effects of selective allele fixations. If a selec-
arbitrarily different ways to map 21 meanings onto 64tive allele fixation takes place on the basis of the advan-
words). In precise terms, an attribute can be said to “contage conferred by attribute X, other attributes, Y and Z,
tribute operationally to fithess” to the extent that its re-are fixed in the population simultaneously if they are
moval or diminution would reduce fitness. Attributes developmental or structural consequences of the same
with this property are usually said to have a “function” or genetic change. Attributes Y and Z, considered in isola-
to be “functional,” and when “function” is used in this tion, may be neutrasensu strictar deleterious (though
sense, “contructive evolution” is synonymous with “evo- any deleterious effect of Y and Z will not have out-
lution of new functions” or “increase in functional com- weighed the advantage of X). The concepts of allometry
plexity.” and “spandrels” (Gould and Lewontin 1979), as well as
Second, misunderstandings of “neutrality” are the baimany invocations of “developmental constraints” (May-
sis for a great variety of erroneous reports of the death onard Smith et al. 1985), are based on this implication of
collapse of the neutral theory of molecular evolution pleiotropy, which might be thought of as “developmental
(e.g., Berry 1982, p 30). Although the word “neutral” hitchhiking.” Occasionally, pleiotropic effects are seen
may in other contexts indicate a null model or a “ran-explicitly as an alternative to random fixation as a
dom” model, in the context of the neutral theory of mo- mechanism of “neutral” change (e.g., as discussed by Nei
lecular evolution (Kimura 1983), neutrality is based on 1987, p 387). The proportion of phenotypic changes that
the susceptibility of alleles to fixation by random genetic are “neutral” in this broad sense is not known and could
drift: two alleles are neutral (“effectively neutral”) by be quite large if genetic changes with significant fithess
comparison if their selection coefficients differ by much effects on one character typically affect many other char-
less than the reciprocal of the effective population sizeacters.
(Kimura 1983, p 44; Li 1997, p 55). Somewhat larger  Thus, neutral evolution is not restricted to “silent” or
fithess effects are allowed for the fixation of very slightly “nonfunctional” changes—indeed, it is not restricted to
deleterious (“nearly neutral”) alleles (Ohta 1996). Theany category of outcome excluding changes biased to-
necessity of comparing selection coefficients and popuward increased fithess—and thus it may be said that
lation size in this manner has been understood by popueonstructive neutral evolution is possible, in theory. One
lation geneticists for 70 years (e.g., Haldane 1932). may allow this possibility in theory without giving it
Nevertheless, various maverick notions of “neutral-serious attention in practice, therefore the aim of this
ity” that depart from this definition persist: the notion work is to advance this possibility to the level of detailed
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Fig. 1. Evolutionary scrambling and developmental unscrambling. is that, for the scrambled gene, the topological outcome of the second
Hypothetical genes with four MDS segmentgdy boxey and three  crossover is an inversion rather than a deletion. The order of recom-
IES segmentsirfterconnecting linesare shown. Corresponding MDS/  bination events does not matter in the simple hypothetical case shown
IES and IES/MDS boundaries have short matching sequences indicatetere. Observed configurations of scrambled genes are considerably
by the smallerarrow-shaped boxesEvolutionary change (from un- more complex and seem to be patterned in ways that reflect the avoid-
scrambled to scrambled) is indicated by tightward arrow leading ance of configurations in which nonproductive ordering of recombina-
from a nonscrambled gene to the scrambled gene that would result frortion events is possible; observed configurations also could reflect as-
inverting a block including MDS 2 and 3. Steps in developmental pects of chromosome structure (Prescott and Greslin 1992), presumably
processing are indicated by tdewnward arrowdeading from micro- by influencing the likelihood of events of developmental or mutational
nuclear genes to macronuclear ones. For both the unscrambled and thearrangement. Nonetheless, the bias noted in the text will be strong
scrambled versions, the same three precise crossovers (at points markeden if the set of neutral, readily realizable configurations is only a tiny
with an “X”) complete the rearrangement process: the only differencefraction of the conceivable configurations.

hypotheses regarding specific cases. Four case studiesl copied and processed from the germ-line “micro-
are presented: (i) a more complete version of the Covelaucleus” following sexual reproduction. In hypotrichous
lo-Gray model (which did not initially address the issueciliates, the micronuclear genome has interrupted genes,
of biased variation as a driving force) applied to gRNA- mosaics of MDS (macronuclear-destined sequence) and
mediated RNA pan-editing, as well as schemes to adiES (internal eliminated sequence) segments (Prescott
dress (ii) gene scrambling in hypotrichous ciliates, (iii) 1997). Such interruptions are possible because micro-
the evolution of the eukaryotic spliceosomal splicing nuclear genes are not expressed. During macronuclear
system, and (iv) the retention of duplicate gene loci.development, IESs are spliced out, and flanking MDSs
Subsequently, the conceptual basis of these models isre ligated together to make an operational gene. The IES
clarified and considered in a broader context. elements appear to have arisen from transposons that
duplicate the local sequence into which they are inserted;
the duplicate sequences flank the inserted element and,
apparently, provide the specificity for developmental ex-
cision by crossing-over (Fig. 1, left).

What is curious about this system is not the presence
Ciliates are unicellular eukaryotes with two types of nu-of IES elements—which can be seen as one of many
clei: the somatic “macronucleus” contains genetic mateforms of selfish DNA that inhabit eukaryotic genomes—

Case Studies in a General Model

The Evolution of Scrambled Ciliate Genes



172

but the fact that micronuclear MDS segments are oftertheir complementarity to gene transcripts) must have
scrambled in order and orientation relative to the mac-arisen initially by duplication and antisense transcription
ronuclear (expressed) copy of the gene (Prescott 1997pf a gene segment. The gRNAs are often said to allow
This scrambling has been considered a mystery, for lackcorrection” of “mistakes” in transcripts, but the implied
of an apparent adaptive benefit. evolutionary sequence of events (given explicitly by
However, scrambling may have evolved under theseCavalier-Smith 1997) is itself a mistake: if gRNAs arise
conditions even without an adaptive benefit. The relianceyy duplication and antisense transcription of a gene seg-
of the excision mechanism on specific duplicate se-ment, a gRNA gene that arisattera T deletion will lack
quences would appear to result in an unsolicited capacityhis same nucleotide position and, thus, has no capacity
for unscrambling of a rearranged gene during macrofor correction. Instead, the duplication that gives rise to
nuclear development, as illustrated in Fig. 1. To the ex-3 gRNA gene must precede the T deletion. This raises the
tent that rearranged genes (arising by micronuclear mupossibility that the chance expression of a prospective
tations) are unscram_bl_ed effe_ctiv_ely, they will be neutralyrNA gene renders a subsequent T deletion tolerable,
alleles capable of drifting to fixation. _ such that it is a neutral allele subject to random fixation.
Given such a buffer against the otherwise adverserhe T deletion would represent a harmful frameshift
effe(;ts ofmicrpnuclear gene rearrangements,along—ter%thout the gRNA, thus the occurrence of a deletion
net increase in scrambling would be expected, simplyyhqses a constraint that stabilizes the gRNA (as well as
because there are many more scrambled than Unpe enzymatic capacity for editing) against subsequent
scrambled conflggratlons. More' spemflcall_y, a s_etnof evolutionary loss (see Fig. 2B) (Covello and Gray 1993).
MDS segments.W|II have’2 * n,! distinct configurations, Although such an initial T deletion could be reverted
only one of which would be in the “unscrambled” cat- by a T insertion (allowing subsequent loss of a gRNA),

egory: for example, fon = 8, there is 1 unscrambled n increase in editing is far more likely, for two reasons.

configuration and 5,160,959 scrambled variants, 35 Olé—irst, DNA polymerases typically delete single nucleo-

Wh'Ch C.OU|d k_)e reac_hed fm”f' Fhe ur_wscrambled state by %des several times more frequently than they insert them
single inversion. Given sufficient time, if a scrambled (e.g., Thomas et al. 1991) so that individual neutral

gene can evolve (by mutation and drift), it will evolve, . .
and by subsequent changes it will be less likely to reverf:hang.es may be biased to.vvard-deletlons. Second, and
than to wander more deeply into the morass of scrambled'©"® |mport§1r-1tlly, a gRN_A IS typlcall_y long (_enough.to
configurations. prowdg the (|n|t|glly gratuitous) capacity to gL_ude ed_ltlng
at not just one site, but one or two dozen sites (Fig. 2).
Thus, while reversion from one to zero editing sites re-
The Evolution of gRNA-Mediated RNA Pan-Editing ~ 9uires a T insertion at one specific position, an increase
from one to two sites may occuyta T deletion at any
In trypanosome mitochondria, gene expression proceedd€ 0fn — 1 positions, where is the number of possible
through an eleborate stage in which insertion of U (ura-2diting sites (i.e., U residues in the mature transcript
cil) nucleotides (nt) occurs at thousands of specific siteg®gion corresponding to the gRNA). Taken together,
in protein-coding regions of gene transcripts (Alfonzo etthese two biases render an increase from one to two sites
al. 1997). This process does not destroy the meaning d{n — 1) times more likely than a reversion from one to
the genetic message but, instead, creates it: the unedit&@ro, where is the deletion:insertion mutation bias. The
transcripts are encoded in bizarre “cryptogenes” (e_g_further increase from two to three sites is again favored,
see Fig. 2A), but the edited transcripts encode operaand so on, until equilibrium is reached when the ratio of
tional proteins. The editing process is guided by a largeedited to nonedited sites isFigure 2A suggests= 10.
number of short (50- to 80-nt) RNA molecules called At equilibrium, the completely nonedited configuration
“guide RNAs” or gRNAs, which have “anchor” regions would be a fractionr(+ 1)™ of the total, or 10°to 10°**
of complementarity to the transcript to be edited andfor nin the range of 12—24 andin the range of 4-10
“guide” regions that guide the editing process by base{i.e., the expected equilibrium distribution is just a case
pairing interactions (see Fig. 2A). Once a gRNA is an-of the binomial probability distribution, ovem events,
chored to its template by base-pairing, editing of a shortvherer = p/q).
block of transcript (usually 30—-40 nt) proceeds by cycles All of this presupposes an enzymatic machinery of
of cleavage, U-insertion, and ligation (Alfonzo et al. editing, which must have predated the first edited site.
1997). The editing machinery exhibits four biochemical activi-
The evolution of this “apparently superfluous detour” ties found commonly in other cells: RNA helicase (to
(Malek et al. 1996) can be understood as an accumulawind or unwind duplexes), endoribonuclease (to cleave
tion of (i) edited sites, where U-insertion sites in RNA an RNA strand), terminal uridyl transferases (to add uri-
represent T (thymine) nucleotide deletions at the corredine residues to a strand), and RNA ligase (to ligate
sponding gene sites; and (i) gRNAs, which (because oftrands) (Alfonzo et al. 1997). Prior to participating in
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Fig. 2. Evolution of gRNA-mediated RNA pan-editindd A pan- that provides the sequence information utilized in inserting or deleting
edited RNA transcript. Shown here are 114 protein-coding nucleotided) residues, and a poly(U) “tail” (not shown), whose significance is
of the mature (editedJrypanosoma cruzaMURF4 mRNA (5-3' ori- unclear.B The spread of editingorizontal arrowsshow transitions
entation), the amino acid translatioabpve, and four overlapping  between possible stategertical arrowsindicate steps in gene expres-
gRNAs (elow; 3'-5' orientation) (Avila and Simpson 1995Fapital sion. Novel prospective gRNAs may arise by chance at a very low rate
lettersindicate the nucleotides (52 of the 114 total nucleotides) that areand face immediate loss. However, er&T nucleotide is deleted in the
transcribed from a DNA templatigwercase‘'u” nucleotides (62 of the  corresponding region of the protein-coding gene, loss of the gRNA is
69 uridines) result from editing. In general, gRNAs consist of’a 5 no longer possible without first reverting the change by insertion, a step
“anchor” region that can pair with an RNA transcript, a “guide” region that is extremely unlikely due to biases discussed in the text.

RNA editing, some or all of these activities may have (i.e., fragments such as gRNASs) but, instead, provide a
operated together in other contexts. A possible precursarason to suspect the prior existence of a replication—
would be a system analogous to the small-nucleolarexpression system facilitating the spontaneous produc-
RNA-mediated cleavage of rRNA transcripts, a procesgion of gratuitous RNAs subject to entrainment in edit-
that exhibits (in common with gRNA-mediated editing) ing, a step that otherwise would be strongly limiting on
ribonuclease-catalyzed cleavage of a transcript within @he rate of evolution of gRNA-mediated editing.

region paired to a small RNA (Maxwell and Fournier = To summarize, given insertions and deletions of single
1995). In general, mitochondrial genomes are transcribeducleotides, as well as a source of prospective gRNAS,
in long pieces that require multiple post-transcriptionalpan-editing will arise inevitably, albeit slowly, if there is an
cleavage events (Gillham 1994): possibly trypanosomegnzymatic machinery that corrects mismatches in paired
had, or still have, a system that utilizes gRNA-like mol- RNA duplexes. This process would be favored strongly by
ecules to guide cleavage events (without editing) in nona systemic bias due to the initial state of exact complemen-
translated spaces. Indirect evidence also suggests thtarity of gRNA and transcript, a state from which the sys-
gRNA gene elements (which may occur interspersedem will tend to depart by accumulating T deletions. The
with crytogenes, in repetitive arrays, or on separate chromachinery can be proposed to have existed fortuitously (in
mosomes called “minicircles”) have a structural role re-the form of a combination of enzymes performing other
lating to the amount or concentration of organellar DNA. operations) and to have been entrained in editing, though
Such roles do not suggest a raisoftiéefor RNA frag-  this issue must remain relatively intractable because it
ments with sequences complementary to coding regionsvolves a singular event rather than a recurrent one.
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The Evolution of Spliceosomal Splicing Loss of Self-Splicing in Most Intron&.further step in

Introns are spliced from eukaryotic protein-coding genesthe dlrect|on. of similarity to. the spliceosomal system
by a “spliceosome,” a complex assembly of RNA andWould be for introns present in the same compartment as

protein. Biochemically purified spliceosomes include at® Fagmented intron to lose inherent self-splicing ability,

least several dozens of different proteins and five smaIPeCOmIng dependent on the intron fragments (i.e., the

(100- to 200-nt) RNA molecules known as “spliceo- Incipient SnRNAS). In the presence of sucttans-acting
somal snRNAs” [small nuclear RNAs (Lamond 1993)] fragment, other introns are free to suffer splicing defects
However, spliceosomal splicing appears to have ariseﬁompertl)sated bY It, a zr(()jc.?tss th";t might behexpected to
from a simpler form of self-splicing homologous to that oceur (by mgtatlon and dr I')ktcl) t eéaxten(tjt Iat slponta-
seen in modern group Il self-splicing introns, as argueolqeous mutations are more likely to degrade local struc-

from the relevant phylogenetic distributions (Cavalier- Eural eler?gnts than to preserve or augment them. The
Smith 1991), as well as from extensive similarities be- group lII” introns found in Euglenachloroplast genes

tween the RNA components of the spliceosomal ancg€em to represent a biological precedent: these group-II-
group Il systems (Copertino and Hallick 1993) Somerelated introns lack most of the catalytic structure ex-
confirmation of this idea has been provided recently, bypected for group |l splicing, and do not self-splice, bu_t
experiments showing that U5 snRNA can partially are suspected to rely on separately lencoded trans-acting
complement a deletion of the corresponding region of eBNA fragments (Copertino and Hallick 1993).

roup Il intron (Hetzer et al. 1997). . . .
group ( ) The Addition of Dozens of Proteins to the Spliceo-

The transition from a system with many self-splicin ) . .
y y plcing some.The many proteins that operate in the spliceosome

roup ll-like introns to a system with a spliceosomal ™", ? . h
gplicﬁ]g machinery and mar?y passive intror?s can be enr_mght be explained adaptively if they enhance the speed

visioned in terms of three component processes: or stability of splicing. However, available evidence sug-
' gests that spliceosomal splicing is not faster, but slower

Fragmentation of a Catalytic Intron into Trans- than group Il splicing (Baure and Wieslander 1994;
Acting snRNAsFor a coherent self-splicing intron to Beyer and Osheim 1988; Lang and Spritz 1987; Schmidt
evolve into a set of snRNAs, it must be split multiply, et al. 1996); and rapid rates of group Il splicing have
and the pieces must actfrans. Such a change may not been measured at temperatures that disrupt spliceosomal
have required any prior specialization of the properties ofsplicing (Schmidt et al. 1996; Yost et al. 1990). That
the intron: studies of group Il splicing in vitro show that some spliceosomal proteins may have arisen neutrally
artificially split introns can reassociate and that deletionscan be suggested by analogy with a scheme for the origin
of specific structural regions can be complemented byof splicing factors proposed by Lambowitz and Perlman
supplying the deleted portion trans(Hetzer et al. 1997; (1990) with regard to the CYT18 protein of the fungus
Jarrell et al. 1988). This in vitro observation is paralleledNeurospora crassalThe CYT18 protein, which is the
in vivo by the observation that some plant organellemitochondrial tyrosyl-tRNA synthetase, facilitates the
genes are split, within their group Il introns, into sepa-splicing of some (but not all) mitochondrial group | in-
rately transcribed upstream and downstream fragmentsons and does so iN. crassabut not in most other fungi
that associate to complete the splicing reaction (BonerfLambowitz and Perlman 1990). Intron-specific splicing
1993). To the extent that splitting of the intron can occurfactors with restricted phylogenetic distributions have
with little disruption of splicing, split rearrangements appeared several times in fungal evolution, and this,
may be neutral alleles capable of drifting to fixation. along with the variable patterns of natural occurrence of
Given the possibility that intron splitting is tolerated, a the introns (which are mobile elements), suggests that ad
net increase in splitting can be anticipated simply be-hoc dependencies on protein factors have arisen repeat-
cause the introns start out unsplit and there are mangdly (Lambowitz and Perlman 1990).
more ways to arrange genes into sets of discontinuous To explain such a process, Lambowitz and Perlman
pieces than into continuous ones. (1990, p 444) suggest that “after the introns were ac-

A further step in fragmentation is represented by thequired, they would interact with a variety of cellular
psaAgene (ofChlamydomonashloroplasts), which has RNA-binding proteins, such as aminoacyl-tRNA synthe-
a group Il intron split into at leasthree parts, with a  tases. If these interactions fortuitously stabilize structures
separately transcribed central fragment encoded by theequired for splicing, the intron may then lose the ability
tscAgene (Goldschmidt-Clermont et al. 1991). TheA  to self-splice, thus fixing the interaction.” That is, the
fragment is thus analogous to an snRNA, being a smalinultitude of RNA-binding proteins in the cellular milieu
RNA that operates itransin a splicing reaction. Wheth- creates the conditions under which an accidental depen-
er or not the intron fragment is recycled in the splicing of dency may arise. Any protein with an affinity for the
multiple introns is not known at present, but the occur-native state of an intron stabilizes it, by Le Chatelier's
rence of such an interaction can be anticipated on th@rinciple. The intron then may lose some of its inherent
grounds that RNA helicases are generally available irstructural stability, resulting in a protein dependency.
cells. Rather than replacing catalytically active RNA moieties,
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or enhancing speed or stability, the protein would replacéNadeau and Sankoff 1997) tends to confirm the conclu-
RNA determinants of structural stability [a relationship sion that a substantial proportion of duplicates is retained
perhaps exemplified by the CBP2 splicing factor (Weeksin evolution.
and Cech 1996)]. The existence of gratuitous affinities Since many duplicates are ultimately lost, many or
between RNA-binding proteins and structural RNAs is most duplicates must have been redundant initially. Neu-
readily argued from observations such as the followingiral fixation of null mutations readily accounts for the
severalE. coli ribosomal proteins facilitate splicing of lost loci, but what about the duplicates that are retained?
bacteriophage T4 group I introns in vitro (Coetzee et al.Neutral loss due to the random fixation of null mutations
1994), thoughE. coli strains generally do not harbor occurs so rapidly that practically none of the duplicates
group | introns; théE. coliribosomal proteins S4 and S12 \ould survive more than a few million years (Li 1980).
have specific binding affinities for rRNA regions other yet adaptive divergence implies that “a distinct function
than the ones that they bind in the active ribosome (Steriy waiting for each daughter gene” produced by the du-
et al. 1989); and the sante coli S12 protein facilitates pjication (Hughes 1994), which seems reasonable (and
the activity of the hammerhead ribozyme, a small RNAye|| evidenced) in isolated instances but rather unrea-
engineered from a plant virus (H(_arschlag et al. 1994). sonable as an explanatioin for perhaps 15,000-30,000
In summary, the elaborate spliceosomal system mayqirs of duplicate loci retained over the long term in a
have evolved from a simpler self-splicing system byjshy genome, particularly since the opportunity for adap-
fragmentation andrans action of one or a few active e diversification would be restricted to the brief few

introns, loss of self-splicing ability in the remaining in- ijion years before all of the redundant duplicates are
trons, and accretion of many proteins. Each process Caflot by fixation of nulls

be argued on the basis of biological precedents that in-
Vzlv_e spl|(c:j|ngt_sys|;emsf_?nds';hat are I:] ot ?ﬁsomatled WIﬂévolution that is now familiar suggests a third possibility:
obvlous adap |ve. ENETILS. SIEPS SUCh as INese also 0Caf’ oy vagq capacity exists in the form of redundant du-
in other contexts: apparently gratuitous fragmentation o licate genes: (i) reductions in the activity of each gene
genes whose products, nevertheless, associate after eD '

. . would impose a selective constraint preventing the loss
pression is seen for ribosomal RNA genes (Nedelcu . ) .

o . . : of the other duplicate copy; and (iii) such reductions are
1997; Wilson and Williamson 1997); reduction or loss of tavored bv a bias in the production of variants. since
an activity encoded in an element when this activity can_~_ " ya pre ’

ctivity-reducing changes will be more common than

be supplied by another copy of the element is seen irt ~." 7 . ) .
nonautonomous transposons (lida et al. 1983): and th@ctivity-increasing ones. Previous neutral models do not
: include activity-reducing mutations, only null mutations.

accretion of multiple proteins to catalytic RNAs that are h ority of ,
presumed to have operated ancestrally without proteingett € majority of spontaneous mutations are not gene-

is suspected for ribosomes and ribonuclease P (lnou@activating deletions or insertions, but nucleotide sub-
1994). stitutions (e.g., Sommer and Ketterling 1994), and only a

minor fraction (perhaps 10%) of substitutions that alter

protein sequences results in a reduction of activity by
The Dilemma of Duplicate Gene Retention more than one or two orders of magnitude (e.g., Rennell

et al. 1991).
Ohno (1970) argued that the profusion of duplicate iso- When activity-reducing mutations are included in a
zyme loci in eukaryotes can be traced |arge|y to genom@eutraJ model, stabilization of a duplicate pair is a com-
doublings initiated by events of auto- or allotetraploidi- mon outcome: computer simulations suggest that
zation. Evidence of such events occurring in the last fewoughly 10-30% of initially redundant locus pairs will
hundred million years is readily detectable in patterns ofoe stably established within a few million generations
total DNA content, karyotype, and isozyme expression inby random fixation of activity-decreasing changes at
various groups of organisms, including ferns, salmonidspoth loci, as shown in Fig. 3 (A. Stoltzfus and O.C.
catostomids, loaches, sturgeons, salamanders, and frofeeley, unpublished). This model can account for long-
(Buth 1983; Ohno 1970). The long-term evolutionary term retention of a substantial proportion of duplicate
stability of duplicate loci in such cases presents someisozyme loci and is consistent with (i) the observation
thing of a paradox (for review, see Li 1980). In the casethat most retained isozyme pairs exhibit patterns of ex-
of salmon and its relatives, tetraploidization is hypoth-pression consistent with simple quantitative changes in
esized to have occurred 50-100 MYA (million years gene or enzyme activity (Ferris and Whitt 1979) and (ii)
ago), and the proportion of loci for which both duplicate the evidence that, in general, duplicate genes experience
copies are still detectable (by electrophoresis and enronconservative changes at a rate that is heightened ini-
zyme-activity-based staining), is 50%; for carp and rela-tially (Hughes 1994; Ohta 1994) and that is roughly
tives, 47% of duplicate loci persist after perhaps 16 MY;equal for the two copies (Hughes and Hughes 1993).
for loaches, 25% of loci persist after 15-40 MY (Li Such a model obviously will not account for all
1980). Recent work based on sequence data (e.gknown aspects of duplicate gene divergence and persis-

However, the general scheme of constructive neutral
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nisms [i.e., other than natural selection], such as
drift or pleiotropy, can produce complex and in-
tricate traits that appear to be adaptations.

Brandon (1990, p 175)

Ratio of activily-  For most biologists, features that are complex or coor-
ecreasing

mutations to null  dinated, that figure prominently in the biology of an or-

mutations  ganism, and that can only have arisen by a long series of
4 changes will “appear to be adaptations.” The common
5 assumption (e.g., as in the passage quoted above) is that

such traits arise by natural selection, usually by the clas-
1 sic model of a series of successive, small modifications,
05 each of which is beneficia_l _for some reason relating to
r o p—— P 7005000 the “function” or current utility of the trait. Clearly, the
traits addressed in the case studies above would qualify
Generation as “complex and intricate.” They also “appear to be ad-
Fig. 3. Simulated retention of duplicate loci under a neutral model. gptations” in the sense of eliciting proposals of hidden
D‘i‘é';‘;a;iti'void erg’as;r:ap;?&)t’aggﬁ;grg‘g:sg"g;?is‘i’égi‘;kcﬁ‘:\%‘; adaptive benefits [most prominently for the case of RNA
Zr; the rate 2; activity-regucing mutations increases, more duplicatesedltlng (e.g., Hajduk et al. 1993; Landweber 1992; Stuart
are retained, due to fixation of activity-reducing changes at both loci. 1991; Stuart et al. 1997; Weissman et al. 1990)].
Each curve is based on 200 replicates with an initial population of 1000  In the models outlined here, complex and intricate
haploid individuals with two loci, each contributing an activity o{,1  traits arise, not by the classical model of beneficial re-
for a total of X, and facing threshold selection on survival such that {jnements but, instead, by a repetition of neutral steps.

only individuals with a combined activity of at leasK Burvive and The fundamental seduence of events is that a novel at-
reproduce. Genes are subject to null mutations at a faexd.0° per g

gene per generation, and activity-reducing mutations at a rate of 0, 0.gribute appears i!"itia”y as an excess capacity and later
1, 2, or 4 times the null rate. An activity-reducing mutation multiplies becomes a contributor to fitness, due to a neutral change

activity by a factorr, wherer is a uniform random deviate in [0,1]. at some other locus that creates a dependency on it. This
Biologically reasonable ratios of activity-decreasing: null mutations aref ndamental sequence of events may occur just once (as

probably in the range of 1-3. Activity-increasing mutations (not in- . . .
cluded here) do not seem to alter the outcomes substantially as long & the Lambowitz—Perlman model to explain the CYT18

they are less common and less extreme than activity-decreasing mut&Plicing factor) ora similar_sequence _Of eV_entS may be
tions. Preliminary results from a diploid model (not shown) are quali- repeated many times at different loci (as in the other

tatively similar. models discussed here).
A feature that results from such steps may appear

. . . . omplex if it has arisen from some other attribute with a
tence, yet it has several interesting properties, two of

which may be noted. First, although the model presenteqong evolutionary _hlst.ory (e.g.z as for a novel gene cre-
. o : : . “ated by gene duplication) and if it involves the long-term
here allows only simple quantitative divergence in activ-

. ST . R accumulation of many similar changes. Given inevitable
ity, this limitation is owing to its simplistic genotype—

phenotype—fitness relationship: more complex modes o urifying selection, any novel attribute that arises in this
divergence would be possibie given a multifaceted "2nner is likely to be coordinated, rather than in conflict,

: . . with its biological milieu: it will be an “aptation” in the
model in which the role of the duplicate gene productsSense of Gould and Vrba (1982) and “polite” in the sense

may be SUbd'V!deq in many quall_tatl\{e ways, rgthgr thanof Zuckerkandl (1992). Whether such features should be
a single quantitative way, resulting in specialization or

“functional” divergence. Second, to the extent that thisterm(ad adaptations” is a matter of semantics. The prod-

model explains the persistence of some substantial pr gcts qf constructiv_e ngutral_ evolution Wogld be adapta-
portion of duplicate loci following a genome doubling Sions if an adaptation is defined as an attribute that con-

o . tributes operationally to fitness (e.g., Hecht and Hoffman
(or a subchromosomal duplication that includes SOME, oo "> ckerkand 1992) but not if an adaptation must
redundant duplicates), it expands enormously the Oppor “b,uilt by selection.” that is. by the model of succes-
tunity for subsequent specialization (adaptive or other- y ' el

. . sive selective refinements (e.g., Gould and Vrba 1982;
wise), presumably proportional to the areas under th?NiIIiams 1966)
curves in Fig. 3. :

Constructive neutral evolution, then, would differ
from the classical model of adaptive refinement in three
respects. Directionality or the recurrence of similar steps
is due not to a common adaptive benefit to which the
It is worth noting that presumably no serious steps accrue, but to a common bias in the production of
biologists think that other evolutionary mecha- variants. A novel attribute is not immediately beneficial

Percent retained duplicates

Discussion
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but, instead, appears initially as excess capacity. Antron is no longer reversible when other introns become
“function” or contribution to fithess ultimately ascribed dependent on it. Such effects may be compounded by
to the attribute thus does not arise by an immediate beradditional changes of the same type (e.g., further frag-
eficial effect whose subsequent loss would be deleterioumentation of an intron or further accumulation of edited
but, instead, by a subsequent change at an interacting sisites).
that renders loss of the attribute deleterious. In the sec- The specific notion that subsequent changes might
tions that follow, these three aspects of the model arélock in” a previously variable feature, as well as the
explained more fully and related to similar concepts en-more general notion that the longer a feature has per-
countered in discussions of novelty, complexity, and di-sisted (for whatever reason), the greater the chance that
rectionality in evolution. Brief comments are made onconstraints preventing future changes will accumulate,
the subject of testability. both have been suggested many times (e.g., Bull and
Charnov 1985; Maynard Smith and Szathmary 1995;
Riedl 1978). The concept invoked here is not much dif-
Interactions That Alter Selective Constraints ferent from the “contingent irreversibility” of Maynard
Smith and Szathmary (1995), except that the constraint is
Though it is generally agreed that traits may interact inimposed on a previously gratuitous attribute.
complex ways, the implications of the common simpli-
fying assumption that loci evolve independently have not
been fully explored, partly because empirically basedExcess Capacity
concepts of gene interaction are poorly developed (Phil-
lips 1998), and abstract models with rich interactionsAn attribute may be said to represent an excess capacity
(e.g., Kauffman 1993) are difficult to interpret in bio- to the extent that (i) its presence represents the capacity
logical terms. In a neutral model rich in interactions, to carry out some operation and (ii) its absence (or dimi-
such as the covarion model (Fitch 1972), complex internution) would not be opposed by purifying selection
actions between sites reduce to a more tractable issue ¢hus, the concept does not apply to any kind of plasticity
whether a particular variant in its genetic context is neu-or canalization that actually contributes to fitness). In a
tral (and thus subject to fixation by neutral kinetics), or neutral model, the most interesting excess capacities are
deleterious (not subject to fixation). The set of deleteri-those that represent some qualitatively new capacity
ous variants for a particular site (in its genetic context) is(rather than a quantitative excess) and whose advent rep-
referred to in the language of “selective constraints” (segesents the relaxation of selective constraints, opening up
Kimura 1983, Chap. 7). For example, an amino acid sitehe possibility of some previously forbidden change.
in a protein is selectively constrained to be glycine if all  The specific excess capacities invoked above include
other amino acids may arise as variants and face extinaghe unsolicited capacity for developmental unscrambling
tion due to adverse fithess effects. This concept is not théhat precedes the appearance of scrambled genes, the
same as the rather broadly defined “developmental conability of a continuous intron to reassociate and splice
straints” of Maynard Smith and colleagues (1985), whichwhen fragmented, the ability of one gene of a redundant
include selective constraints as well as effects of pleiotpair to compensate for a reduction in activity of the other,
ropy, biases in the production of variants, effects arisingthe ability of the ancestral CYT18 protein to bind a group
from modes of transmission genetics, direct implicationsl intron, and so on. In most instances these excess ca-
of physical and chemical laws, and so on. pacities are proposed as initial conditions: sometimes
To the extent that complex interactions prevail, selecthis proposal is merely a post hoc assumption, though in
tive constraints on any given site will be subject to most cases it is an inference (e.g., some duplicate loci
change as a function of genetic context. A fundamentatesulting from genome doubling must have been redun-
aspect of the models presented here is that changes at odant, because so many were lost subsequently; gRNAs
genetic site have developmental implications that altemust precede the edited sites that are dependent on them)
the selective consequences of other possible changesrt is suggested more directly by empirical evidence (e.g.,
Interactions of this type explain how a capacity that isproteins often bind structured RNAs fortuitously, and
initially gratuitous may acquire a role in the maintenancesplit introns can reassociate in vitro).
of fitness that ensures its persistence, owing to neutral Because it is not possible to atomize organisms com-
changes at other sites. For instance, in the pan-editingletely to yield a one-to-one relationship between capaci-
model, the advent of a prospective gRNA renders tolerties and discrete material parts (or genetic determinants),
able a set of possible T deletions that would otherwisegratuitous capacities do not inevitably correspond to ex-
represent deleterious frameshifts: the subsequent occupendable parts (or genetic determinants), though this
rence da T deletion prevents the loss of the (previously sometimes may be the case. For instance, unutilized
gratuitous) gRNA gene. In the splicing model, fragmen-gRNAs or duplicate genes are spare parts that can be lost,
tation of one intron allows other introns to lose inherentbut the capacity of an intron to reassociate when split is
self-splicing ability, but the fragmentation of the first distributed throughout the intron.
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In some cases it may seem more felicitous to refer tado not arise from the properties of mutational mecha-
“buffering,” “tolerance,” or “unrealized potential” than nisms themselves, but from aspects of the organization
to “excess capacity,” but the choice of words is not asand interaction of parts in a developmental-genetic sys-
important as the concept (as defined generically abovetem.
which is widely invoked in discussions of evolutionary  With this distinction in mind, the sources of bias in-
novelty, as by Galis (1996), who refers to “excess strucvoked above may be listed. In the gene-scrambling and
tural capacity” in describing the evolution of musculo- RNA pan-editing cases, and in the fragmentation of in-
skeletal systems (see also Frazetta 1975), and by Goulgbns, the initial state of the system (unscrambled, uned-
and Lewontin (1979) in the concept of “spandrel” or jted, unfragmented) is unique or rare with regard to some
Gould and Vrba (1982) in the concept of “preaptation,” extensive set of combinatorial possibilities (scrambled,
and in the “tolerance” invoked by Dover (1992). Mul- edited, fragmented) that may be reached by mutation and
tiple examples of innovations based on the coopting ofpossibly neutral) fixation. The resulting systemic bias
“spandrels” or “preaptations” have been given recentlyyrives a departure from the improbable initial state to one
(Armbruster 1996; Gould 1997). In molecular evolution, of many alternative states. In the editing model, a dele-
there are many cases in which mobile elements or regon-insertion mutational bias plays a subsidiary role. In
petitive DNA (surely an unarguable source of excesshe gene duplication model, as well as in the explanation
capacity with respect to the host) are invoked in theg, g5 of self-splicing and for the origin of protein
origin of novelty, as in the involvement of introns in yenendencies in splicing, it is assumed that mutations
exon shuffling .(Patthy' 1987), of sgtelllte DNA In cen- yhat reduce activity or affinity or stability are much more
tromere.formanon' (Csink and Hgnlkoff 1998),' of retro- common than those with the opposite effect [a bias that
posons irbrosophilatelomere maintenance (E",lessm'ann plays a prominent role in discussions of the complexifi-
and Mason 1997), and_ of AlL_J elements in Vanous cation of regulatory networks by Zuckerkandl (1997)].
schemes of gene regulation (Britten 1996). The resulting directionality consists in duplicate genes
undergoing reductions in activity, and introns losing self-
splicing ability, becoming dependent on available pro-
teins as well adransacting intron fragments. In both
cases, the biases are systemic and result from a history of

Mutation is often said to be “random,” but such state- ! -
ments refer not to a proposed uniformity in the Sponta_selecnon such that the initial state of the system (genes

neous production of variation, but to a logical restriction With highly specific activities, introns with independent

on causal models of microevolution, to the effect thatSp",Cing ability) is unusual With respegt to possible alter-
selection acts subsequent to the origin of variation andnative states. In all cases, biases are invoked as causes of

cannot influence it directly. For any means of measuringdiréctionality, with systemic biases playing a much more

or categorizing the outcomes of variation, biases (meanProminent role. _ _ _
ing simply “nonuniformities” or “asymmetries”) are to ~ Outside of studies of neutral evolution, biases in the

be expected. In a neutral model, unless other factorgroduction of variants are only rarely viewed explicitly
intervene, such a bias will bias the direction of evolu-(Vrba and Eldredge 1984) or implicitly (Thomson 1985)
tionary change, resulting in parallel changes or direc2s biases on the expected course of evolution. More com-
tional trends. monly, biases in the production of variation are denied

A distinction between two entirely different sources any such influence, or when they are identified as evo-
of bias is useful. The more immediately obvious type islutionary factors, they are invoked as “developmental
a “mutational” bias, an inequality in the rates of muta- constraints” (Maynard Smith et al. 1985), with consid-
tional change between specific genetic states that ariserable confusion about what this terminology actually
from specific aspects of the machinery for replication,implies about evolutionary processes (Amundson 1994,
repair, and transmission of genetic material. DetailedAntonovics and van Tienderen 1991). The empirical pat-
molecular studies invariably reveal such nonuniformi-tern to be explained is clear enough, though, at least in
ties: some nucleotide sites are more mutable than othersfudies of molecular evolution, where it is commonly
DNA polymerases cause deletions more frequently thambserved that homoplasies, directional change, and pat-
insertions, mobile elements show insertion site preferterned rate differences reflect known or strongly sus-
ences, some chromosomal rearrangements occur mopected mutational biases, as in the case of transition:
readily than others, and so on. However, even if all ratesransversion bias (Gojobori et al. 1982; Golding 1987),
of mutation between specific genetic states were equal, &C bias (Foster et al. 1997; Gu et al. 1997), deletion:in-
second source of bias would exist, because some categsertion bias (de Jong and Ryden 1981), point mutations
ries of possible variants will be populated by more ge-templated by replication slippage or other ectopic pair-
netic states than others, that is, some phenotypic categings (Cunningham et al. 1997; Golding 1987; Macey et
ries are widely distributed in a locally accessible regional. 1997), the effect of repeat-unit length on the muta-
of conceptual “genotype space.” Such “systemic” biasesility of di-, tri-, or tetranucleotide repeats (Schug et al.

Biases in the Production of Variants
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1998), and regional composition effects on nucleotideSummary and Prospectus

substitution biases (Wolfe 1989). Morphological ex-

amples may also be found, such as the analysis by AlTo summarize, interactions among evolving sites, excess
berch and Gale (1985) of evolutionary trends reflectingcapacities, and biases in the production of variants may
developmental variation in digital skeletal elements.  pring about the evolution of complex and aptive features,
without the necessary involvement of selective allele re-
placements. Neutral models based on these concepts
have been devised to account for the evolution of RNA

To question the testability of neutral models may seenf@n-€diting, duplicate gene families, and so on. For the

strange to some molecular evolutionists; nevertheles$&aS€ Of duplicate gene retention, it has been possible to
the notion that all nonselective factors fall into an intrac-'MP!ement a conceptual model in the form of a rigorous
table category of “chance” is common: computer simulation that suggests that a substantial frac-

tion of duplicate loci might be retained by a neutral pro-

A Note on Testability

When one attempts to determine for a given cess of mutual compensation.

trait whether it is the result of natural selec- A final issue of interest is whether nonselective fac-
tion or of chance (the incidental byproduct of tors such as complex interactions among evolving sites,
stochastic processes), one is faced by an excess capacities, and biases in the production of variants
epistemological dilemma. Almost any are limited in their importance to cases of neutral evo-
change in the course of evolution might have lution, or even more limited to a few molecular curiosi-
resulted by chance. Can one ever prove this? ties such as gene scrambling. From the foregoing discus-
Probably never. (Mayr 1983) sion it is apparent, at least, that similar evolutionary

factors are invoked commonly in treatments of novelty
Thus, in Mayr's defense of the “adaptationist program”ang directionality that do not specifically address mo-
(from which the above quotation is taken), nonselectiveecylar features or neutral models. Possibly, factors such
factors (e.g., mutation, development, environment) areys pjases in variation might operate in qualitatively simi-
recognized, yet assigned to “chance,” not because this igr ways in either a neutral or an adaptive model. If so,
the way the world works—these “chance” processesnodels of constructive neutal evolution may be inter-
have physical causes and potentially predictable outpreted broadly as attempts to understand the influence of
comes—but because nonselective factors are (in thigjyerse evolutionary factors separately from the proxi-
view) so poorly understood or so rarely important that it mate cause of allele replacement (selection or drift), or
is impossible to erect testable hypotheses of their influynore narrowly as hypotheses of neutral evolution in the

to the extent that it is not a self-fulfilling prophecy, must

ultimately succumb to the advance of knowledge. In-
deed, t_he blapk box of “chance” |s.already being dls—NO,[e Added at Proof
sected in studies of molecular evolution, as suggested by

conceptual advances such as the codon capture model Igr | (1999 G ics 151:1531-1545) h
the covarion model and by empirical results (cited orce et al. ( » Genetics ' 8 ) have re-

above) suggesting the importance of biases in mutatioﬁetntly presented a peutral model for the retention of du-
in explaining patterns of evolutionary divergence. plicate genes that is conceptually related to the model

For the sake of example, a few of the testable imp“_presented here.
cations of the models outlined above can be mentioned. ) ) ] ]
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