Zea Ribosomal Repeat Evolution and Substitution Patterns
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Zea and Tripsacum nuclear ribosomal internal transcribed spacer (ITS) sequences were used to evaluate patterns of
concerted evolution, rates of substitutions, patterns of methylation-induced deamination, and structural constraints
of the ITS. ITS pseudogenes were identified by their phylogenetic position, differences in nucleotide composition,
extensive deamination at ancestral methylation sites, and substitutions resulting in low-stability secondary RNA
structures. Selection was important in shaping the kinds of polymorphisms and substitutions observed in the ITS.
ITS substitution rates were significantly different among the Zea taxa. Deamination of cytosines at methylation sites
was a potent mutation source, but selection appeared to maintain high methylation site density throughout the
ribosomal repeat except for the gene promoter. Nucleotide divergence statistics identified selectively constrained

regions at the 5’ ends of the ITS1 and ITS2.

Introduction

We sequenced nuclear ribosomal internal tran-
scribed spacer (ITS) alleles from Zea and its sister genus
Tripsacum to try to elucidate mutation origin and fixa-
tion and the functional constraints of rDNA. ITS se-
quences evolve rapidly, but size and functional con-
straints permit comparison of homologous sequences be-
tween taxa (Baldwin et al. 1995). Hence, the ITS is use-
ful for examining the rates of substitution among closely
related taxa and for studying fixation by molecular drive
(Schlotterer and Tautz 1994). In maize (Z. mays ssp.
mays) the single rDNA array is located on the short arm
of chromosome 6, and the number of repeats within the
array varies between 2,500 and 24,000 per diploid ge-
nome or roughly 1% of the genome (Phillips et al.
1988).

To study the origin of mutations we related substi-
tution rates to cellular processes. The number of germ-
line cell divisions and generation time (generation time
effect) may account for much of the substitution rate
variability in mammals (Wu and Li 1985) and plants
(Gaut et al. 1992). Highly diverged taxa have been used
to show these relations, and as a result, differences other
than generation length have had time to evolve between
taxa. Within the closely related Zea, generation length
is one of the major differences between the species
(Doebley and Iltis 1980). Further, the generation time
hypothesis has not been tested while using a phyloge-
netic hypothesis to account for correlation due to shared
ancestry.

Fixation of mutations in tandem arrays of genes
requires homogenization throughout both the array and
the population (lineage). Ribosomal repeats exhibit a
pattern of concerted evolution in which repeats within
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O
one array are more closely related to one another tha%
to repeats in arrays on other chromosomes (Schlotter@
and Tautz 1994; Copenhaver et al. 1995) or to repea@
in other taxa (Arnheim 1983). Unequal crossing over
(Smith 1976), gene conversion (Arnheim 1983), and bi3
ased gene conversion (Hillis et al. 1991) are the mec]g
anisms responsible for molecular drive. We mvesugateﬁ
how mutations become fixed by contrasting the patterrg;
of fixed differences between lineages with polymof
phisms unique to individual alleles. We also examin,
the substitution patterns of four Zea ITS pseudogeneg
which had escaped homogenization from before the sper
ciation of modern Zea (Buckler and Holtsford 1996). 3

We examined the functional constraints on ITS sé
quence evolution by mapping nucleotide divergence
with a sliding window approach. The ITS regions appear
to act like biological springs with many hairpins, whlc_%
result in properly positioned cleavage sites (Venkates;
warlu and Nazar 1991). The sequence alignment of ax%
giosperm species identified one well-conserved reglcm
in the ITS1 and a moderately conserved region in IT
(Liu and Schardl 1994). Mutational analyses of yeaﬁ
ITS1 structure and function suggest multiple domains
are important for efficient processing of the 17S and 265
rRNAs (van Nues et al. 1994). Since the angiosperth
analysis came from a diverse array of species, we bé&-
lieved that comparing closely related alleles could reveal
other structurally important processing regions. ?

Transcriptional regulation may impose further fung—
tional constraints on rDNA sequence evolution. Near
every rDNA cytosine is methylated at CpG and CpNp
sites, except near the promoter in actively transcribed
ribosomal repeats (Jupe and Zimmer 1990, 1993). Meth-
ylation is also associated with chromatin packaging and
a reduction in transcription (Selker 1990). Methylated
cytosines leave an evolutionary footprint, because they
frequently mutate to a thymine (Vairapandi and Duker
1994). This process leads to a depletion of CpG sites in
most genes, but the ribosomal repeats show no overall
depletion (Gardiner-Garden, Sved, and Frommer 1992).
Methylation-related deaminations were characterized in
the normal and pseudogene repeats of Zea, and the dis-
tribution of CpG sites was examined throughout the Zea
ribosomal repeat.
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Materials and Methods
Repeat Sampling and Phylogeny

Sixty-six ITS regions were sampled from all the
species and subspecies of Zea, and eight ITS sequences
were sampled from four representative taxa of Tripsa-
cum (table 1 of Buckler and Holtsford 1996). Sequences
are uniquely identified by a clone number (e.g., #53).
Methods and results related to the sampling of repeats
and taxon polymorphism are covered in Buckler and
Holtsford (1996). The maximum-likelihood tree with in-
dels was the phylogeny used in the present study (figs.
1 and 2 of Buckler and Holtsford 1996).

Rates of Substitution

Rates of substitution were determined using the
maximum-likelihood solution to the relative rate test
(Muse and Weir 1992), which accommodated the biased
base composition of Zea alleles. Rates and confidence
intervals of transitions (a), transversions (), and total
substitutions (@ = a + 2B) were compared between
pairs of alleles and then averaged over comparisons be-
tween taxa following Gaut et al. (1992). Zea m. ssp.
mexicana (#53), a putative pseudogene, and T. laxum
(#92) were used as outgroups. Since Z. perennis and Z.
diploperennis were phylogenetically indistinguishable
and have similar environments and habits, these alleles
were pooled for estimation of the rates of substitution.
Alleles cloned from Z. perennis and Z. diploperennis
which were introgressants from Z. m. ssp. mays were
excluded from the rate estimates.

We investigated the generation time hypothesis us-
ing independent contrasts (Felsenstein 1985) to control
for the phylogenetic structure of the taxa. Since only a
rough ranking of generation time could be made with
the available data, generation time rank orders and sub-
stitution rate ratios (relative to Z. diploperennis/peren-
nis) were estimated. The unrooted phylogeny assumed
was: ((Zmmy, Zmmx, Zmp), Zmh), Z1, Zd/p). Rates
and ranks at ancestral nodes were estimated by aver-
aging the values at lower nodes. A Spearman’s rank cor-
relation coefficient was calculated among the contrasts
of generation time rank and the contrasts of substitution
rate (Felsenstein 1985; Snedecor and Cochran 1989).
Ranks were randomly shuffled to produce the null dis-
tribution used to determine significance.

Substitution Patterns

Substitution patterns of fixed substitutions versus
unique polymorphisms were compared by mapping
character-state changes on the topology of the maxi-
mum-likelihood tree. The parsimony methods of
MacClade 3.01 (Maddison and Maddison 1992) were
used to trace character-state changes onto the phylogeny.
Fixed events were defined as differences between spe-
cies (not subspecies) that were fixed (excluding inferred
homoplasies), and unique events were defined as poly-
morphisms. found in one allele within one species. The
intermediate class of polymorphisms (i.e., polymor-
phisms shared among some of the alleles within one
species) were excluded from analysis, because differ-
entiating homoplasy from recombination was difficult.

Zea m. ssp. mays (#32), an allele with a large deletion,
and the putative pseudogenes were excluded. Sorghum
matarankense (#69) was used as the outgroup in order
to infer the direction of the fixed substitutions. Fixed
and unique substitution patterns were also compared to
Zea nuclear substitution patterns at Adhl introns (the Z.
diploperennis allele was used as an outgroup, Gaut and
Clegg 1993a) and four unidentified single-copy nuclear
RFLP loci (Shattuck-Eidens et al. 1990). The neutral
Adhl and RFLP loci substitution patterns provide a
baseline for comparison with Zea ITS substitutions.

Inference of ancestral character states with parsi-
mony did not account for multiple substitutions at a site.
A bias caused by multiple substitutions is unlikely as
the alleles between Zea and Tripsacum are only dio
verged 9%. However, the potential bias was estlmatetg
with three models. In model one, we estimated the effecg
of multiple hits and rate variation among sites on th%
transition bias (Tamura and Nei 1993; Wakeley 1994)
In model two, the effect of base composition bias was3
assessed; Collins, Wimberger, and Naylor’s (1994) stud)§
indicates that with the low levels of divergence and th&
observed fraction of rare states that only minor (<0. 10};
depressions in the ratio of inferred to actual bas%
changes would have occurred. In model three, we s1m5_
ulated the divergence of two sequences (Zea) by thé
accumulation of random substitutions based on thdé
unique polymorphism pattern (table 3). The simulatior
was repeated 500 times, and the minimum and maxi-;
mum transition-to-transversion ratios between sequencesy
were compared to the observed fixed substitution ratio

Nucleotide substitution patterns were evaluated irf-
the four putat1ve pseudogenes by counting unamblguou%;
substitutions using MacClade 3.01 (Maddison and Mad+
dison 1992) with Z. perennis (#03) as the outgroup. Thi&
outgroup diverges at approximately the same point ass
the pseudogenes from the other Zea (Buckler and HOltS-m
ford 1996).

The equilibrium substitution model was used t(g
calculate the expected values for each substitution clasg
based on the ITS region’s average nucleotide composi<
tion (Holmquist 1983). G-tests for goodness of fit were3
used to evaluate differences between observed and ex-®
pected substitution frequencies, while G-tests for inde->
pendence were used to evaluate differences between thé2
fixed and unique substitution categories (Sokal an(f':'J
Rohlf 1981). The fixed substitutions had small (f < 5)\3
expected values for 10 of 12 possible substitution class-"
es; therefore, complementary classes were combined to
form joint classes with larger expected frequencies (So-
kal and Rohlf 1981).

ITS Structural Constraint

Structural constraint on substitutions was estimated
throughout the ITS region; we estimated the average Ki-
mura’s two-parameter nucleotide divergence between 10
Poaceae species and within the Zea species using a 30-
bp sliding window (Kimura 1980; Kreitman and Hudson
1991). Ten genera were used in the Poaceae analyses
(Avena longiglumis #72, Clestachne sorghoides #67,
Coix sp. #93, Hordeum vulgare #73, Oryza sativa #78,



Sorghum bicolor #68, Secale montanum #81, Tripsacum
dactyloides #84, Triticum aestivum #719, Zea mays ssp.
mays #18; GenBank accessions listed in Buckler and
Holtsford 1996). Species’ infraspecific divergence was
estimated as the average divergence of all alleles within
a species. The Zea infraspecific divergence was the
weighted average of individual species’ infraspecific di-
vergence (weight = [# of alleles in species]/[# of alleles
in Zea)).

Minimum-energy secondary structures were esti-
mated for the ITS1 and ITS2 regions of all Zea and
Tripsacum alleles with the computer program mFold
(Zuker 1989). To test whether fixed or unique substitu-
tions were more destabilizing on predicted minimum en-
ergy, we randomly mutated ITS1 or ITS2 sites of the
reconstructed Central Mexican Z. mays ancestor (Buck-
ler and Holtsford 1996) with two mutations from the
observed pattern of fixed substitutions or unique poly-
morphisms. We investigated the effect of two mutations,
as roughly two unique polymorphisms were found in
each ITS1 and ITS2. The random substitutions were
done without replacement; therefore, 30 mutants based
on fixed substitutions and 128 based on unique poly-
morphisms were tested for their effects on AG in ITS1
and ITS2.

Analysis of Methylation-Related Substitutions

Deamination mutations were examined at cytosine
sites along both coding and noncoding strands. Possible
sites of deamination were determined for Zea by com-
parison with the Tripsacum outgroup. If a potential
methylation site (CpG or CpNpG, Gardiner-Garden,
Sved, and Frommer 1992) was present in 75% of the
Tripsacum alleles, it was considered ancestral and sub-
stitutions characteristic of methyl-cytosine to thymine
deaminations were tabulated. Substitutions were evalu-
ated on a site-by-site basis so that even if multiple al-
leles shared the same substitution, it was counted as one
substituted site. Base-composition microenvironments
have been suggested to affect the rates of deamination
(Adams and Eason 1984); therefore, a sliding window
was used to measure GC content in the five bases up-
stream and downstream of possible methylation sites.
Analysis of variance was used to compare GC content
between regions surrounding unsubstituted methylation
sites versus those surrounding inferred deamination
sites.

The number of CpG sites was determined for each
region of the ribosomal repeat (sequences came from
various rDNA repeats): the maize ITS region, the maize
intergenic spacer (IGS) (GenBank: ZMETS1, McMullen
et al. 1986), the maize 17S (GenBank: MZERGI17S,
Messing et al. 1984), and the rice 25S (GenBank: RI-
CRGHA, Sugiura et al. 1985). The ribosomal IGS con-
tains multiple subrepeats, which are phylogenetically re-
lated to one another; hence, the subrepeats are not fully
independent samples. Therefore, both the entire IGS and
a subrepeat average were used in calculations. Ob-
served-to-expected CpG ratios (O/E CpG) were evalu-
ated with 100-bp sliding windows following Gardiner-
Garden and Frommer (1987). Since O/E CpG ratios are
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not normally distributed and regions with low GC con-
tent have larger O/E variances, we used CpG z-scores
to identify regions with aberrant densities of CpG. We
estimated an expected mean number of CpG sites (E)
and a standard deviation (s) by shuffling the sequence
within the 100-bp window 100 times. Then a CpG z-
score [(O-E)/s] was calculated for each window, and sig-
nificant deviations from the average of the z-scores were
identified by the Grubbs test for outliers (Sokal and
Rohlf 1981). CpG densities were also compared by re-
gion with expectations derived from the regions’ nucle-
otide frequencies [E(CpG) = fiIC) X AG) X n bases]
and the regions’ nucleotide frequencies scaled by the
average level of CpG depletion found in noncoding
monocot sequences [E(CpG) = 0.73 X fiC) X fIG) >O

n, Gardiner-Garden, Sved, and Frommer 1992]. %
S
[oX
Results 3
Sequences 3
3

Zea and Tripsacum ITS1, 5.8S, and ITS2 reg10n§
have GC contents of 70.4%, 56.3%, and 73.3%, respecw
tively. All of the Zea and Tripsacum alleles have similag
base composition except for the four putative pseudo:%’
gene alleles. The standard deviation of the four nucleg_
otide frequencies of the normal Zea and Tripsacum a]o
leles was equal to or less than 0.5%. The pseudogenes
have a GC content roughly 3.6% lower than normal als
leles. Stefansky’s maximum normal residuals (MNR
(Snedecor and Cochran 1989) sequentially identified thg
four pseudogenes as the only outliers for GC conter&
(MNR = 0.541, 0.576, 0.631, and 0.580; P < 0.01 fo%
each test).

Rates of Evolution

o
<5
w
Gezomict

Pseudogene Z. m. ssp. mexicana (#53) was
yet closely related to all the Zea alleles (Buckler anéﬂ
Holtsford 1996), so it was an excellent outgroup for the!
relative rate tests (table 1). Using 7. laxum (#92) as af
outgroup produced similar results. There were signifi2
cant substitution rate differences, especially between .}
mays with Z. diploperennisiperennis and Z. luxurians
Transversions exhibited greater differences than dif
transitions. Transversions were significantly more nu¥
merous in maize, the domesticate, than in some wild Z;
mays, while transitions were statistically equivalent. ,23

The rates of substitution for the pseudogenes wers:
estimated using 7. laxum as an outgroup. The pseudo—
genes had between 5.15 and 6.57 more transitions than
the species or subspecies of Zea. Transversions were
1.52 times more frequent in Z. mays than in the pseu-
dogenes. Transversions were more frequent, but not sig-
nificantly so, in the pseudogenes compared to Z. diplo-
perennis/perennis and Z. luxurians.

We used the life history of the various Zea taxa to
establish relative generation lengths. Zea diploperennis
and Z. perennis are perennials, which are known to pro-
duce dense stands of clones (Benz, Sanchez-Veldsquez,
and Michel 1990). Zea luxurians is an annual in its cur-
rent Guatemalan and Honduran habitats (Doebley and
Iltis 1980); however, when grown under more northerly
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Table 1
Relative Rates of Substitution

Zmp Zmmx Zmh Zd/fp Z. luxurians
All substitutions:
Z. m. SSP. MAYS ...t 1.152(0.21)* 1.21(0.22) 1.36(0.29) 1.69(0.29) 2.39 (0.45)
Z. m. ssp. parviglumis .. ......... 1.05(0.22) 1.20(0.28) 1.56(0.31) 2.25(0.48)
Z. m. ssp. mexicana . ............ 1.15(0.26) 1.51(0.30) 2.23(0.50)
Z. m. ssp. huehuetenangensis . . . .. 1.34 (0.37) 2.01 (0.65)
Z. diploperennisiperennis . . ...... 1.55 (0.40)
Transitions:
Z . m. SSp.mays ................ 0.95(0.23) 1.21(0.32) 0.86(0.28) 1.20(0.23) 1.66 (0.42)
Z. m. ssp. parviglumis ... ........ 1.28 (0.38) 0.90(0.32) 1.25(0.28) 1.73(0.52)
Z m. ssp.mexicana . ............ 0.71 (0.28) 1.07 (0.26) 1.54 (0.49)
Z. m. ssp. huehuetenangensis . . . .. 1.33(0.43) 1.93(0.87)
Z. diploperennis/perennis . ....... 1.42 (0.46)
Transversions:
Z.m. SSp. mMAYS ................ 1.81 (0.51) 1.21(0.22) 3.79(1.63) 4.90(1.81) 6.29 (2.41)
Z. m. ssp. parvigiumis ........... 0.65(0.23) 2.66(1.31) 3.49(1.57) 4.90(2.29)
Z m. ssp. mexicana ............. 331(1.64) 4.27(1.87) 5.69(2.65)
Z. m. ssp. huehuetenangensis . . . .. 1.36 (0.64) 2.28 (1.40)
Z. diploperennisiperennis . ....... 2.26(1.37)

Note.—The pseudogene Z. mays ssp. mexicana (#53) was the outgroup. Zmp—Z. m. ssp. parviglumis, Zmmx—Z. m.
ssp. mexicana, Zmh—Z. m. ssp. huehuetenangensis, Zd/p—Z. diploperennisiperennis.

etenange. £,

2 The ratio of the relative substitution rates. The taxon at left is the numerator and the taxon in the column heading is
the denominator, i.e., Z m. ssp. mays has 1.15 times more substitutions than Z m. ssp. parviglumis. The significant

comparisons are in bold type.
® The jackknifed 95% confidence intervals.

climates Z. [uxurians may act more perennial (Doebley
and Iltis 1980); this is suggestive of a semiperennial
habit. All of the wild Zea produce seeds with protective
glumes which probably allow the seeds to remain in the
seed bank for several years (Beadle 1977), lengthening
generation time. Domesticated Z. m. ssp. mays is often
planted for multiple crops per year in the tropics. Hence,
natural history would predict the following rank order
for generation times: Z. m. ssp. mays < Z. m. ssp. mex-
icana, parviglumis, and huehuetenangensis < Z. luxu-
rians < Z. diploperennis/perennis.

None of the rank correlations between the contrasts
of generation time and substitution rate were significant,
but all substitution rate classes were negatively corre-
lated with generation length (n = 7 contrasts, total sub-
stitutions 7 —0.562, P = 0.163; transitions r, =
—0.580, P = 0.150; transversions r, —0.661, P =
0.108). When Z. luxurians is assumed to have a gener-
ation length similar to other wild Z. mays, then there are
no correlations with generation length.

Substitution Pattern Analysis

Substitution patterns were very different between
unique and fixed classes (table 3). We estimated the tran-
sition/transversion bias caused by multiple substitutions
and rate variation among sites. The ITS distribution of
rate variation among sites did not fit a Poisson distri-
bution (P = 0.02) but was not significantly different
from a negative binomial (P = 0.43), suggesting that
some sites are more mutable (gamma parameter a =
1.266; method of Tamura and Nei 1993). However, the
gamma-distribution-corrected estimates of unique and
fixed transition/transversion patterns were almost exact-
ly the same as the observed patterns (corrected fixed o/

apiopere siperen

‘dnooiwepeoe//:sdny wWolj pspeojumoq

B = 0.78, SD =~ 0.22; corrected unique o/B = 2.52, s§)

=~ 0.35; method of Wakeley 1994). Simulations of ag-
cumulated divergence according to the pattern of uque
polymorphisms indicated that this process did not lead
to the observed a/f of fixed substitutions, even wh@
divergence reached 50% (P < 0.01).

Both unique (G = 239.0, df = 11, P < 0.001) alai
fixed (G = 17.8, df = 5, P < 0.005) substitution classgs
were significantly different from null expectations bas@i
on equilibrium base composition (Holmquist 198
Unique polymorphisms were dominated by transitions
(G = 176.62, df = 1, P < 0.001), while fixed subsﬁ-
tutions did not differ from the expected frequency éf
transitions and transversions (G = 3.52, df = 1, P 5>
0.05). Transition and transversion frequencies were sig:
nificantly different between fixed and unique substity-
tion classes (G = 14.19, df = 1, P < 0.001). leéi
substitutions have a larger number of substituted cyt@—
sines than expected (G = 7.41, df = 1, P < 0.01). a
RNA, G-U base pairing is relatively stable, hence mir
tations from A-U and G-C pairing to G-U pairing would
maintain hairpin stem structure (Lewin 1990). Therefore
A—G or C>T transitions would maintain stem struc-
ture, and there were many more hairpin-maintaining
transitions than stem-destroying polymorphisms in the
unique substitution class (G = 126.3, df = 1, P <
0.001). C—>T transitions could also be indicative of
methylation-induced deaminations, but in normal alleles
these transitions were not overrepresented at methyl-
ation sites (see below) and the A—G transitions were
more prevalent. There were more stem-maintaining sub-
stitutions in the unique than fixed substitution classes (G
= 4,85, df = 1, P < 0.05). The fraction of indels was
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FiG. 1.—Kimura’s two-parameter nucleotide divergence (K) in 30-
bp sliding windows plotted throughout the ITS region. The top graph
is the weighted average of Zea infraspecific divergences; the lower
graph is the average divergence of ITS regions from 10 Poaceae gen-
era. The thin horizontal line indicates average for the entire region,
while the small blocks are the conserved regions indentified in angio-
sperms by Liu and Schardl (1994). The vertical lines indicate the di-
visions between ITS1, 5.8S, and ITS2. Regions A, B, C, and D are
conserved ITS regions, as indicated by lower nucleotide divergence.
Please note the difference in scale.

significantly greater in the fixed compared to the unique
substitutions (G = 12.65, df = 1, P < 0.001).

The fixed substitution patterns were essentially
equivalent to transition/transversion ratios from Zea
RFLP loci (a/B = 0.74:1 and Adhl introns (o/B =
0.96:1, which also had high transversion frequencies de-
spite low divergence (maximum nucleotide diversity =
0.04), while the unique polymorphisms were very dif-
ferent. The fixed ITS substitutions were similar to the
RFLP loci (Shattuck-Eidens et al. 1990) in o/p and fre-
quency of indels (G = 0.00,df =1, P > 0.05; G =
348, df = 1, P > 0.05, respectively). The unique poly-
morphisms and the RFLP loci were significantly differ-
ent in o/B and frequency of indels (G = 23.75,df = 1,
P <0.001; G = 53.64, df = 1, P < 0.001, respectively).
Adhl introns (Gaut and Clegg 1993a) had similar o/
to the fixed class (G = 0.38, df = 1, P > 0.05), while
different from the unique class (G = 9.18,df = 1, P <
0.005).

ITS Structural Constraint

Sliding windows of nucleotide divergence were
used to indicate small regions under greater selection
(fig. 1). Lower than average levels of divergence were
found in four regions of the ITS and throughout the
5.8S, which suggested selective constraint in these areas.
Two conserved ITS regions (in Zea, region B was 5'-
GGCGCCCCGGGCGCCAAGGAA-3"; region D was
5'-GGTGGGCCGAAGCAGGGG-3') were previously
identified in angiosperms (Liu and Schardl 1994). In the
present study, two other conserved regions (A and C)
were found near the 16S-ITS1 and the 5.8S-ITS2 cleav-
age points respectively. Both Poaceae and infraspecific
Zea divergence indicated similar patterns of conserva-
tion. The individual Zea species also had similar diver-
gence patterns to one another (data not shown).

The four pseudogenes had significantly less stable
ITS1 and ITS2 regions compared to other Zea alleles as
measured by minimum AG (ITS1, 9.3% less, F = 17.82,
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df = 1, 64, P = 0.0001; ITS2, 16.1% less, F = 43.46,
df = 1, 64, P < 0.0001). Minimum AG was significantly
different between Zea and Tripsacum taxa (ITS1, F =
2.52,df = 9,59, P = 0.02; ITS2, F = 4.20, df = 9,
59, P = 0.0003), and there were large changes in min-
imum predicted secondary structure between species.
For example, between Z. perennis and T. australe a
large proportion of the bases were predicted to be in
new pairing arrangements (ITS1, 37%; ITS2, 45%).
Random substitutions of the fixed substitution pattern
were more destabilizing than those of the unique poly-
morphism pattern (ITS1, F = 2.87, df = 1, 156, P =
0.09; ITS2, F = 4.12, df = 1, 156, P = 0.04; ITS1+2,
F = 6.98, df = 1, 314, P = 0.0087).

To determine whether selection was favoring stab
secondary structures, the observed distribution of the
various classes of polymorphisms among ITS loops veg
sus hairpin stems was examined among the closely réé
lated Z. mays taxa. Relative to the distribution of A’s;
A—G polymorphisms were concentrated in stems versus
loops (G = 4.20, df = 1, P = 0.04). The observed A—>é
substitutions were more stabilizing than other substltlt
tion classes (F = 15.93, df = 1, 122, P = 0.0001). Oth&
polymorphism classes were neither significantly dlstnlg—
uted in stems or loops nor significantly more stab1hzmg

Methylation and Deamination

0o°dno-

Using Tripsacum as an outgroup we inferred tl‘E
ancestral methylation sites and presumed deammatlong.
The pseudogenes show strong signs of methylation-iff-
duced deamination, while the normal alleles do not. De-
amination type substitutions (C—T and G—A) account-
ed for a larger fraction (71%) of pseudogene substité:
tions than expected (15%) at equilibrium, given the ob:
served base composition (table 3; G = 116.1, df = &
P < 0.001). In the pseudogenes, 53 of the 58 C—ﬂ'
substitutions were found at standard methylation 51tg$
rather than at other C’s (G = 31.34, df = 1, P < 0.001};
while inferred deaminations in normal Zea alleles wq@
not overrepresented at standard methylation sites (G &
1.96, df = 1, P = 0.16).

Transcription mechanisms might facilitate the I'Qr
pair of deaminations on the transcribed stand (Skandahf.,
Ford, and Glickman 1994), and both normal Zea allel‘gs
and pseudogenes showed a nonsignificant tendency fé?r
increased deamination-driven substitutions on the noﬁJl
transcribed strand. In angiosperms, CpG frequencies
were depleted while CpNpG frequencies were not (Gar-
diner-Garden, Sved, and Frommer 1992). In the Zea
pseudogenes there was a marginally greater substitution
rate at CpG sites than at CpNpG sites (G = 2.43, df =
1, P = 0.12); 26% of the ancestral CpG sites were de-
aminated versus 15% of the CpNpG sites (sites which
fall into both categories were excluded). High GC mi-
croenvironments should stabilize regions by minimizing
DNA breathing (momentary strand separation), and
thereby retard cytosine deamination (Adams and Eason
1984). However, no association was found between GC
content and whether a pseudogene site had been- de-
aminated or not (F = 1.20, df = 1, 92, P > 0.10); in
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Table 2

The Number of Bases in Ribosomal Regions, the Observed Number (obs) of and Fre-
quency (f) of CpGs, Expected Number (E) of CpGs, and Comparisons Between the Ob-
served Number of CpGs and Various Expectations

G-TEST COMPARISONS WITH

Monocot
REGION Bases o0Bs(CPG) ACrG) E(CpG)* E(CpG)* Average® Promoter®
IGS Subrepeat............ 2058 234 0.114 185.8 +++d +4++ +++
Average IGS subrepeat .... 206 23 0.114 18.6 ++ +++
Promoter® ............... 136/136 3/2  0.022/0.015 94198 ——/—-—— —/—— N/A
ETS ... ... . ... 821 112 0.136 102.0 +++ +4++
178 o 1808 118 0.065 116.8 +++ ++
ITSL.....oooiii 212 26 0.123 25.1 + +4++
58S L. 164 19 0.116 13.5 +++ +++
ITS2 ... 220 31 0.141 29.6 ++ +++
Rice 258 ................ 3376 325 0.096 296.4 + +++ +++
2 E(CpG) = fIC) X AG) X no. of bases in region.

b Monocot E(CpG) = E(CpG) X 0.73 (the CpG depletion in monocot noncoding regions found in Gardiner-Garden,

Sved, and Frommer 1992).

¢ Promoter E(CpG) = no. of bases X 0.022 (observed frequency of CpGs in maize ribosomal promoter).
d + indicates a positive deviation and — a negative deviation. +, P < 0.10; ++, P < 0.05; +++, P < 0.01.
¢ G-tests for two maize promoter sequences (McMullen et al. 1986; Toloczyki and Feix 1986, respectively).

fact, the trend suggested greater deamination at high-
GC regions.

The promoter had significantly fewer CpGs than
expected while other regions, especially the IGS sub-
repeats, had more CpGs than expected (table 2). CpG
frequencies were evaluated throughout the ribosomal re-
peat to look for regions exhibiting selection for CpG
sites (fig. 2). Only promoter region z-scores of CpG den-
sity were significant outliers from the distribution of z-
scores from all 100-bp sliding windows (bases 2235 to
2269 of ZMETS1; some windows were P < 0.05 and
others P < 0.01). A smaller scale (50-bp window) anal-
ysis of the promoter region indicated that CpG densities
were less than expected from base 2170 to 2308, which
corresponded well with the end of the IGS repeats
(2159) and the transcription initiation site (2296). An-
other maize rDNA promoter sequence has one fewer
CpG than ZMETS1; the methylation site depression in
this promoter sequence was even more pronounced (To-
loczyki and Feix 1986). Using Gardiner-Garden and
Frommer’s (1992) method to identify significantly CpG-
rich regions, the entire repeat was significantly above
the angiosperm average. The structurally constrained

Table 3
Substitution Patterns

//:5d1Y WoIl peapeojuMo(

regions (rRNA in a functional ribosome: 178, 5.8S, aiid
25S) had lower densities of CpGs than the less stng-
turally constrained regions (IGS repeats, promoter, EE,
and ITS; G = 18.53, df = 1, P < 0.001).

Discussion
Ribosomal Pseudogenes

qﬁweqw/woydno

The pseudogenes have been able to escape hom
enization since before the divergence of Zea. Four 51-
leles were classified as pseudogenes by several lines ©f
evidence. They were rare, basal to the Zea alleles (Buck-
ler and Holtsford 1996), had a very different GC cdi-
tent, had many deaminations at putative methy]atlen
sites, and had much less stable secondary RNA stng;-
tures. In Drosophila, an rDNA pseudogene is known
from the sequence of an IGS region that contains Ho
promoter (Linares, Bowen, and Dover 1994).

uo 1senb

Rates of Substitution

The various taxa of Zea had significantly dlffertmt
rates of ITS substitution, which contrasts with the laEk
of rate variation found in the chloroplast restriction 51&,5

[44VA

Fixed Substitutions

Unique Polymorphisms

Pseudogene Substitutions

TO: TO: TO:
A C G T I+D¢ A C G T I+D A C G T I+D
A 1 4 0 0 A 7 62 16 2 A [ - 2 1
C 11 4 10 3 C 14 9 49 1 C 5 2 29 3
FROM: G 1 5 4 3 G 32 5 10 3 G 25 0 4 1
T 1 6 2 1 T 7 32 2 1 T 0 3 1 0
I+D 1 2 2 0 I+D 1 2 1 1 I+D 0 2 0 1
Total = 61 Total = 257 Total = 84
fI+D) = 020 o/fP =0.75 RI+D)=0.05 o/ =250 AI+D)=0.10 o/f =4.43

21+D is insertions and deletions (indels).
b a/B is the transition-to-transversion ratio.
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FiG. 2.—The top graph plots 100-bp windows of observed to
expected CpG levels. The bottom graph plots 100-bp windows for
G+C frequency. The various regions of the ribosomal repeat are noted
below the graphs. The dot indicates the region that was a signifcant
outlier from the distribution of CpG density z-scores.

(Doebley, Renfroe, and Blanton 1987). Small popula-
tions and base composition variation can cause differ-
ences in substitution rate (Gaut and Clegg 19935), but
Zea generally appears to have large population sizes
(Gaut and Clegg 1993a) and had constant base com-
position in normal ITS regions. Interestingly, annual Z
luxurians had a substitution rate as slow as or slower
than the perennials, and Z. m. ssp. huehuetenangensis
had the slowest substitution rate of the Z. mays subspe-
cies. These taxa are the most southerly and tropical Zea
taxa, which poses the question of whether temperature
and/or moisture regimes modify replication fidelity and/
or repair efficiency. Or perhaps their generation time
was longer in the past; Guatemalan environmental re-
constructions during the Pleistocene and Holocene in-
dicated climatic conditions (Leyden et al. 1994) which
might lengthen generation time.

Relative substitution rates are related to generation
time when highly diverged plants are compared (Gaut
et al. 1992). The Zea ITS region possibly supports the
generation time effect from closely related taxa, al-
though the correlations of the phylogenetically indepen-
dent contrasts were not significant, partially due to the
small number of taxa being compared.

Despite replication errors being an important
source of both transitions and transversions (von Borstel
1994), transversions showed much greater variation be-
tween taxa. However, transitions may also be caused by
pyrimidine dimerization, ionization, and 5-methylcyto-
sine deamination—phenomena which are related to ki-
netic processes not linked to replication (Vairapandi and
Duker 1994; von Borstel 1994). Therefore, transitions
may be more closely related to sidereal time, while
transversions are more tightly linked to cell replication
cycles and generation time.

Unique versus Fixed Substitution Classes

Transitions dominated the unique polymorphism
class (a/B = 2.5:1, while the fixed substitution class was
close to the random expectation (o/B = 0.75:1. All three
substitution bias models indicated that the transition/
transversion ratio differences were not artifacts of mul-
tiple substitutions, sampling variance, or base compo-
sition bias. Like the fixed class of Zea and Tripsacum
substitutions, ITS divergence between Drosophila spe-
cies had o/ =~ 0.5:1 and several RNA secondary struc-
ture changes (Schlotterer et al. 1994).

The unique polymorphisms were dominated by
structurally stable polymorphisms. The unique poly-
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morphisms had significantly more transitions than Zea
RFLP loci and the Adhl introns which should be less
structurally constrained than the ITS (Shattuck-Eidens
et al. 1990; Gaut and Clegg 1993a). Strong purifying
selection must have acted to produce the pattern of
unique, structurally stable polymorphisms. By contrast,
the fixed substitutions had an essentially random tran-
sition/transversion ratio and were similar to the substi-
tutions at the RFLP loci and the Adhl introns. The sim-
ulation of randomly positioned mutations drawn from
fixed substitution pattern indicated that this pattern of
state changes was more destabilizing than the transition-
dominated unique polymorphism pattern. However, the
position of substitutions and polymorphisms within the
ITS region was not random (fig. 1 and the rejection of,
Poisson distribution, Uzzell and Corbin 1971). This sugg
gests that the fixed substitutions were restricted tG
regions with lesser topological constraint and m1mma$
deleterious effect.

The concomitantly variable codons (covanonsg
concept may partially explain the differences between:
fixed substitutions and unique polymorphisms (Fitcly
and Markowitz 1970). Purifying selection permits a limz
ited number and range of polymorphisms at any on§
time, but each new polymorphism modifies the range og
permissible changes so that many substitutions and seco
ondary structures are possible in the long term. Thg
unique polymorphisms represented the fraction of mug
tations that did not disrupt the current ITS secondar
structure. However, changes in ITS conformation were
seen among the Zea and Tripsacum spe01es and the;
fixed class reflected the changes possible given pnos
substitutions.

Although selection is important in ITS evolutions
drift and selfish mechanisms may play a role in overd
coming the purifying selection to preserve stable ITS:
conformations. Bottlenecks and drift could come fron@
two sources: variation in the number plants, and variag
tion in the number of ribosomal copies resulting from,
unequal crossing over. A severe bottleneck from eitheg
source could result in fixation of structurally destabiliz§
ing substitutions. However, the large effective populas
tion size of maize (N, = 6.6 X 105, Gaut and Clegg,
19934) and the many repeats per genome (Phillips et al;
1988) suggest that bottlenecks are less likely to be 1ma
portant for the evolution of Zea. Biased gene conversio.
could also overcome purifying selection as seen in hyo
brid parthenogenic lizards (Hillis et al. 1991). Ampl1ﬁN
cation of repeats by mobile elements or reverse tran-
scriptases could also play a role in the evolution of ri-
bosomal repeats. Within the constraints of a covarion
selection regime, drift and selfish amplification probably
control the tempo of fixation by modulating the avail-
able polymorphism.

cL/ol

Internal Transcribed Spacer Structure and
Function

The sliding window analysis of nucleotide diver-
gence indicated that four ITS regions are always selec-
tively constrained. Two of these regions were previously
identified in an angiosperm ITS sequence study (Liu and
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Schardl 1994), and two regions were novel. The novel
regions were probably missed in the angiosperm study
because the sequences evolved too rapidly in each lin-
eage (similar arguments are used for IGS evolution in
Moss and Stefanovsky 1995). Rapid sequence evolution
could result from the coevolution of ITS sites and ded-
icated ITS processing factors.

Infraspecific polymorphism and interspecies diver-
gence exhibited similar regions of conservation, which
suggested that similar selection pressures have been op-
erating since the divergence of the grasses. Recombi-
nation within the ITS must also be frequent, as small
regions of high polymorphism were seen between highly
conserved regions (e.g., between region B and the 5.8S).

rDNA Methylation Patterns

The pseudogenes, which were ravaged by deami-
nations of methylated cytosines, argued for strong mu-
tational pressure against methylation sites. However, we
found no evidence for CpG depletion in most rDNA
regions, and the entire repeat had high O/E CpG ratios.
Regulatory and kinetic models have been used to ex-
plain variation in densities of CpG sites. In regulatory
models, unmethylated CpG-rich regions are associated
with the 5’ end (including the promoter region) of
housekeeping genes, while tissue-specific genes are un-
likely to have CpG-rich regions (Gardiner-Garden and
Frommer 1987, 1992). The kinetic stability model (few-
er deaminations in high GC regions) has been refuted
here and by Gardiner-Garden and Frommer (1987). The
ribosomal repeats did not follow either of these estab-
lished regulatory patterns. The high density of methy-
latable CpG sites in nonpromoter regions, especially in
the less structurally constrained regions, suggested se-
lection for methylation-induced chromatin condensation.
The low density of CpG sites in the promoter region
may permit regulatory flexibility. We use vertebrate
models of methylated DNA—protein interactions to ex-
plain these and others’ observations of maize ribosomal
repeats.

Since nuclear space conservation is selectively im-
portant in large genomes (Selker 1990), the gigantic ri-
bosomal array should be packaged to save cellular space
and prevent the dispersal of transcription factors and
RNA polymerase I (RPOI). The majority (=80%) of
maize ribosomal repeats are transcriptionally inactive,
heterochromatic, and DNase I inaccessible (Phillips et
al. 1988; Jupe and Zimmer 1993); hence, 7,000 repeats
or 63 megabases are inactive at any one time. All maize
ribosomal repeats are almost fully methylated (Jupe and
Zimmer 1990), which results in a high mCpG (methyl-
ated CpG dinucleotide) density. High densities of mCpG
are known to bind methyl-CpG-binding proteins
(MeCP) in vertebrates, which help convert these regions
into heterochromatin (Antequera, Boyes, and Bird 1990;
Meehan, Lewis, and Bird 1992). The high CpG levels
throughout the ribosomal repeat, despite strong muta-
tional pressures against CpGs, argued for selection
maintaining the CpGs. The less structurally constrained
regions (IGS, ETS, and ITS) exhibited the highest CpG
levels—perhaps relaxed structural constraints allowed

selection to elevate CpG densities, thereby increasing
regulatory control.

Although ribosomal transcription is needed for cel-
lular survival, the proportion of active repeats varies
widely according to cell type and total copy number in
a given maize plant (Phillips et al. 1988). The low CpG
density of the ribosomal promoter permits regulation of
transcriptional levels. In mammalian cell lines, methyl-
ation of CpG-rich promoter regions results in mutation-
like transcriptional inactivation (Antequera, Boyes, and
Bird 1990). Low densities of mCpG dinucleotides
(=1%) can reversibly repress transcription, while high
densities of mCpG (=10%) completely repress tran-
scription (Boyes and Bird 1992). Hence, the ribosomal
promoter’s low CpG levels may allow flexibility in trarb
scriptional activity. If the dens1ty of CpGs in the prc
moter was equivalent to that in the other r1bosom§
regions then transcription might be completely re%
pressed.

The rDNA reg10n near the maize promoter exhlb@
hypomethylation in transcriptionally active repeats (Jupg
and Zimmer 1990, 1993). This hypomethylation is llkeE
a consequence of chromatin structure and not the causﬁ
(Reeder 1989), as active promoters are bound and tw1s&
ed by several transcription factors (Moss and Stefarf:
ovsky 1995), which could inhibit the methylating acti»g’—'
ity of methyltransferase. The number of active repeats
is probably determined by RPOI activity states and se &
eral transcription factors (Reeder 1989; Moss and St%
fanovsky 1995).

Another hypothe51s can explain the maintenance (if
high CpG densities in the face of deamination mutatlo%
pressure. A few entirely unmethylated ribosomal repeats
may persist in the germline and preferentially give rlsE
to future generations of repeats (Gardiner-Garden, Sveﬁ%
and Frommer 1992). Mutational load would be lessen d
because the repeats that propagate themselves are n¢l
methylated. In Cucurbita about 3% of the repeats werd
completely unmethylated (Torres-Ruiz and Hemlebea
1994), but in maize leaf tissue there is no indication of
completely unmethylated repeats (Jupe and Zimmeér
1990). The germline persistence and transcriptional reé
ulation/chromatin packaging models are not exclusive of
one another.

To conclude, we established the existence of rDN@
pseudogenes in plants; and for phylogenetic studlé%
these pseudogenes could be invaluable outgroups. Slgg
nificant variation in substitution rates was found among
Zea species and subspecies. Selection was important in
shaping the kinds of polymorphisms and substitutions
observed in the ITS. Four ITS regions appeared to have
selective constraint. Deamination of methylated cyto-
sines was a strong mutational force, but selection for
chromatin packing may maintain high densities of meth-
ylation sites in ribosomal repeats.
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