© 1995 Oxford University Press

Nucleic Acids Research, 1995, Vol. 23, No. 8 1279-1283

Macronuclear gene-sized molecules of hypotrichs
David C. Hoffman, Richard C. Anderson, Michelle L. DuBois and David M. Prescott*

University of Colorado, Department of Molecular, Cellular and Developmental Biology, Boulder, CO 80309-0347,

USA

Received December 12, 1994; Revised and Accepted March 1, 1995

ABSTRACT

The macronuclear genome of hypotrichous ciliates
consists of DNA molecules of gene-sized length. A
macronuclear DNA molecule contains a single coding
region. We have analyzed the many hypotrich macro-
nuclear DNA sequences sequenced by us and others.
No highly conserved promoter sequences nor repli-
cation initiation sequences have been identified in the
5’ nor in the 3’ non-translated regions, suggesting that
promoter function in hypotrichs may differ from other
eukaryotes. The macronuclear genes are intron-poor;
~19% of the genes sequenced to date have one to three
introns. Not all macronuclear DNA molecules may be
transcribed; some macronuclear molecules may not
have any coding function. Codon bias in hypotrichs is
different in many respects from other ciliates and from
other eukaryotes.

The genomic DNA of the macronucleus of hypotrichous ciliates
is organized very differently from the DNA in the hypotrich
micronuclear genome, from the genomes of other ciliates, and
from the genomes of other eukaryotes. The size of the DNA
molecules in the macronucleus of hypotrichs is very small,
ranging from a few hundred base pairs (bp) to ~15 kilobase pairs
(kb) (1). The average size of the molecules differs from species
to species: ~2200 bp in Oxytricha nova, ~2500 bp in Stylonychia
pustulata and ~1800 bp in Euplotes aediculatus (1). Each
different molecule is present in many copies per macronucleus;
in O.nova the average copy number is ~1000 (2). An exception
is the DNA molecule encoding 268, 19S, and 4.5S rRNA (7400
bp long in O.nova); it is differentially amplified to ~10°
copies/macronucleus (3). The number of DNA molecules of
different sequence has been estimated as ~24 000 in O.nova (1).
This is calculated by dividing the value of 1/2 Ct (total sequence
complexity of the macronuclear DNA) by the average size of the
macronuclear DNA molecules (2). This number could be in error
by as much as 50% because of the uncertainty in determining 1/2
Cot. If each kind of molecule encoded a different gene, the total
number of genes in the macronucleus would be somewhere

/L

between ~12 000 and ~36 000, although there is no evidence that
every different molecule represents a different gene. Even the
lower estimate of ~12 000 seems to be a high number of genes for
a unicellular organism.

Since Martindale (4) examined codon usage in ciliates, the
number of fully or partially sequenced hypotrich genes has
increased from five to 83. This increase in information has
supported a number of conclusions about hypotrich macronuclear
gene structure and organization. Eighty-three DNA molecules
selected from macronuclear genomic DNA libraries, cDNA
libraries or obtained by PCR from the genomic DNA of several
hypotrich species have been characterized by dideoxynucleotide
sequencing and/or restriction nuclease mapping (Tables 1 and 2).
With few exceptions the cloned macronuclear DNA molecules
were selected with heterologous probes of known coding
function. In every case examined so far, each macronuclear DNA
molecule contains only a single gene, defined as a single open
reading frame (ORF) or a single transcription unit. Each molecule
possesses nontranslated regions that flank the ORF: a 5* DNA
leader and a 3" DNA trailer. Because of the presence of a single
ORF and the small size of the DNA, macronuclear DNA
molecules are referred to as gene-sized molecules, but some of the
different molecules may not encode genes (discussed below).
Macronuclear DNA molecules are also sometimes described as
minichromosomes. The ends of each gene-sized molecule are
capped by repeats of the telomere sequence 3’-dG4T4-5" with
16-base (Oxytricha, Stylonychia, Onychodromus and Holosticha
species) (63,64) or 14-base (Euplotes species) (63), single-
stranded tails. Figure 1 illustrates the generalized structure of
Oxytricha and Stylonychia macronuclear DNA molecules.

Table 1 contains a list of protein-encoding macronuclear DNA
molecules that have been partially or fully sequenced. Table 2 lists
macronuclear DNA molecules encoding RNA products (RNAs
and the RNA molecules of telomerase).

ORFs begin with the methionine codon ATG and terminate
with the stop codon TGA in Oxytricha and Stylonychia species
and TAA (or rarely TAG) in Euplotes species. TAA and TAG
encode glutamine in Oxytricha and Stylonychia species (43,48).
TGA encodes cysteine in Euplotes species (65). Overall codon
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Figure 1. The generalized structure of Oxytricha and Stylonychia macronuclear DNA molecules (3).
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Table 1. Characteristics of 66 putative protein-encoding macromolecular
gene-sized molecules in hypotrichs

o-TBP~ 0. now 2145 159bp| 1488 4“6bp| M680 | 43
a-TBPe< S. mytilus 2085bp| 155bp| 1482bp| 401bp| Xe1749 | 44 |
B-TBP (Aversion)® | 0. nom 1716bp| 102bp| m58bp| 285bp| M3 | 45
‘TBP (S version) 0. now 1718bp] 162bp| 1158bp| 287bp| M31309 | 45
| p-TBP< O. trifallax (H) 1802bp| 188bp| 1164bp| 364bp| na. 9
| p-TBPa< S. mytilus _1682bp| 177bp| 179bp| 277bp) Xe1748 | 44 |
33 kb gene 0. nom 3384 bp nd. nd. nd.| M81801 28
a-tubulin E. octocarinatus 1531bp| 78bp| 1353bp| 100bp| Xe9466 | 46
a-tubulin E. vannus 1505bp| 86bp| 1350bp| 69bp| 2z11769 | 47
a-tubulin? O. granulifera 1627bp| 173bp| 1353bp| 101bp] Zn763 | 47
a-1-tubulin? S. lemnae 1773bp| 192bp| 1338bp| 243bp| X01746 | 48
a-2-tubulin? S. lemnae 1691bp| 74bp| 1350bp| 267bp xizs | a9
B-tubulin E. crassus 1468bp| 49bp| 1341bp| 78bp| Jo4su 6
B-tubulin E. octocarinatus 1468bp| 63bp) 1335bp| 70bp| Xe9de7 [ 46 |
B-1-tubulin S. lemnae 1798bp| 126bp) 1320bp| 343bp| X06653 | 50
B-2-tubulin® S. lemnae 1783bp| 170bp)] 1329bp| 284bp| X06874 | 50
Y-tubulinbd E. octocarinatus 1580 49bp| 1389bp| 8obp| x71353 | 51
v2 E.crassus 814 395bp|  216bp| 203bp| M28500 | 52
V3¢ E. crassus 1751bp) 36bp| 1419bp| 40bp| na 53 |

Gene Organism__| Genelength | SLDR | ORF | 3'TLR |Accession# | Ref. |
actin E. crassus 1247bp] 54bp| 1140bp| 53bp| J04533 6
actin O. fullax 1497bp| 183bp| 1128bp| 185bp| Jo1163 7
actin | 0. now 1532bp| 191bp| 1128bp| 213bp| M22480 | 8
actin O. trifallax (H) 1504bp| 184bp| 1128bp| 192bp| na 9
actin | O. trifallax (WR) 1502bp| 184bp| 1128bp| 190bp| U18940 9
actin 112 O. nova _1353bp|  100b, 1128bp| 125bp| U0s071 | 10
As1 0. nom 425bp| 87bp|  129bp| 209bp| M7 | 11
AS2 0. nowa 43bp| 104bp|  129bp| 210bp| Ms74m | 11
duli S. lemnae 773bp| 130bp|  450bp| 193bp| M7e407 | 12
(«] 0. now 744bp| 82bp|  249bp| 413bp| Ko2624 | 13
DNA pol o 0. nom 4938bp| 329bp| 4479bp| 130bp| V0001 | 14
DNA pol a2 O. trifallax (H) 4952bp| 254bp| 4536bp| 162bp| na. 15
DNA pol Il A S. lemnae >385bp nd.| >385bp nd| Zu764 | 16
DNA pol IIE S. lemnae >385 bp nd. >385 bp nd.| Z11836 16
EF-la S. lemnae 1790bp| 183bp| 1341bp| 266bp| XS57926 | 17
81-MAC(IIIA)® O. fallax 1570bp] 88bp| 1116bp| 149bp| Mi58% | 18
Er2 E. raikovi >280bp| >21b 28bp| >31bp| X61174 | 19
Er-10 E. raikovi >281bp| >21bp|  28bp| >32bp| x61173 | 19
Er-11 E. raikovi >281bp| >21bp| 228bp| >32bp| X60453 | 20
HSP70 0. nova 2586bp| 394bp| 1821bp| 371b na. 2
histone H1 E. eurystomys 1254 bp 636 bp 408 bp 210bp| L15293 22
histone H4 0. nowa 1619bp| 1153bp|  315bp| 151bp| M2wn1 | 23
histone H4G S. lemnae _ >736bp] 196bp 315 >225bp| X16019 | 24 |
histone H4K S. lemnae 1633bp| 1187 by 315bp] 131bp| X16018 | 24 |
Mas22 S. lemnae 3735bp| 248bp| 1335bp| 152bp| X73879 | 25
Mag? S. lemnae 1836bp| 151bp] 1524bp| 161bp| X73880 | 26 |
memER-1 E. raikovi >616bp] >182 393bp] >41bp| MBe8es | 27
1.7 kb gene O. trifallax (H) 1652bp nd. nd. nd}! na ]
| ORF12 S. lemnae 176bp| 49%8bp|  582bp| 96bp| M75100 | 29
PGK E. crassus 1372bp]  76bp] 1257bp| 39bp| na. 30
pheromone 354 E. octocarinatus >435 nd.]  300bp nd.| Memz | 31
pheromone 4 E. octocarinatus 162bp| 134 384bpl 123bp| x58838 | 32 |
phospholipase C E. crassus 54 Bbp| 426bp| 65bp| Me33s6 | 33
POB42 S. lemnae n77bp| 4sebp| 615bpl 108bpl x16613 | 34
polyubiquitin E. eurystomus 898bp| 140y 6%0bp| 68bp| Ms7m31 | 35
polyubiquitin® O. trifallax (H) _1075bp| 179bp|  690bp| 206b na. 3%
R1 O. now 989bp| 97bp|  201bp| 691bp] Misesy | 37
| RNA pol A1® E. octocarinatus >1980bp| 66bp| >191bp nd.| Xx66450 | 38
RNA pol A2> E. octocarinatus 3879bp| 352bp| 3501bp| 26bp| Xesdst | 38
RNA pol B1b4 E. octocarinatus >1771bp|  42bp| >1434bp nd| Xe6452 | 38
RNA pol B2>4 E. octocarinatus 3715bp| 62bp| 3584bp) 38bp| X66453 | 38 |
RNA pol C15< E. octocarinatus >1784bp]  44bp| >1533bp nd.| X67660 | 39
RPL2 E. crassus 553bp| 36bp| 444bp| 7bp| U | 40
SER-1 E. raikovi >5%bp| >258bp|  228bp| >107bp| josrar 4
719 (CaBP) S. lemnae 676bp] 66bp]  210bp| 400bp| M90om3 | 12
TBRC E. crassus 1546bp| 40bp| 1341bp| 64bp| M9818 | 42 |
TBP homologd E. crassus 1545bp| S4bp| 1383bp| 35bp| M9es19 | 42

usage in hypotrichs is different from both holotrichous ciliates
and other eukaryotes (see Table 3).

The nucleotide composition of the protein-encoding ORFs
differs significantly from the composition of the 5’ and 3’
nontranslated regions. ORFs average ~54% AT, 5" DNA leaders

Sixty-six macronuclear gene-sized molecules of the hypotrichs Euplotes
crassus, E.eurystomus, E.octocarinatus, E.raikovi, E.vannus, Oxytricha fal-
lax, O.granulifera, O.nova, O.trifallax (WR), O.trifallax (H), Stylonychia
lemnae and S.mytilus that have been sequenced or mapped with restriction en-
donucleases. Lengths of gene-sized molecules exclude telomeres. Open read-
ing frame lengths include the translational stop codon but exclude introns.
AS1, AS2, C2, 81MAC(IIIA), Ma52, Ma68, ORF1, POB4,R1, 719, V2, and
V3 all have open reading frames of 2129 bp encoding putative proteins of un-
known function, although some (81MAC(IIIA), Ma52, Ma68 and 719) do
display partial sequence identity with proteins of known function. The 1.7 and
3.3 kb molecules contain no convincing open reading frames and transcripts
have not been detected. Sequence information for pheromone 3 from E.octo-
carinatus, and for memER-1 and sER-1 from E.raikovi was obtained from
cDNA clones. GenBank accession numbers are included where applicable
(5).

AS, amplified sequence; CaBP, calcium binding protein; Er, Euplotes rai-
kovi mating pheromone; EF-1a, elongation factor-1 o; HSP70, heat-shock
protein 70; LDR, DNA leader, or 5’ non-translated region; memEr, membrane
bound isoform of E.raikovi mating pheromone; n.a., not available; n.d., not
determined; ORF, open reading frame; PGK, phosphoglycerate kinase; pol,
polymerase; RP, ribosomal protein; sER, soluble isoform of E.raikovi mating
pheromone; TBP, telomere binding protein; TLR, DNA trailer, or 3" non-
translated region.
20pen reading frame containing TAA or TAG codons that specify Gln.
bOpen reading frame containing TGA codons that specify Cys.
¢Gene containing a single intron.
9dGene containing two introns.
€Gene containing three introns.

average ~76% AT, and 3’ DNA trailers of hypotrich genes
average ~70% AT.

The 5" DNA leaders presumably contain sequences that signal
binding of RNA polymerase and initiation of transcription.
Computer searches for the eukaryotic TATA-, CAAT-, and GC-box
consensus sequences [5’-TATA(A/T)A(A1)-3’, 5-GG(T/c)CAA-
TCT-3’, and 5-GGGCGG-3 respectively] identified TATA-like
sequences (66) in 48 of 66 genes and CAAT-like sequences (66)
in 19 of 66 genes in Table 1; no GC-like sequences (67) were
found. The TATA-like sequences are expected to occur randomly
with higher frequency because leaders average ~76% AT,
conversely CAAT- and GC-like sequences will occur by chance
less frequently. Transcription start sites have been mapped for six



Table 2. Characteristics of 17 RNA-encoding macronuclear gene-sized
molecules in hypotrichs

Gene Organism | Genelength | SLDR | ORF | 3TLR |Accession#| Ref. |
rRNA (55) E. eurystomus 86bp| 194bp| 10bp| s32bp| x13718 | 54
£RNA (55) E. woodruffi >120bp| nd| 120bp| nd| koosaz | 55
rRNA (165 like) E. aediculatus >1882bp|  nd| 1882bp] nd| xoo949 | 6
rRNA (165-like) O. quadricornatus >1771bp|  nd| 1771p]  nd| xs3s85 | 57
RNA (165like) | O. granulifera >1778bp]  nd| 178bp| nd| xss |57
rRNA (165-like) 0. nova >1771bp|  nd| 1mibp|  nd| Muen | ss
rRNA (165-like) S. pustulata >1771bp|  nd| 1771bp]  nd]| Muew | 58
rRNA (5,85, 195, & 255)| O. fallax ~7400bp| ~1500bp| -5500bp| <400bp| na. 5

TRNA (5.8S, 195, & 255)| O. now ~7400 ~1500bp| ~5500bp| =<400bp na. 6, 64
TRNA (5.85, 195, & 255)| S. ta ~8140bp| ~1540bp| -~6000bp| ~600bp na. 64
telomerase RNA E. aediculatus >430bp| >49bp|  189bp| 192bp| na 61
telomerase RNA E. crassus __609bp 127 b, 191bp| 291bp| M33461 62
telomerase RNA E. eurystomus >781bp| >592bp 189 bp nd. na. 61
telomerase RNA O. nova >373bp. nd. 190 bp 183 bp n.a. 61
telomerase RNA O. trifallex (H) >368bp| >26bp 186bp| 156 bp na. 61
telomerase RNA S. lemnae >3%6bp| >27bp 189bp| 180bp na. 61
telomerase RNA S. m “ﬂl’ 315 bp 189 bp 165 bp n.a. 61

Seventeen macronuclear genes encoding RNA products of the hypotrichs
Euplotes aediculatus, E.crassus, E.eurystomus, E.woodruffi, Onychodromus
quadricornatus, O.fallax, O.granulifera, O.nova, O.trifallax (H), S.lemnae,
S.mytilus, and S.pustulata (5). All clones except for the E.eurystomus 58
tRNA, E.crassus telomerase RNA, O fallax, O.nova, and S.pustulata fRNA
(5.8S, 19S and 25S molecules) were produced by PCR. The complete struc-
tures of the macronuclear DNA molecules encoding the 16S-like TRNA genes
are not known because they are PCR clones.

n.d., not determined.

E.crassus genes and a single O.nova gene (8,68). In every case
TATA sequences are absent upstream of the start site and CAAT-
and GC-boxes are not present. These data suggest that either
conventional eukaryotic promoter sequences are not required for
transcription initiation or that the promoter sequence require-
ments for hypotrichs are less stringent than for other eukaryotes.
A specific transcription regulatory site is present in at least one
case; the gene encoding heat shock protein 70 in O.nova has two
copies of the 14 bp eukaryotic consensus sequence that binds the
heat shock factor (21). Also, the >1000 bp 5’ leaders in the histone
H4 genes of O.nova and S.lemnae share extensive sequence
commonalities that may represent sites for regulating transcrip-
tion during the cell cycle (69). mRNA molecules in hypotrichs are
polyadenylated, although the consensus eukaryotic poly(A)
addition signal sequence of 5-AATAAA-3’ (70) is present in only
~19% of the genes in Table 1 (see also 68).

Replication of macronuclear DNA molecules initiates at or
very near one or both ends (71,72). Characterization of a DNA
primase activity in O.nova that synthesizes 16-nt RNA primers
templated by the 3’ telomeric overhang in vitro suggests that
telomeres might serve as replication initiation sites (73). No other
consensus sequence has been identified in Oxytricha or Euplotes
species in the 5" DNA leader or 3’ DNA trailer that might function
as a specific initiation site. In S.lemnae, a moderately conserved
palindrome [5’-(A/T)ATTTAAAT(%/1)-3’] has been identified in
the region 40-70 bp from both the 5” and 3’ telomere addition sites
in 27 randomly selected macronuclear DNA molecules that may
serve as an origin of replication (74). However, computer analysis
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of the genes in Table 1 only identified this sequence in both the
leader and trailer of eight genes.

Three of the molecules in Table 1 were not selected with
heterologous probes. One from E.crassus was studied because it
possesses an unusually long telomere at one end (33). Sequencing
showed that it possesses a single ORF, which encodes a protein
with homology to a rat form-I phosphoinositide-specific phos-
pholipase C. Two other non-selected molecules were a 3384-bp
molecule from an O.nova macronuclear library and a 1652-bp
molecule from a library of macronuclear DNA of O.trifallax (H)
(28). Neither of these non-selected molecules contains a convinc-
ing ORF. The longest putative ORF in the 3384-bp molecule that
is defined by an ATG and a TGA codon (TAA and TAG are not
used as stop codons in Oxytricha—see Table 3) is 2029 bp,
interrupted by two introns of 35 and 407 bp and encoding a
polypeptide of 528 amino acids; other possible ORFs are much
shorter. The longest putative ORF in the 1652-bp molecule is
1402 bp, interrupted by a single 535-bp intron, encoding a
polypeptide of 288 amino acids. Neither of these two nonselected
molecules contains a sequence with recognizable similarity to a
known protein- nor RNA-encoding gene in other eukaryotes.
Preliminary attempts to find transcripts of the two molecules by
Northern hybridization have been inconclusive, and the putative
ORF:s in the two molecules do not conform to the ciliate codon
bias (see Table 3). These observations imply that some, perhaps
many, macronuclear DNA molecules possess no coding function.
This hypothesis can be tested by analyzing a randomly chosen set
of macronuclear DNA molecules.

The shortest macronuclear DNA molecule sequenced for any
hypotrich so far is AS1, which is 425 bp and encodes a putative
polypeptide of 43 amino acids in O.nova (11). The longest
molecule sequenced is 4952 bp and encodes the large, catalytic
subunit of DNA polymerase ot in O.trifallax (H) (15). The coding
functions, if any, of very long macronuclear DNA molecules
(<15 kb) are unknown.

Hypotrich macronuclear genes are intron-poor although the
micronuclear (germline) versions of genes contain many inter-
rupting sequences called internal eliminated sequences, or IESs,
that are spliced out of the DNA during development of the
macronuclear genome (somatic genome) from a micronuclear
genome (3,13). Of the 83 macronuclear gene-sized molecules in
Tables 1 and 2, 16 contain one to three introns. The 23 introns
range in length from 24 to 772 bp, with an average length of ~118
bp. Hypotrich introns average ~74% AT, compared to ~54% AT
for protein coding ORFs. All 23 introns begin with the highly
conserved dinucleotide GT and end with the highly conserved
dinucleotide AG; both the 5" and 3’ splice sites are in good
agreement with the eukaryotic consensus sequences of
5’-(AIc)AG/GT(A/G)AGT-3’ and 5’-(T/c)AG/G-3’ respectively,
where the slash indicates the boundary between exon and intron
(75).

The frequencies with which the different codons for an amino
acid or translational stop are used in hypotrichs are compared with
their percentage usage in Tetrahymena, Paramecium, Saccharo-
myces, Drosophila and human in Table 3. Clearly, codon usage in
hypotrich genes is strongly biased and in many respects is
different from the codon bias in the other eukaryotes listed. For
example, the arginine codon AGA is heavily used in hypotrichs
while the arginine codons CGA and CGG are rarely used (Table
3). All three of these codons occur with different frequencies in
the other eukaryotes. Ciliates use non-standard codons in some
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Table 3. Codon frequencies
| Amino Acid] Coden| Euplates [ Qxytricha [ Stlonvchia | | 2. melanogaster] Human| | Amino Acid[ Codon] Euplotes | mmlm@;mwm
Ala GCT 0.40 0.42 045 0.67 050 0.44 020 0.28 Phe TIT 0.4 0.22 0.12 0.19 0.44 053 035 043
GCC 0.25 0.9 045 0.29 0.11 025 0.43 0.40 TTC 0.56 0.78 088 0.81 0.56 047 0.65 0.57
GCA 0.32 0.18 0.10 0.04 038 023 0.18 0.22
GCG 0.02 0.01 0.01 <005 0.01 0.08 0.19 0.10 Pro CCT 0.30 023 0.10 0.40 029 029 0.15 0.29
ccc 0.03 0.33 0.16 0.53 0.08 0.13 0.30 0.33
Arg CGT 0.03 0.03 0.02 0.04 0.02 017 0.16 0.09 CCA 0.65 043 073 0.06 063 049 0.26 0.27
qgGC 0.01 0.05 0.03 0.01 0.01 0.04 0.29 0.19 C€CG 0.02 0.01 0.01 0.01 0.00 0.09 028 0.11
CGA 0.02 0.00 0.04 0.00 002 0.05 0.15 0.10
CGG 0.01 0.00 0.02 0.00 <005 002 0.15 0.19 Ser TCT 0.24 0.19 013 0.38 025 0.32 0.10 0.18
AGA 0.86 0.87 082 0.94 093 054 0.12 0.21 TCC 0.12 0.25 0.15 0.34 005 18 0.23 0.23
AGG 0.07 0.05 0.06 0.02 0.01 017 0.14 0.22 TCA 0.36 0.30 049 0.13 041 .19 D.10 0.15
TCG 0.04 0.03 0.04 0.01 0.01 0.08 0.20 0.06
Asn AAT 0.51 0.36 024 0.40 0.82 054 046 0.44 AGT 013 0.08 0.08 0.08 020 0.14 0.13 0.14
AAC 0.49 0.64 0.76 0.60 0.18 0.46 055 o.s_f AGC on 0.15 011 0.07 0.07 0.09 .24 025
Asp GAT 0.65 0.53 058 0.66 086 0.62 0.53 0.44 Thr ACT 0.49 0.38 036 0.45 0.44 0.38 017 0.23
GAC 0.35 047 0.4 0.34 0.14 038 047 0.56 ACC 022 0.49 052 047 0.08 0.25 036 0.38
ACA 0.29 013 0.10 0.07 048 026 0.21 027
Cys TGT 042 0.20 022 0.43 068 068 0.31 0.42 ACG 0.01 <.005 0.02 0.01 0.01 0.12 0.26 0.12
TGC 0.38 0.80 078 057 032 032 0.69 0.58
TGA| on stop | stop stop stop stop stop stop | Tyr TAT | 052 037 035 0.37 072 050 037 042 |
TAC 0.48 0.63 0.65 0.63 029 050 0.63 0.58
Gln CAA 0.74 .48 068 048 0.19 0.74 032 0.27
CAG 0.26 D.24 0.18 0.04 0.02 0.26 0.68 0.73 Val GTT 0.40 0.36 0.36 0.38 0.56 044 0.19 017
TAA Stop. .18 0.11 0.36 0.20 stop stop stop. GTC 029 0.38 051 0.53 0.13 024 0.26 0.25
TAG | stop 0.11 0.03 0.12 0.08 stop stop stop GTA 0.23 0.13 007 0.07 0.15 0.16 0.10 0.10
GTG 0.08 0.13 0.06 0.03 0.05 0.15 0.4 0.48
Glu GAA 0.68 0.52 048 0.94 086 0.74 03_2 0.41
GAG 0.32 0.48 052 0.06 0.14 0.26 0.68 0.59 Stop TGA Cys 1.00 1.00 1.00 1.00 0.34 0.53 0.61
N TAA 091 Gln Gln Gln Gln 049 0.30 0.22
Gly GGT 021 0.4 0.57 0.81 029 0.61 022 0.18 TAG 0.09 Gln Gln Gln Gln 0.17 0.17 0.17
GGC 0.06 0.15 012 0.05 005 0.15 040 0.33
GGA on 0.2 028 012 0.64 0.15 0.30 0.26
GGG 0.02 0.01 0.04 0.01 0.02 009 0.09 0.23
His CAT 0.54 O.E 034 0.29 0.77 0.60 0.41 0.41
CAC 0.46 0.68 0.66 0.72 023 040 0.59 0.59
Dle ATT 0.5¢4 037 036 0.4 0.59 050 033 0.35
ATC 0.28 0.56 0.54 0.50 017 030 0.50 0.52
ATA 0.18 0.07 0.10 0.06 0.24 0.20 0.16 0.14
Leu TTA 0.24 0.10 0.09 020 46 027 0.07 0.06
TTG 0.19 0.15 0.14 027 0.24 036 0.16 0.12
CIT 0.24 0.2 024 0.23 0.18 0.11 0.11 0.12
CTC 0.20 0.39 0.4 0.26 0.06 0.04 0.16 0.20
CTA 0.09 0.08 0.06 0.03 008 0.13 0.09 0.07
CTG 0.06 0.05 0.04 0.01 0.01 0.09 041 043
Lys AAA 0.47 0.28 024 0.27 0.72 051 0.30 0.40
AAG 0.53 0.72 0.76 0.73 0.28 0.49 0.720 0.60

Codon frequencies (expressed in decimals) for Euplotes, Oxytricha, Paramecium, Stylonychia and Tetrahymena macronuclear genes were tabulated from the open
reading frames (ORFs) specified in the GenBank entries using MacVector version 4.0 (IBI/Kodak) (5). Macronuclear clones of unknown function were included
if they contained an identifiable ORF of 2100 bp, as defined by an ATG and an appropriate translation termination codon. Codon frequencies for Paramecium
and Tetrahymena were tabulated as described above using a representative sample of macronuclear gene sequences deposited in GenBank. Non-hypotrich
sequences examined and their GenBank accession numbers include: P.primaurelia—168G surface protein (X52133), G surface protein (X03882); P.tetraurelia—
immobilization antigen 51A (M65163), immobilization antigen 51B (L04795), immobilization antigen 51C (M65164), B-tubulin (X67237), calmodulin
(M34540), protein phosphatase 1 (X67492); T.pyriformis—actin (X05195), o-tubulin (X12767), B-1-tubulin (X12768), B-2-tubulin (X12769), calmodulin
(D10521), EF-10a.(D11083), phosphoenolpyruvate mutase (M85236), polyubiquitin (X61053), polyubiquitin-ribosomal protein fusion (X56693); T.thermophila
—actin (M13939), a-tubulin (M86723), B-1-tubulin (L01415), B-2-tubulin (L01416), calmodulin (X52242), citrate synthase (D90117), cnjB (L03710), cnjC
(X62317), cysteine protease (L03212), histone H1 (M14854), histone H2A.1 (L18892), histone H2B.1 (M31332), phosphoglycerate kinase (X63528), ribosomal
protein L29 (M76719), ribosomal protein L37 (M59428), 23 kDa calcium binding protein (J05227), 25 kDa calcium binding protein (J05109). Codon frequencies
for Drosophila melanogaster, Saccharomyces cerevisiae and human were tabulated with the program GCG, using 412, 1952 and 435 genes respectively, from
GenBank release 63. These tables were retrieved via anonymous ftp from nic.funet.fi, in the directory /pub/sci/molbio/databases/codon.

cases as well. In Euplotes octocarinatus, the codon TGA specifies
cysteine rather than translation termination (65). Of the 10
E.octocarinatus genes from which the data in Table 3 was
compiled, eight contain TGA codons; 46 of 129 cysteine codons
in those eight genes (~36%) are non-standard. In Oxytricha and
Stylonychia, the codons TAA and TAG specify glutamine rather
than translation termination (43,48). Of the 17 Oxytricha and 14
Stylonychia genes from which the data in Table 3 was compiled,
seven and 10 contain TAA or TAG codons respectively; 104 of
270 glutamine codons (~39%) in the seven Oxytricha genes and
33 of 193 glutamine codons (~17%) in the 10 Stylonychia genes
are non-standard. The origin and significance of codon bias and
non-standard codon usage are not known.

In summary, the hypotrich macronuclear genome has unique
features that distinguish it sharply from other eukaryotes. Genes
are spliced out of the micronuclear, germline chromosomes
during macronuclear development to create short, telomere-
bounded DNA molecules that encode single genes. Hypotrich
genes generally lack TATA-, CAAT- and GC-boxes, and initiation
of transcription is apparently signalled in a different way than
most genes in other eukaryotes. Replication origins have not been
identified for hypotrichs, although replication might initiate at
telomeres, and a putative origin sequence has been reported
recently in Stylonychia lemnae (74). These features of the
hypotrich genome represent the evolution of ways of processing,



organizing, transcribing and replicating a genome that are quite
different from those of other eukaryotes.
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