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We report a duplication and rearrangement of the mitochondrial genome involving the control region of parrotsin
the genus Amazona. This rearrangement results in a gene order of cytochrome b/tRNAT"/pND6/pGlu/CRL/tRNAFPrY/
NADH dehydrogenase 6/tRNACY/CR2/tRNAP/12s rRNA, where CR1 and CR2 refer to duplicate control regions,
and pND6 and pGlu indicate presumed pseudogenes. In contrast to previous reports of duplications involving the
control regions of birds, neither copy of the parrot control region shows any indications of degeneration. Rather,
both copies contain many of the conserved sequence features typically found in avian control regions, including
the goose hairpin, TASs, the F, C, and D boxes, conserved sequence box 1 (CSB1), and an apparent homolog to
the mammalian CSB3. We conducted a phylogenetic analysis of homologous portions of the duplicate control
regions from 21 individuals representing four species of Amazona (A. ochrocephala, A. autumnalis, A. farinosa,
and A. amazonica) and Pionus chalcopterus. This analysis revealed that an individual’s two control region copies
(i.e., the paralogous copies) were typically more closely related to one another than to corresponding segments of
other individuals (i.e., the orthologous copies). The average sequence divergence of the paralogous control region
copies within an individual was 1.4%, versus a mean value of 4.1% between control region orthologs representing
nearest phylogenetic neighbors. No differences were found between the paralogous copies in either the rate or the
pattern in which the two copies accumulated base pair changes. This pattern suggests concerted evolution of the
two control regions, perhaps through occasional gene conversion events. We estimated that gene conversion events
occurred on average every 34,670 = 18,400 years based on pairwise distances between the paralogous control
region sequences of each individual. Our results add to the growing body of work indicating that under some
circumstances duplicated mitochondrial control regions are retained through evolutionary time rather than degen-

erating and being lost, presumably due to selection for a small mitochondrial genome.

Introduction

The animal mitochondrial genome is generally con-
sidered to be under selection for both small size and a
conserved gene order (Rand and Harrison 1986; Quinn
and Wilson 1993; Boore 1999). This view has arisen
from several general characteristics of these genomes.
They are typically only 15-20 kb in size and almost
invariably contain the same set of 37 genes plus the
control region (Boore 1999), a noncoding region in-
volved in mtDNA replication (Clayton 1991). Mito-
chondrial genomes rarely contain either introns or inter-
genic spacers, and those that have been found are gen-
erally small (Quinn and Wilson 1993; but see McKnight
and Shaffer 1997). Furthermore, while the order of these
genes does vary among mgjor animal lineages, gene or-
der tends to be highly conserved within these lineages,
and gene rearrangements are thought to be infrequent
(Boore 1999). Recently, however, the advent of auto-
mated DNA sequencing has led to a rapid growth in the
number of studies examining the organization and evo-
lution of mitochondrial genomes. Several of these stud-
ies have found evidence of repeated gene rearrange-
ments within lineages, as well as the persistence of du-
plicated regions in anima mitochondria (Moritz and
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Brown 1986, 1987; Kumazawa et a. 1996, 1998; Macey
et a. 1997; Arndt and Smith 1998; Black and Roehrdanz
1998; Campbell and Barker 1999). These studies are
raising new questions about the strength and nature of
stabilizing selection on mitochondrial genomes.

The publication of the first complete avian mito-
chondrial genome revealed that the mitochondrial gene
order of the chicken (Gallus gallus) differs from the
arrangement prevalent in nonavian vertebrates (Degjar-
dins and Morais 1990). In most vertebrates, the gene
order near the control region is NADH dehydrogenase
6/tRNAC!Y/cytochrome b/tRNATM/tRNAP©/control re-
gion/tRNAPre, while in the chicken, NADH dehydro-
genase 6 (ND6) and tRNACGU are found between t-
RNAP© and the control region (see fig. 1). While this
unigue gene order is shared by most avian lineages and
appears to be ancestral (we shall term it the “typical”
bird gene order), Mindell, Sorenson, and Dimcheff
(1998) recently reported a second gene order (the ““‘nov-
el gene order) that appears to have evolved indepen-
dently in several distantly related avian lineages. In the
novel arrangement, the control region is located between
tRNAT and tRNAP©, and a second noncoding region
(NC) is found in the position typicaly occupied by the
control region (fig. 1). This NC region varied in length
in the taxa sampled by Mindell, Sorenson, and Dimcheff
(1998) and in some cases resembled the control region
(up to 82% sequence similarity for a section of the NC
in Smithornis sharpei).

The typical avian gene order can be derived from
the common vertebrate arrangement with a single trans-
location event involving ND6/tRNACG'Y and cytochrome
b/tRNAT"/tRNAP©° (Degardins and Morais 1990). In
turn, the novel gene order can be derived from the typ-
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Fic. 1.—Schematic diagrams of gene rearrangements in birds for the area surrounding the mitochondrial control region (not drawn to scale).
a, The typical gene order that was first reported for the chicken and appears to be the most common arrangement in birds. b, The novel avian
gene order first reported by Mindell, Sorensen, and Dimcheff (1998). ¢, The gene order found in our study of mtDNA in Amazona parrots. The
Amazona arrangement differs from the novel avian gene order in two respects: (1) the presence of degenerate copies of ND6 and tRNAG!U
(designated pND6 and pGlu) between tRNAT™ and the first control region, and (2) a second, apparently functional, control region in the same
location as the degenerate control region found in the novel gene order. Locations of the primers used in this study are indicated with arrows.
Thick lines indicate the location of the CR1* and CR2* fragments used in the phylogenetic analysis.

ical avian order in a single translocation of tRNAP©/
ND6/tRNACY and the control region (Mindell, Soren-
son, and Dimcheff 1998; but see alternative scenario in
Boore 1999). Similar gene rearrangements in the mito-
chondria of some reptiles have been explained via tan-
dem duplication followed by deletion or gradual degen-
eration of duplicated genes (Moritz and Brown 1987,
Macey et a. 1997). Bensch and Harlid (2000) proposed
that the derived gene order in birds resulted from a tan-
dem duplication of the region tRNAP/ND6/tRNAC!Y/
CR, followed by the deletion of one copy of each of the
duplicated coding genes and partial degeneration of the
duplicate control region. This hypothesis was supported
by a phylogenetic analysis of NC and control region
sequences from Phylloscopus warblers that indicated a
single duplication event in the common ancestor of the
genus followed by subsequent independent evolution of
the two sequences (Bensch and Harlid 2000). The length
of the control region (approximately 1,100 nt) was con-
served across these Phylloscopus and was similar to that
found in other birds (Baker and Marshall 1997). In con-
trast, the NC region varied among species (171-308 nt)
and could be only partially aligned to the control region
(Bensch and Harlid 2000), suggesting that the NC re-
gion in Phylloscopus is nonfunctional and degenerating.

A similar pattern of gradual degeneration and loss
has been observed in duplicated tRNAs of two Cucu-
maria sea cucumbers (Arndt and Smith 1998); the cattle
tick, Boophilus microplus (Campbell and Barker 1999);
and the akamata snake, Dinodon semicarinatus (Ku-
mazawa et al. 1998). While these observations of du-
plication and subsequent degeneration and loss are con-
sistent with the idea of selection for compact mitochon-
dria, some of these same taxa appear to have fully du-
plicated control regions that show no signs of

degeneration. In the case of the sea cucumbers, for ex-
ample, the two control region sequences differ by only
3% (Arndt and Smith 1998), while in the akamata snake
they are identical (Kumazawa et al. 1998). Furthermore,
metastriate ticks possess two nearly identical control re-
gions (Black and Roehrdanz 1998; Campbell and Barker
1999), and the Western rattlesnake (Crotalus viridis) and
the himehabu viper (Ovophis okinavensis) have dupli-
cate control regions that differ at only one nucleotide
position (Kumazawa et a. 1996). At present, it remains
uncertain why these widely divergent taxa should main-
tain two nondegenerate copies of a duplicated control
region while the vast majority of taxa have only asingle
control region.

Here, we present results from a study of Amazona
parrots and a Pionus parrot outgroup, showing that these
taxa also exhibit the novel avian gene order first iden-
tified by Mindell, Sorensen, and Dimcheff (1998). How-
ever, in contrast to previous studies of birds, the dupli-
cate control regions show a high degree of sequence
similarity, and several conserved sequence features typ-
ically found in avian control regions are present in both
control regions of these parrots. A phylogenetic analysis
of homologous sequences from the two control region
copies demonstrates a pattern of concerted evolution
consistent with occasional gene conversion events at a
frequency higher than the rate of speciation in these
parrots.

Materials and Methods

We obtained feather or blood samples from wild
birds, live captives, and museum specimens (table 1).
DNA extraction, amplification, and sequencing of sam-
ples took place in either the Department of Biology at



'suoifias [03u0d patedldnp syl punoJe Joplo ausb aulwielep 0} [P JBkalb ul paousnbes |,

“(pueiAre N Jo AsieAlun Yuewiredeg ABojo1g) QNN 10 (SUeT #eNJB|OIN SINISU| Yoleasay edldol) UeluosyHWS) 141S @de(d %00} Bulouenbss pue ‘YOd ‘Uoidelxe ydiym ul Alojelode| ay) sarolpul e s
“(Jong sisA| e ul pansesaid) poolq pue ‘(paesn ajem sieyres) uid pue umoib-|iny Yyioq) sByres} ‘(JoAI1| Jo a1asnw Uszoly) anssi) apnioul paisi| sedA ajduwres o

"U0 1199|109 Jo winesnw Buipuodsaliod ayy Ag uawinads Jo ajdwes ydes 0] paubisse siequinu U0 ISsadde ayl ale palsi| Sequinu uiysensst] o

'Sge™] 2IN3S[0IA SINHISU| Yosessay [eo1dol ] UeIUOSUYHWS ‘1S pue ‘AI0SIH eINeN JO WNSSNiN UOIEN 'S'N ‘HNIAIN ‘S90S [eINEeN JO Awepedy elydppe|iud dSNYV SMO|[0} Se S SuoRIASIqae WNSSNIAl
's39.1 oivUabo|AYd Byl Ul umoys asoy) 01 puodsaliod saweu ajdues .

1332 Eberhard et al.

I41S  enssiL oJauled elund Jeau eud g BIS ap B|nsuluad ‘seAens) pp ‘A0Id :lopend3  Ouljo|A BZoulos Y 6,12 dSNV doopyod " snJaydooeyo snuoid
141S poo|g SOpPelIo|0) SO ‘sedijnewre] 091X8 N ulpeua '3 Zr-X-11s 141S gunine'y " SifeuwniNe euozewy/
ann eyeed (eo1y 10D ‘B1sedRURNS WO BANRdED) UMOUNUN WOBUM L 20T-4966  WBLM  Twnirey tccccs Sifeulnine euozewy
IM1S  pooig (eweued ‘INbLIYD woly aAnded) umousun ezou(dsg ap ‘H Te-X-Uis 141S quUIRyY e BSOU i} BUOZeWwyY
ann  Byresq (sameIS paliuN ul pRY aAnded) umousun WOUM L GOT-SH#INC YDA JQUIRYY " rrrrrrrrrre esou| e} euozewy
I41S  enssiL ©'Yo0D eAnWw| SOIquinong :iopendg JOSE dSNY guozewme'y "ttt eJlUOZeWe euozewy
dnn Jeyreed (sameIS paluN Ul pRY aAnded) umouun WOUM L €0T-uosjodeN  WBUAA  TuOoZewe'y T ©eolUOZELLe BUOZEWY
ann  J»syreed sopefoyy eould @isedeuens) edly eisod WBUM L ¥T-T1G/6  WBUM  goureo'y “ - elel|fedoine efeydsooyoo euozewy
ann eyeed Bs0Y elues anbied :aisedeuens Bok BS0D WL L T9-6T€6 WBUM  Sourneo'y “ - erel|fedoune efeydsoo.yoo euozewy
ann  pooig sopeboyy eouly B1sedeuens) ol Blso) WBUM L 8-2T/6 WBUM  poimeoy - elel|edoine eleydsd0yoo euozewy
ann  Byresq BS0Y BlUeS anbied @1sedeuens) eoly eiso) WOUM L ¥9-¥5/6  WOUA coine'o'y **** eel|fedoine eleydadoiyodo euozewy
ann  J»syreed S0y ejueS anbled @isedeuens) oy eiso) WBUM L 29-6666 WOLA\  Zodreo'y T erel|edo.ne eeydso0.yoo ruozewy
ann  Bymeed fe||Inbung eAe|d BI1seTRURND 2O BISOD WBLM "L 0ST-TS66  WBUM  jToieo'y “ - eeljedoine efeyded0uo0 euozeuy
141S poo|g alpeN elLeN eS| efeN 0dIXON vV uoidepun TG-X-11S 141S Zenoy e |1ewsa 11 eeydado Jyoo euozewy
141S poo|g alpe|N elLe A eS| ‘lefeN 00N VYV uoidepung 6t-X-111S 141S TSR0y T Sellewsa ] eleydadoyoo euczewy
I¥1S  Jeymred 77106 "Ou pueq ‘00Z dziPg BGeH O 8E-X-1is 141S Z|pqo'y “C T SKsUZIR Beyded0 Yoo euozewy
ann poo|g (sameIS paluN Ul pRY aAnded) umousun WOUM L 62-0Jpad  WBUAA grIOY " X1112.10 Beydadoydo euozewy
141S poo|g SOpPelIo|0) SO ‘sedijnewre] 091X8 N ulpeua '3 87-X-11S 141S Zreloy " X117e.0 e[eydadoydo euczewy/
141S poo|g sopeloj0) S0 ‘sedijmewre] 0013 A uledu3 3 G-X-111S 141S TRIOY """ X1112.10 Beydadoydo euozewy
M1S  pooig aUouoLd JO S ‘000D [3 200D Bueed preyRad o T 9Z-x-1118 1S vedoy ** sisusweued efeydsoo.ydo euozewy
IH1S  Byre4 enfewLr) PN ‘0ideq eiqwojod preyeqa TN T9-X-11S 141S 2yo0'0'y " eeydesoyoo eeydadoiyodo euozewy
[41S  enssiL nBuix o1y >ueq 3 MSS W 2§ eliwe)|Y eled :|izeig eI O 198908 HNAN  TIYo00'y *** e[eydsd0.yoo e[eyded0yoo euozewy
el RdAL AeooT 101231100 2BQUINN  qUONDBII0D  BWeN so1080S
a(dures upigenssiL  qwnesniy  djdwes

Apnis siyy ui peousnbes ajdures
TalgelL



Control Region Evolution in Amazona Parrots 1333

Table 2
Primers Used to Characterize Parrot control Regions
Primer Name Sequence Source
L15760.mod .. ....... CTATCCCCAATAAACT GGGAGG Present study, modified from A. Cooper (personal communication)
LThr ... oot TGGTCTTGTAAACCAAAAGA Present study
CR522Rb ........... TGGCCCTGACYTAGGAACCAG A. Cooper (personal communications)
L538 ...l CCTCTGGITCCTARGICAGG A. Cooper (personal communications)
CRChoxH ........... ATAGCGAACCAGATGACTCAGTG Present study
CR3aL ............. CCATGGGGTATTTAGTI TAAT Present study
H16191mod ........ TCTCGTGGGRCTATTCGGEGC Present study, modified from Sorenson et al. (1999)
L16150Pro.mod ..... CTACCTCCAACTCCCAAAGC Present study, modified from Sorenson et al. (1999)
LGlu ...t GCCCTGAAAARCCATCGT TG Present study
HGIuRev ........... GCGITCTTATAGI TGAGATACC Present study
H1250Phe.mod . ... .. CTTGGCRTCTTCAGIGYCATGCT Present study, modified from Sorenson et al. (1999)
12sHc ...l CCGCCAAGTCCTTAGAGTTT Present study

the University of Maryland (UMD) or the Smithsonian
Tropical Research Institute’'s Molecular Labs (STRI) us-
ing dlightly different methodologies. At UMD, whole
genomic DNA was extracted using Qiamp tissue extrac-
tion kits (Quiagen); at STRI, total cellular DNA was
extracted by incubating the samples overnight in CTAB
buffer (Murray and Thompson 1980) and Proteinase K,
followed by standard phenol-chloroform extraction and
dialysis. Both labs amplified mitochondrial DNA using
PCR and the primers in table 2. Specific PCR cocktails
and cycle profiles for different sections of the study are
given below. We sequenced both strands of all products
using either Big Dye cycle sequencing chemistry on an
ABI 310 Genetic Anayzer (UMD) or d-rhodamine
chemistry on an ABI 377 Sequencer (STRI).

The presence of duplicate control regions was ini-
tially identified in Amazona ochrocephala auropalliata
when we compared sequences obtained with the light-
strand primer LThr paired with the heavy-strand primer
CR522Rb with those obtained with the primer LGlu
paired with CR522Rb. If this species had the typical bird
gene order identified in figure 1, these two sequences
should have been overlapping and identical in the sec-
tion of overlap. Instead, we found slight but consistent
differences between the two sequences. These differenc-
es were not related to either sample origin or sequencing
location, but instead appeared to be due to a duplication
and rearrangement of mitochondrial genes in the control
region area.

To identify the order of genesin the area surround-
ing the control region duplication, and to verify that nei-
ther copy was nuclear in origin, we amplified the entire
segment from the middle of cytochrome b to the middle
of 12S in large (1-3 kb) overlapping sections followed
by selected reamplification of nested fragments as nec-
essary for sequencing (see table 2 for primer sequences
and figure 1 for primer locations). PCR was performed
in 25-p.l reactions with a final concentration of 1 X Taq
Extender 10 X buffer, 0.2 mM of each dNTPR, 0.6 pM
of each primer, 1.5 U Taq polymerase (Sigma-Aldrich),
1.5 U Taq Extender (Stratagene), and 1 ul of template.
We performed 30 PCR cycles with annealing tempera-
tures ranging from 50°C to 55°C. All gene order PCR
and sequencing was performed at UMD. We constructed
consensus sequences for one individual each of Ama-
zona ochrocephala oratrix, Amazona ochrocephala au-

ropalliata, and Amazona farinosa for the entire segment
from cytochrome b to 12S using overlapping sequences
aligned in Sequencher 3.1 (Gene Codes Corporation).
These sequences were aligned with those for the appro-
priate coding genes and tRNAs of the chicken (G. gal-
lus) using the Clustal routine in Megalign 1.1 (DNAS-
TAR). Sequence length limitations in Megalign forced
us to align these 5.3-kb sequences in two 2.6-kb sec-
tions, which were then combined. Further alignments of
the parrot sequences with conserved sequence blocks
from published control region sequences were per-
formed using Sequencher 3.1 and by eye. The parrot
sequences are deposited in GenBank (accession numbers
AF338819-AF338821), and the alignment of the se-
quences with the chicken gene sequences is available as
supplementary material. Secondary structures and their
thermodynamic properties were found using M. Zuck-
er's DNA mfold (SantaLucia 1998) using the A. o. au-
ropalliata sequence.

To examine patterns of evolution in the duplicated
control regions, we sequenced portions of both duplicate
control regions (fragments CR1* and CR2*; see fig.1)
for 21 individuals representing six subspecies of the A.
ochrocephala complex, three other species of Amazona
(A. autumnalis, A. farinosa, and A. amazonica), and
Pionus chalcopterus, a species from a closely related
genus. We amplified these segments using either LThr
(for CR1*) or LGlu (for CR2*) paired with CR522Rb
(fig 1). PCR was performed in 25-pl reactions with a
final concentration of 1 X PCR buffer, 2 mM MgCl,,
0.2 mM of each dNTR, 0.5 uM of each primer, 1.25 U
of Taq (Perkin ElImer AmpliTag at STRI or Sigma Taq
at UMD), and 1 pl template. At UMD, all sequences
were amplified for 35 cycles with an annealing temper-
ature of 54°C. The same PCR profile was used for CR1*
sequences at STRI, while CR2* sequences were ampli-
fied using five cycles with 50°C annealing temperatures
followed by 30 cycles at 56°C. Both strands of these
products were sequenced as detailed above using the
amplifying primers. For each species, at least one indi-
vidual was sequenced at STRI and one was sequenced
at UMD with the exception of P. chalcopterus; table 1
lists the sequencing location for each sample. We
aligned 550-bp of the 42 resulting sequences using Se-
quencher 3.1 and used this alignment for subsequent
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phylogenetic analyses. These sequences are deposited in
GenBank (accession numbers AF338277-AF338318).

We conducted phylogenetic analyses of the aligned
CR1* and CR2* sequences using both maximum-like-
lihood and parsimony algorithms in PAUR version
4.0b3 (Swofford 1999). Since the 5" end of CR1* in-
cludes two degenerate pseudogenes (see Results), only
the 550 bases homologous to the CR2* sequence and
belonging to the control region sensu stricto were in-
cluded in further analyses unless specifically noted. Op-
timal parameters for maximum-likelihood searches were
obtained with Modeltest, version 3.0 (Posada and Cran-
dall 1998). Both the hierarchical likelihood ratio tests
and the Akaike information criterion selected the Has-
egawa-Kishino-Yano model with the following param-
eters: empirical base frequencies (A = 0.29, C = 0.25,
G = 0.15, T = 0.31), transition/transversion ratio = 7.0,
gamma distribution shape = 3.7, and proportion of in-
variable sites = 0.32. For maximum-parsimony search-
es, we set al characters to be unordered and of equal
weight, with gaps treated as fifth bases and multistate
characters treated as uncertainties. For both optimality
criteria we obtained starting trees via stepwise addition
and used the tree bisection-reconnection branch-swap-
ping algorithm. We ran bootstrap searches of 30 repli-
cates for maximum likelihood and 5,000 replicates for
parsimony. CR1* and CR2* sequences from P. chal-
copterus served as outgroups in al searches.

Estimates of the rate of gene conversion between
the duplicated control regions were obtained using the
Kimura two-parameter distances between the alignable
portions of the CR1* and CR2* sequences for each in-
dividual. Distance to the last common ancestor was as-
sumed to represent the conversion of one gene to an-
other and was estimated as half the distance between the
two sequences. The time since last conversion for each
individual was estimated by assuming a constant mu-
tation rate of 20%/Myr for the control region, which was
found for the snow goose, Anser caerulescens, using
Kimura-corrected distances (Quinn 1992). Quinn’'s
(1992) estimate was based on Shields and Wilson's
(1987) fossil-based calibration of 2%/Myr for the mi-
tochondrial genome and the observation that sequences
from the first domain of the control region of the snow
goose evolve approximately 10 times as fast as the mi-
tochondrial genome as a whole (Quinn 1992). A similar
10-fold faster substitution rate in the first domain of the
control region has been observed in parrots (unpub-
lished data), so in the absence of parrot fossil data with
which to obtain a parrot-specific rate calibration, we
used that of Quinn (1992). Although the mutation rate
of the first domain of the control region in geese may
differ from that in parrots, any error in the clock cali-
bration would only affect the absolute time estimates,
and not the relative rates of gene conversion.

We compared the rates of evolution in the CR1*
and CR2* sequences in two ways. First, to evaluate
whether one copy of the control region evolves more
quickly than the other, we separately calculated uncor-
rected p distances between P. chalcopterus and each of
the Amazona samples for the alignable portions of the

CR1* and CR2* sequences. The CR1* distances were
then compared with the CR2* distances using a paired
t-test to determine whether one of the fragments tended
to yield greater distance estimates. A t-test was also used
to compare the rates of evolution in two different por-
tions of the CR1*. t-tests were performed with StatView,
version 4.1 (Abacus Concepts).

Second, to examine the pattern of variability along
the two control regions, we compared the numbers of
changes observed within nonoverlapping 25-nt windows
aong the CR1* and CR2* sequences. The CR1* and
CR2* sequences were analyzed separately, and for each
taxon pair, the numbers of mismatched sites were count-
ed within 25-nt windows. The numbers of differences
from all pairwise comparisons were then summed for
each window. The patterns of variation in CR1* and
CR2* were compared using a x? test in StatView. We
excluded window 16 from this analysis because the ob-
served number of changes was zero for both CR1* and
CR2*,

Results and Discussion

The control region duplication reported here was
discovered when two of us (T.EW. and J.R.E.) indepen-
dently designed light-strand primers (LThr and LGlu) to
amplify a portion of the 5" end of the control region in
Amazona parrots in conjunction with the primer
CR522Rb (A. Cooper, personal communication), located
in the conserved D-block. From the initial comparisons
of our sequences, it was evident that we had sequenced
different fragments, and further sequencing of the seg-
ment extending from tRNAT" to tRNAP showed that
the sequences corresponded to two different copies of
the control region. An alignment of complete sequences
for this segment for A. o. oratrix, A. o. auropalliata, and
A. farinosa to that of conserved sections from the chick-
en (see SUpplementary Material) confirms that the parrot
mitochondrial genome is rearranged relative to the typ-
ical gene order for birds (fig. 1). In Amazona parrots,
the gene order is cytb/tRNAT"/pND6/pGlu/CR1/t-
RNAP/ND6/tRNACIY/CR2/tRNAPN/12s, where CR1
and CR2 refer to the duplicate control regions, and
pND6 and pGlu indicate presumed pseudogenes (dis-
cussed below). At present, it is unclear whether all par-
rots share this duplication and rearrangement, athough
preliminary evidence suggests thisis the case for at least
some species other than the Neotropical species reported
here (unpublished data).

In the following sections, we describe and compare
the structures of the CR1 and CR2 regions. Although
the two differ somewhat in length, both contain struc-
tural elements that have been identified in avian control
regions. In contrast to previous studies of mitochondrial
genome rearrangements in birds, we found no signs of
degeneration in either control region copy. Instead, the
paralogous copies are evolving in paralel, as we show
in a phylogenetic analysis of homologous portions of
the two control regions. In the fina section, we discuss
the maintenance of duplicate control regions in parrots
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Fic. 2—Secondary structures of (a) the presumably functional tRNACY gene located between ND6 and CR2 and (b) the presumably
nonfunctional tRNAS pseudogene located between cytochrome b and CR1. Both sequences are from Amazona ochrocephala auropalliata.

and in other animals and mention some possible mech-
anisms responsible for their concerted evolution.

Comparison of CR1 and CR2

While both CR1 and CR2 contain many of the con-
served features typically identified in avian control re-
gions, an alignment of CR1 with CR2 highlights some
differences between the two regions. For any given in-
dividual, CR1 and CR2 can be aligned starting at ap-
proximately nucleotide 150 of CR1 and nucleotide 4 of
CR2. From that point, a span of about 1,296 nt can be
easily aligned with few, if any, indels. This aignable
section encompasses al of the conserved sequence
blocks, TASs, and secondary structures described bel ow.

The first 156 nt of CR1 do not have a correspond-
ing analog in CR2 and do not appear to belong to the
control region sensu stricto. The first 137 nt at the 5’
end of CR1 can be aligned to the parrot tRNASY and
adjacent ND6 sequence with 63% sequence similarity.
The chicken tRNAGY can also be aligned with the 5’
end of CR1, but the similarity is only 50%, which is
lower than the 66% match between the chicken tRNAG!U
and the presumably functional parrot tRNASGY adjoining
the 5" end of CR2. The parrot tRNAC!Y sequence can be
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FiG. 3.—Histograms indicating the number of base pair changes
per 25-nt window as a percentage of changes possible in each window.
Windows are numbered, with O corresponding to the first window in
the alignable portions of CR1* and CR2*. The windows prior to win-
dow O correspond to the ND6 and tRNACG'Y pseudogene portions of
CR1*, which show higher rates of mutation than do the two control
region copies.

folded into the expected cloverleaf structure, while the
tRNACU-|like sequence from the 5’ end of CR1 cannot
(fig. 2). Furthermore, we found an accelerated rate of
sequence evolution relative to the outgroup in the 156
nt at the 5’ end of CR1* when compared with the ad-
jacent 550 nt portion of CR1* that could be aligned to
CR2* (t-test; N = 20, t = —13.567, P < 0.0001) (fig.
3). The lack of functional structure in the tRNAC!U-like
sequence, coupled with the accelerated rate of change
in this section, suggests that the 5’ portion of CR1 con-
tains two pseudogenes corresponding to degenerating
copies of ND6 and tRNA®\. Degenerating copies of
ND6 and tRNACY at this location are predicted by the
rearrangement model described by Bensch and Harlid
(2000) for the control region duplication in Phyllosco-
pus warblers. For clarity, we will continue to use CR1
and CR2 to refer to the sections bounded by functional
tRNAS, as shown in figure 1; **control region” will be
used sensu stricto, referring to the sections between
pseudo-tRNAC!U and tRNAP© in CR1 and between t-
RNAGY and tRNAP in CR2.

We found no differences between uncorrected pair-
wise distances for alignable CR1* sequences versus
CR2* sequences (t-test; N = 20, t = 0.121, P =
0.9053), indicating that the two control regions are ac-
cumulating changes at approximately the same rate.
There was no significant difference in the overall pattern
of pairwise changes between sequences from CR1* ver-
sus CR2* when changes were summed over 25-nt win-
dows (seefig. 3, x? test; N = 19, x? = 30.0, P = 0.052).

Structure of the Control Regions

If the boundaries of the two control regions are
defined by pseudo-tRNASY and tRNAP° in CR1 and
tRNACY and tRNAP™ in CR2 (fig. 4), then the duplicate
control regions differ in size, with the first control region
in the three species ranging in length from 1,553 to
1,713 nt, and the second ranging from 1,457 to 1,868
nt. The lengths of the longest of these control region
sequences are minimum estimates because the presence
of long stretches of tandem repeats in these sequences
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Table 3

Control Region Lengths and Tandem Repeat Types and Numbers for Three Species of Amazona

CoNTROL ReGION Copy 1

CoNTROL ReGION Copy 2

Total Total
Length Domain Il Repeats Length Domain Il Repeats
SPECIES (nt) (type and no.) (nt) (type and no.)
A. ochrocephala auropalliata ... 1,713* 7[TTTG], 13[TTSK],> 7[TTTG], 7[TTGTTTCG] 1,8682 8[TTTG], 56+[TTCATTCG]
A. ochrocephala oratrix .. ...... 15512 7[TTTG], 5[TTTTG], 2+[TTCGTTCT] 1,8382  7[TTTG], 52+[TTCATTCG]
Afarinosa................... 1553 6[TTTG], 4TTTTGTTG] 1,457 7[TTTG], 3[TTCG], TTCATTCG]
Total alignment 1,722 237 nt 1,881 495 nt

aMinimum size only; fragment not sequenced through entire domain |11 repeat section
b Precise repeat motif and number difficult to determine due to apparent heteroplasmy in which there has been a 4-bp shift of an 8-nt motif in one copy.

prevented complete sequencing of overlapping strands.
Even the shortest of the control regions sequenced here
(1,457 nt) is longer than control regions previously de-
scribed for other birds, which are in turn longer than
those of most vertebrates (Baker and Marshall 1997).
As isthe case for most avian control regions (Baker and
Marshall 1997), both parrot control regions can be di-
vided into three subsections that differ in levels of se-
quence variation: a highly variable domain | closest to
tRNAC!U in the typical avian gene order; a central con-
served domain 1l that contains the F D, and C boxes;
and a moderately variable domain Il closest to tRNAP®
in the typical gene order.

Both control region copies in Amazona parrots
show many of the features typically found in the func-
tional control regions of birds and other vertebrates. The
first domain of both paralogs (approximately positions
469-890 in fig. 4) includes several features that have
been identified in the control regions of other animals.
Both parrot control regions have a C-rich sequence near
the 5" end, corresponding to the **goose hairpin™ (Quinn
and Wilson 1993), which has been found in similar lo-
cations in other bird species (Baker and Marshall 1997,
Marshall and Baker 1997; Randi and Lucchini 1998;
Bensch and Harlid 2000). Conserved extended termi-
nation-associated sequences (ETASs) have been identi-
fied in domain | of some mammal control regions (Shisa
et a. 1997) and are thought to indicate the 3" end of the
nascent H-strand in the three-strand D-loop structure.
The consensus mammalian ETAS1 and ETAS2 can be
aligned to domain | of the parrot control regions with
approximately 50% sequence agreement. In some par-
tridges, the sequence corresponding to ETAS2 can form
a stem-and-loop structure (Randi and Lucchini 1998);
the same is true for the parrot control region sequences
(fig. 4), which form hairpin loops (AG = —4.13 kcal/
mol). Another sequence capable of forming a stem-and-
loop structure is found approximately 40 nt upstream of
the F box (AG = —3.80 kcal/mol).

In the more conserved second domain (approxi-
mately positions 891-1340 in fig. 4), the portions of the
chicken sequence that correspond to the conserved F
box, D box, and C box can be aligned with both parrot
control regions with sequence similarity ranging from
53% to 100% (fig. 4). In domain Il (approximately po-
sitions 1341-2194 in fig. 4), the chicken CSB1 se-
quence, a conserved sequence block first identified in

mammals (Walberg and Clayton 1981), aligns to the par-
rot CR1 and CR2 with 85% similarity (fig. 4). Two other
conserved sequence blocks, CSB2 and CSB3 (Walberg
and Clayton 1981), have been found in domain Il of
most mammalian control regions (Shisa et al. 1997) and
some hirds (e.g., Ramirez, Savoie, and Morais 1993).
Of these, only the CSB3 mammal sequence can be
aligned to the parrot control regions with better than
50% sequence similarity (fig. 4).

In al animals studied to date, the origin of heavy-
strand replication (Oy) has been found in the third do-
main, located immediately next to or within CSB1 (Shi-
sa et a. 1997). As in partridges (Randi and Lucchini
1998), a polyC sequence that resembles the mammalian
Oy islocated 20 nt upstream of the parrot CSB1 in both
parrot control regions. The chicken’s bidirectional tran-
scription promoter sequence (L' Abbé et a. 1991) does
not align with any part of the parrot control regions with
better than 50% similarity. Since this promoter is asso-
ciated with a stem-and-loop structure, we examined the
parrot control regions downstream of CSB1 for inverted
repeats that could form such structures. One such se-
quence (AG = —1.93 kcal/mol) was located approxi-
mately 65 nt downstream of CSB1 (fig. 4).

Both parrot control regions contain one or more
series of tandem repeats in the third domain downstream
of the conserved features described above. These repeat
motifs are short microsatellite-like sequences that are
tandemly repeated up to 50 times (e.g., the 5'-
TTCATTCG-3'" motif in CR2 of A. o. auropalliata).
Both the repeat motif and the number of these repeats
differ among the three taxa examined and between the
two control region copies within each taxon (table 3).
Only the first seven or eight repeats (a TTTG motif) are
alignable between the two control region copies of any
one individual; the remaining stretch of tandem repeats
does not align well. This variation in repeat number ac-
counts for much of the observed variation in length of
the control regions. Such repeat regions have been found
to be highly variable in length in a range of vertebrate
species (Baker and Marshall 1997; Wilkinson et al.
1997). There is also some evidence of heteroplasmy in
the first control region of A. o. auropalliata, where con-
sistent double peaks were observed in the primary se-
quence of the repeat section of CR1. Such heteroplasmy
may be due to slippage during replication of the short
tandem sequences. Heteroplasmy due to replication er-
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Fic. 5—Phylogenetic reconstructions of the CR1* and CR2* segments of the duplicate control regions. Both parsimony and maximum-
likelihood phylogenies demonstrate a general pattern in which sequences from both control region copies of an individual are more closely
related to each other than to the corresponding segments in other individuals. The three exceptions to this pattern al occur within subspecies
of Amazona ochrocephala and are indicated by solid boxes around the sample names. The dashed boxes indicate the three cases in which CR1*
and CR2* copies are identical within an individual. Numbers at nodes in the phylogenies indicate bootstrap support values for that node; only
values for the higher nodes are shown in the maximum-likelihood phylogeny.

rors of tandemly repeated sequences is found in a num-
ber of species (Wilkinson et al. 1997).

The nonrepetitive sequence found between the tan-
dem repeats and the tRNA also does not align to any
other portion of the parrot control region or to any
known chicken or parrot mtDNA genes. This unalign-
able sequence accounts for approximately 190 nt of CR1
and 85 nt of CR2. Within these unalignable portions,
both CR1 and CR2 contain a 5'-CCCCTCCCCC-3' se-
guence that is reminiscent of the ‘‘goose hairpin” (fig.
4).

Phylogenetic Analysis of CR1* and CR2* Sequences

We performed phylogenetic analyses on CR1* and
CR2* sequences from 21 individuals representing four
species of the genus Amazona and P. chal copterus. Both
parsimony and maximum likelihood gave well-support-
ed phylogenies that showed a similar branching pattern
in which both control region copies of an individua in
general were more closely related to each other than to

corresponding segments of other individuals (fig. 5).
The solid boxes in figure 5 indicate the three exceptions
to this general pattern, all of which occur within sub-
species of A. ochrocephala. In no case are sequences for
a particular copy most closely related to the same seg-
ment in another species, as would be predicted by a
scenario of independent evolution of the two copies fol-
lowing an ancient duplication event in the common an-
cestor of these species. The average sequence difference
of the paralogous control regions (CR1* vs. CR2* with-
in individuals) was 1.4%, versus a mean value of 4.1%
between control region orthologs representing nearest
phylogenetic neighbors. The CR1* and CR2* sequences
show complete identity within an individual in only
three cases: those of the two A. farinosa samples and
that of the P. chalcopterus individual.

Although parsimony and maximum-likelihood
analyses recover very similar bootstrap trees, they do
differ somewhat regarding the branching order at the
species level. The parsimony tree shows A. autumnalis
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Table 4

Estimates of Gene Conversion Rates Using Pairwise Distances Between CR1* and CR2* Sequences

Distance to Last Common Time Since Last Conversion

Taxon N Ancestor (dy,)? (years)?
Pionus chalcopterus .............. ... ... ... 1 0.000 0
Amazona farinosa ..................aa 2 0.000 0
Amazona autumnalis .. ... 2 0.0061 * 0.0033 30,750 = 16,600
Amazona amazoniCa ... ............oouiiinnn.. 2 0.0042 = 0.0007 21,000 = 3,500
Amazona ochrocephala ochrocephala . .......... 2 0.0076 = 0.0013 37,750 = 6,700
Amazona ochrocephala panamensis ............ 1 0.0094 47,000
Amazona ochrocephala auropalliata .. .......... 6 0.0093 *= 0.0014 46,500 = 7,100
Amazona ochrocephala belizensis .............. 1 0.0066 33,000
Amazona ochrocephala tresmariae ............. 2 0.0114 =+ 0.0000 57,000
Amazona ochrocephala oratrix ................ 2 0.0076 = 0.0027 38,000 + 13,400
Mean += SD 21 0.0069 *+ 0.0037 34,670 + 18,400

aFor each individual, distance to the last common ancestor of the two control region copies was assumed to represent conversion of one copy to the other and

was estimated as half the distance between the two sequences.

b Time since conversion was estimated by assuming a constant mutation rate of 20%/Myr for the control region (see text).

as basal to a clade containing A. farinosa, A. amazonica,
and the A. ochrocephala superspecies, whereas the max-
imum-likelihood tree has both A. autumnalis and A. far-
inosa as sister to the clade containing A. amazonica and
A. ochrocephala. In both cases, the nodes defining these
clades show the lowest levels of bootstrap support found
in the trees (58 for parsimony, 53 for maximum likeli-
hood). It is important to note that neither tree should be
considered an accurate representation of species-level
relationships within Amazona owing to our limited tax-
on sampling and the potential complications for phylo-
genetic reconstruction resulting from gene conversion.

The phylogenetic analysis suggests that the two
control region copies are evolving in concert at the level
of subspecies and above, but with some degree of in-
dependence within subspecies. One mechanism that
could give rise to this pattern is occasional gene con-
version events that occur sporadically. We estimated the
frequency of such events based on the sequence data
from CR1* and CR2*. Averaged across all samples, the
time between conversion events was estimated to be
34,670 + 18,400 years (table 4).

Maintenance of the Duplicate Control Regions

This study is the first to describe an avian mito-
chondrial genome with a control region duplication in
which both copies of the control region are being main-
tained in an apparently functional state. Rearrangements
of the mitochondrial genome resulting in a gene order
similar to that found in Amazona parrots have been re-
ported for a range of bird species, but in each case the
putative copy of the control region appears to be degen-
erate (Mindell, Sorenson, and Dimcheff 1998; Bensch
and Harlid 2000).

The presence of nondegenerate duplicate control
regions has previously been described in only a few,
diverse taxa: several snakes (Kumazawa et al. 1996,
1998), metastriate ticks (Black and Roehrdanz 1998;
Campbell and Barker 1999), and sea cucumbers (Arndt
and Smith 1998). The concerted evolution of the two
parrot control regions, as shown by the phylogenetic
analysis of CR1* and CR2* sequences, is very similar

to the pattern suggested by the limited phylogenetic
analysis of metastriate tick control region sequences
(Black and Roehrdanz 1998). In both cases, two control
region copies within an individual appear to evolve in-
dependently to some degree, but convergently over the
long term. The tick pattern differs somewhat from that
of the duplicate control regions found in several dis-
tantly related snake species, in which the two copies are
identical to each other (or differ at only one nucleotide
position) (Kumazawa et al. 1996, 1998).

The concerted evolution of the two control region
copies in parrots differs from the pattern observed in
both metastriate ticks and snakes in that it does not in-
volve the entire control region, but rather only those
portions that are believed to be functional. This obser-
vation suggests three alternative, but not necessarily ex-
clusive, hypotheses for the maintenance of high se-
quence similarity between these regions: (1) a mecha-
nism of gene conversion involving only the convergent
portions, (2) gene conversion involving the entire con-
trol region with subsequent extremely rapid evolution of
nonfunctional portions, and (3) paralel selection to
maintain functionality of both regions.

A hypothetical gene conversion mechanism that
could be responsible for concerted evolution of most of
the ““alignable’” portions of the two control regions in-
volves the three-strand D-loop structure. In the D-loop,
the parental H strand is displaced by a nascent H strand
(Clayton 1982), which originates at the O, and extends
to the TASs near the 5’ end of the control region (Shisa
et al. 1997). The nascent H strand can become disas-
sociated by brief exposure to denaturing conditions or
if one of the parental strands is nicked (Clayton 1982).
In a genome with duplicate control regions, the nascent
H strand fragment from one D-loop could dissociate and
recombine with the parent H strand of the other control
region. This recombination process would tend to ho-
mogenize the section between the O, and the TASs but
would not explain the observed similarity between the
putative O, and the beginning of the tandem repeats.
This latter section corresponds to avian domain |1 of the
control region, which tends to be highly conserved in



most bird species (Baker and Marshall 1997). The rel-
atively high level of conservatism in this section implies
that it is of functional importance, so the similarity be-
tween these portions of CR1 and CR2 could result from
an independent process of stabilizing selection.

A second hypothesis is that the entire control re-
gions are sporadically homogenized, and during the in-
tervals between homogenization events, the 3' portions
of CR1 and CR2 (which contain tandem repeats) evolve
more rapidly than the 5 sections. Kumazawa et al.
(1998) proposed two possible mechanisms for the con-
certed evolution of entire duplicate control regions in
the snake. One of these models involves tandem dupli-
cation during replication, and the other involves frequent
gene conversion due to crossing over of nicked strands
between two control regions followed by replacement of
one of the control region sequences via repair of the
resulting heteroduplex DNA intermediate (Kumazawa et
al. 1998). In parrots, our phylogenetic analysis suggests
that these homogenization events might occur relatively
infrequently, and in the interim, the portions of CR1 and
CR2 containing tandem repeats could evolve rapidly,
perhaps through replication slippage (Madsen, Ghiviz-
zani, and Hauswirth 1993). Such rapid evolution of tan-
dem repeats is widespread in the nuclear genome (Char-
lesworth, Sniegowski, and Stephan 1994) and is thought
to account for heteroplasmy in the control regions of a
range of bat species (Wilkinson and Chapman 1991,
Wilkinson et al. 1997).

A possible alternative to gene conversion is selec-
tion that works in parallel on functional areas of the two
control regions. One source for such selection could be
provided by nuclear gene products that bind onto the
nascent H strand fragment during replication (Albring,
Griffith, and Attardi 1977). Mutations in this nuclear
product could exert paralel selection on the two copies
of the control region if both functioned in this manner,
and could maintain a high degree of similarity between
the two copies within an individual. However, the fact
that avian domain | sequences typically evolve very rap-
idly implies that mutations at many sites in this domain
are selectively neutral. Thus, it seems unlikely that se-
lective constraints imposed by nuclear gene products
would account for the degree of concerted evolution ob-
served in Amazona.

When duplications occur within the mitochondrial
genome, one of the copies usually degenerates and even-
tually disappears, as expected given the apparent selec-
tion for compact size of the genome (Rand and Harrison
1986). This has been shown to occur in a number of
studies that have documented tRNA duplications fol-
lowed by degeneration of one of the duplicates (Arndt
and Smith 1998; Kumazawa et al. 1998; Mindell, So-
renson, and Dimcheff 1998; Campbell and Barker 1999;
Bensch and Harlid 2000). In previously reported ex-
amples of control region duplication in birds, the copy
corresponding to the parrot CR1 is maintained as afunc-
tional control region, while the section corresponding to
the parrot CR2 has degenerated (Mindell, Sorenson, and
Dimcheff 1998; Bensch and Harlid 2000). In Amazona
parrots, there is no evidence that either copy is degen-
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erate or in any way nonfunctional. If only one copy were
functional and gene conversion were directional, such
that the functional copy always converted the nonfunc-
tional copy, the nonfunctional copy still would be ex-
pected to accumulate changes more quickly between
conversion events. However, all comparisons for these
parrots show that the two copies are accumulating
changes at approximately the same rate. This pattern
would be expected if both of the parrot control regions
were functional.

Taken together with previously published work on
mitochondrial genome rearrangements and gene dupli-
cations, our results demonstrate an emergent pattern.
Observations of gene duplication followed by degener-
ation of duplicate copies are consistent with the idea that
mitochondrial genomes are under selection for com-
pactness. Gene duplications have been documented in a
number of organisms, and the copies are usually degen-
erate (Arndt and Smith 1998; Kumazawa et a. 1998;
Mindell, Sorenson, and Dimcheff 1998; Campbell and
Barker 1999; Bensch and Harlid 2000) or short-lived on
an evolutionary timescale (Moritz and Brown 1986,
1987).

In some cases, however, duplicate control regions
may persist without any apparent loss of functionality
(Kumazawa et al. 1996; Black and Roehrdanz 1998;
Campbell and Barker 1999). Along with our findings,
these results suggest that in some cases, the presence of
two control regions may be advantageous and thus be
maintained over evolutionary time, either through sta-
bilizing selection or through occasional gene conver-
sion. Alternatively, duplicate control regions may persist
only if the duplication event gives rise to complete,
functional copies; otherwise, the incomplete duplicate
will degenerate and eventually be lost.

Supplementary Material

GenBank accession numbers for the parrot CR1*
and CR2* sequences are AF338277-AF338318.
GenBank accession numbers for the parrot cytb-12s se-
quences are AF338819-AF338821. An alignment of the
latter sequences with the corresponding chicken se-
quences is available at the MBE website or from the
authors.
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