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Abstract. The synteny conservation of the members of
eukaryotic operons was investigated by mapping their
orthologues in Drosophila, human, and other eukaryotes.
‘While the homologues of the operon members are gener-
ally not linked, some examples of highly conserved syn-
tenies were found. The most significant synteny involves
two members of one C. elegans operon, encoding fibril-
larin and ribosomal protein S16. Their homologues are
linked in human, mouse, Drosophila, Anopheles gambiae,
Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Plasmodium falciparum, and Guillardia theta, but not in
five other genomes. The distances between the genes are
larger than in the nematode, suggesting the prevalence of
intrachromosomal rearrangements.

The pre-mRNAs of at least 13% of C. elegans genes
are transcribed in operons (Zorio et al., 1994,
Blumenthal et al., 2002). Unlike bacteria, C. elegans
trans-splices its polycistronic transcipts to monocistron-
ic, and the proportion of more genes of the same oper-
on annotated for the same biological process is much
lower (von Mering and Bork, 2002).

Operons also exist in other nematodes (Evans et al.,
1997), but in other animals, only a few multicistronic
transcripts arising from nuclear genes were detected
(Schulz et al., 1990; Lee, 1991; Andrews et al., 1996;
Brogna and Ashburner, 1997; Ibnsouda et al., 1998;
Reiss et al., 1999; Gray and Nicholls, 2000; Liu et al.,
2000). These animal operon genes are not trans-spliced.
One of the human operons was inspected in diverse ani-
mal species and found to be conserved not just in verte-
brates, but also in C. elegans and Drosophila (Gray and
Nicholls, 2000).
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Little is known about the extension of synteny or link-
age conserved across large genetic distances, for example
among human, C. elegans, Drosophila, Anopheles gam-
biae, Arabidopsis thaliana, yeast, and other eukaryotic
genomes (Trachtulec and Forejt, 2000, for a review).
Conserved linkage is defined as the presence of at least
two pairs of homologous genes on the same chromosome
in two species in the same order and orientation; con-
served synteny is the presence of at least two pairs of
homologous genes on the same chromosome in two
species, regardless of their order (Nadeau and Sankoff,
1998). The term “conserved synteny” can therefore also
be applied to genes that are not neighbours. The ortholo-
gous relationships among the homologues from the
model organisms also remain largely unknown, despite
the fact that most or all of their genome has already been
sequenced (Goffeau et al., 1996; The C. elegans
Sequencing Consortium, 1998; Adams et al., 2000;
Arabidopsis Genome Initiative, 2000; Douglas et al.,
2001; Katinka et al., 2001; Lander et al., 2001; Venter et
al., 2001; Gardner et al., 2002; Glockner et al., 2002;
Holt et al., 2002; Wood et al., 2002).

To gain an insight into the animal operons and into
the genome organization of eukaryotes in general, the
organization of homologues of operon members in
other eukaryotic genomes was investigated.

Material and Methods

The names of the operon genes were taken from the
literature and sequences extracted from the NCBI site.
In order to define the closest homologues (orthologues),
reciprocal sequence comparisons of the proteins encod-
ed by operons with proteins from the nonredundant
database were performed by the gapped BLASTP pro-
gram (Altschul et al., 1997). If there was no better hit in
the reference species than with a P value below 104, the
operon gene was viewed as nonconserved in this
species. If the hits in all the reference species were of
a lower value than to a protein from the same operon, the
operon members were considered duplications. The
resulting best hits for the reference species were extract-

Folia Biologica (Praha) 50, 1-6 (2004)



2 7. Trachtulec

Vol. 50

ed and used in new separately conducted BLASTP
searches. All hits from the same reference species as the
query with a better score than for the operon product ini-
tially used were considered orthologous and inspected
for identity. The names of the genes and chromosomal
positions were then extracted from the Ensembl data-
base (at www.ensembl.org) for the human hits and
FlyBase (flybase.bio.indiana.edu) for the Drosophila
hits. The chromosomal positions of orthologues of the
genes from the same operon were examined for linkage
and the positives evaluated statistically.

A simple formula published previously (Trachtulec
and Forejt, 2001; Durand and Sankoff, 2003) was used
to count the probability of the syntenies: P = (r/G)™1),
where “r”’ is the region encompassed by the genes, “G”
the genome size, and “n” is the number of the syntenic
genes. The formula can be used only for very large
genetic distances and only for genes or open reading
frames tightly linked in at least one of the compared
species. For multiple linked orthologues in the refer-
ence species, only the position of the orthologue most
distant to the syntenic member was considered.

Results

Synteny analysis of C. elegans operon members

In total, 158 genes in 60 randomly chosen C. elegans
operons were analysed for orthologues in two animal
species, Homo sapiens and Drosophila melanogaster,
by reciprocal BLAST searches (see Supplemental
Table). Six operons (10%) containing 14 genes were the
results of duplications. Another 13 operons (22%) con-
tained 16 genes not conserved in the genomes of
Drosophila nor human. The synteny thus could not be
investigated for 12 operons (25%) composed solely of
duplicated or nonconserved genes. Four of the 16 genes
not conserved in fly or man resided in four operons, for
which there were at least two other conserved members.
Other six genes in five operons were conserved in man
only; the human orthologues of the genes from these
operons were not syntenic. There remained 41 operons
(68%) encompassing 114 genes or 99 pairs of genes,
which could be analysed for synteny both in Drosophila
and in man. For 18 gene pairs (20% of 99) in 15 oper-
ons, there was a synteny in one reference species at
a probability below 0.05 and, moreover, two gene pairs
had syntenies in both species with P < 0.01 each. The
first of the two pairs, genes for fibrillarin and ribosomal
protein S16, was mapped to a 400-kilobase pairs (kb)
region in human (P = 0.00013) and 466 kb in Drosophila
(0.004). The second pair, encoding a proteasome subunit
and a reductase gene, has homologues syntenic in
a human region of 33.2 megabase pairs (Mb) in length
(P =0.01) and in a DNA-stretch of 240 kb in the fruit fly
(P = 0.002). The number of the pairs expected to be
found in the distance corresponding to less than 1% of
the genome size in both human and Drosophila from 99

gene pairs, supposing random gene order, is 0.01
(Pobserved/expected < 0-0001, binomial equation).

To increase the probability of finding significant
conserved syntenies, all members of the 15 operons
encompassing gene pairs syntenic in Drosophila or
human were then compared by reciprocal BLAST
searches to other eukaryotic genomes and their map
positions were determined. The two pairs of operon
genes with closely linked members in both Drosophila
and human were found to be syntenic in other genomes
(see below), increasing the probability that these pairs
are under selection. From 12 pairs syntenic in
Drosophila but not in human, only two pairs were also
syntenic in A. gambiae with P < 0.05. From six pairs
syntenic in human but not in Drosophila, four pairs
were also syntenic in the mouse.

The most significant conserved syntenies
of C. elegans operon members

The most significant synteny involves the genes for
fibrillarin and ribosomal protein S16. The C. elegans
genes fib-1 and rps-16 are in an operon on on chromo-
some (Chr.) V (Zorio et al., 1994, operon No. 15 in the
Supplemental Table). The products of these genes par-
ticipate in the function of the ribosome. Fibrillarin is
a nucleolar protein involved in the modification of ribo-
somal RNA and the S16 protein is a part of the small
ribosomal subunit. Its orthologue from E. coli, riboso-
mal protein S9, binds to ribosomal RNA (Wiener et al.,
1988). The human fibrillarin gene (FBL) and ribosomal
protein S16 gene (RPS/6) were mapped to Chr.
19q13.1. The genes are single copy (excluding intron-
less pseudogenes), reside 400 kb apart and the proba-
bility of this arrangement is 0.0001. The mouse Fbl and
Rps16 genes map to a 177-kb region on mouse Chr. 7 (P
= 0.00006). Drosophila Fib and CG4046 genes reside
on Chr. 2R in a distance of 466 kb (0.004). The ortho-
logues of these two genes also map on Chr. 3 of A. gam-
biae (5.3 Mb apart, P = 0.02), S. pombe Chr. IIR (rpsi6
and fib, 1.2 Mb, 0.1), G. theta nucleomorph Chr.
3 (rps16 and nopl, 32 kb, 0.06), and P. falciparum 3D7
Chr. 14 (PF14_0132 and PF14_0068, 274 kb, 0.01).
The genome of S. cerevisiae encompasses two genes for
ribosomal protein S16, one of which (RPS/6B) is con-
tained in Chr. IV, 120 kb apart from the single copy
gene for fibrillarin (NOP1, P = 0.02). These genes are
not linked in the genomes of Candida albicans,
Neurospora crassa, A. thaliana, Leishmania major or
Encephalitozoon cuniculi. None of the archeal genomes
investigated carried the homologues of these two genes
in the same operon.

The next significant gene pair, the short-chain acyl
reductase (C15HI11.4) and the proteasome subunit
(alpha type 6, pas-1, C15H11.7), is encompassed in an
operon of four genes (No. 7, Table 1). The two remain-
ing genes are a small subunit of RNA polymerase
I (C15H11.8) and a regulator of ribosome biosynthesis
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Table 1. Conserved synteny analysis of operon No. 7

Function Ribosomal regulation RNA polymerase I Proteasome subunit  Reductase (dehydrogenase)
/Species small subunit

Cel C15H11.9 CI5SH11.8 C15H11.7 CI5H11.4

Hsa KIAAO0112 8q13.1 ZNRDI1=RPA12 6p21.3 PSMAG6 14q13-33.1 FLJ30273.ARSDR1 14q24-66.2,66.3 Mb
Mdo 1-9.6 Mb 17-36.1 Psma6 12-49.9 Mtd1 12-73.8

Dme LD24586p 64F Rpl12 93F Prosalpha6 43E S5x 43E

Aga Chr2-124.8 Mb 2-26.7 2-62.8 ~8x Chr2-100 to 135

Sce RRS1 XV RPAI2 X PRC2 VII YOR246C XV

Spo SPBC29A3.16 11-2.03 rpal2 I11-1.04 SPBC646.16 11-0.88  SPCC736.13 111-0.34

Ath At2g37990 2-15.9 MPE11.11, T20H2.16 3, 1 prcl, PAA2 5,2-2.2 7x 1,2-15.7,4,5

Ecu ECU08 1510 VIII-0.17Mb ECU08 1330 VIII-0.15 ECU10_0550 X nc

Ddi 2-2.71 Mb 2-7 2-7 2-1.76 Mb

Note: The name of the gene, if assigned, is followed by its chromosomal position; the significant syntenies are in bold; nc, not
conserved; ?, not known; Cel, C. elegans; Hsa, Homo sapiens; Mdo, Mus domesticus; Dme, Drosophila; Aga, Anopheles gam-
biae; Ath, Arabidopsis thaliana; Spo, S. pombe; Sce, S. cerevisiae; Ecu, Encephalitozoon cuniculi; Ddi, Dictyostelium dis-

coideum.

C15H11.9. The reductase genes are multicopy in
human (2 copies in 100 kb), Drosophila (5 genes in 12
kb), A. gambiae (about 8 copies in 35 Mb), and A.
thaliana (7 genes on four chromosomes). The ortho-
logues of all four operon genes map to Chr. 2 of A. gam-
biae (P = 0.04) and probably all four to Chr. 2 of
Dictyostelium discoideum (only one distance is known:
P =0.03). The proteasome subunit and reductase genes
are syntenic on human Chr. 14 (P = 0.01), mouse Chr.
12 (0.008), and fruit fly Chr. 2 (0.002). The ribosomal
regulator gene is syntenic with the proteasome subunit
on S. pombe Chr. II (0.09), with the reductase gene on
S. cerevisiae Chr. XV (0.006), and with the RNA poly-
merase subunit gene on E. cuniculi Chr. VIII
(P =0.008). The C15H11.8 and C15H11.4 homologues
reside on S. pombe Chr. III (0.06). The C15H11.9
homologue maps with the C15H11.4 and pas-1 genes to
Chr. 2 of A. thaliana (P = 0.1).

The operon No. 29 (Table 2) encompasses genes for
a proton-transporting ATPase ZK637.8, a thiamine
pyrophosphokinase ZK637.9, and a thiredoxin reduc-
tase ZK637.10. Although four homologues of ZK637.8

Table 2. Conserved synteny analysis of operon No. 29

and two homologues of ZK637.10 exist in human and
mouse, there is synteny of ATP6VOA2 and TXNRDI on
human Chr. 12 (P =0.03), and synteny of ATP6N1B and
TPKI on Chr. 7 (0.007). All three operon genes have
homologues on mouse Chr. 6 (0.001) and on Droso-
phila Chr. 3 (P = 0.14). The thioredoxin reductase is not
conserved in yeast or plants.

Another operon (No. 8, Table 3) is composed of
three genes encoding tubulin gamma (tbg-1), a 16-kDa
subunit of RNA polymerases I and III (F58A4.9), and
an ubiquitin-conjugating enzyme (F58A4.10). The
homologues of tbg-I and F58A4.10 are linked on
human Chr. 17 (P = 0.01), mouse Chr. 11 (0.01), S.
pombe Chr. IIR (0.06), A. thaliana Chr. 3 (0.08), D. dis-
coideum Chr. 2 (0.002), but not in D. melanogaster, A.
gambiae, N. crassa or E. cuniculi.

Synteny analysis of operon members from other
animals
Multicistronic transcription also occurs in human or

Drosophila, but only one gene, human MOCSI for
molybdenum cofactor biosynthesis, was analysed in

Function Vacuolar H+ pump Thiamine pyrophosphokinase Thioredoxin reductase

/Species

Cel ZK637.8 ZK637.9 ZK637.10

Hsa ATP6N1A, ATP6N1B, ATP6VOA2, TCIRGI; TPK1 7q35 TXNRDI,2; 12¢23,22q11
17921, 7934, 12924, 11q13

Mdo Atpénla, Atp6v0al,2, Tcirgl; 6-38.2,11,5,19 Tpkl 6-43.6 Mb Txnrdl,2; 6-90.5, 10; 16

Dme Vhal00-1, CG12602, Vhal00-2, CG7678; CG14721 86F Trxr-1, Trxr-2; 7D, 79E
99A, 32F; 91A

Aga 2-55.9,8.8;un 2-36.2 X-5.4

Sce VPHI1, STV1; XV-0.8, XIII THI80 XV-0.6 nc

Spo SPACI16ES8.07c 1 tnr3 1 nc

Ath At2g21410, At4g39080; 2-9.1, 4 At2g44750, At1g02880; 2-18.4, 1 nc

Note: One gene pair has a significant synteny (each synteny P < 0.05); un, unassigned; see Table 1 for additional legend.
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Table 3. Conserved synteny analysis of operon No. 8

Function Tubulin gamma RNA polymerase I and III Ubiquitin-conjugating
/Species subunit, 16 kDa enzyme

Cel tbg-1(F58A4.8) F58A4.9 F58A4.10

Hsa TUBGI1,2; 17921 RPA16 13q12.2 UBE2G1 17p13.3
Mdo Tubg 11-101.9 5-146 Ube2g1 11-73.3

Dme GammaTub 23C.37C CG10685 37C CG9602,RE63412p 87F,un
Aga 3-1.5Mb 3-50.5 Mb 2-23.3 Mb

Sce TUB4 XIIR YOLO005¢c XV ?

Spo SPBC32F12.04 IIR rpbl1 IL SPBC1105.09 IR

Ath TUBGL,2; 3-22.8,5 At2229540 2 UBC7,13 3-20.5, -17.1
Ecu ECU08 0670 VIII ECU11_0590 XI ECU04 06301V

Ner Ctg212 ILVI Ctgl3 I, VI Ctgd21 IV

Cal Ctg6-1674 un Ctg6-2179 Chr. R Ctg6-2511 Chr. R

Ddi dd 01918 2-3.53 Mb ? dd 01380 2-3.58

Gth tubg 1 rpe9 3 ?

Note: At least one gene pair has a significant synteny; Ctg, contig; Gth, Guillardia theta nucleomorph genome; Ncr,
Neurospora crassa; Cal, Candida albicans; see Table 1 for additional legend.

distantly related animal species (Gray and Nicholls,
2000); its organization is conserved among vertebrates,
as well as in Drosophila and C. elegans, but there are
two nonsyntenic genes in A. thaliana.

The mapping positions of homologues of the multi-
cistronic genes were obtained for other eukaryotes by
reciprocal similarity searches. One of two open reading
frames (ORFs) identified in a Drosophila bicistronic
mRNA (Schulz et al., 1990) is a nonconserved protein.
The same applies to other two bicistronic mRNAs of
the fruit fly (Andrews et al., 1996; Ibnsouda et al.,
1998). Both operon products can be nonconserved (Liu
et al., 2000). The two ORFs carried on a single
Drosophila mRNA (Brogna and Ashburner, 1997) are
the result of a recent duplication. Both products of the
human GDF1-LASS1 transcript (Lee, 1991) are con-
served in nonvertebrate animals, but the homologues
are not syntenic in Drosophila, A. gambiae or C. ele-
gans. The SNURF product of the imprinted mammalian
SNURF-SNRPN mRNA (Gray et al., 1999) is not con-
served in nonvertebrates.

Another human gene for molybdenum cofactor bio-
synthesis, MOCS?2, also produces a bicistronic mRNA
(Reiss et al., 1999). Transcript sequences encoding both
ORFs were found by TBLASTN searches in Silurana
tropicalis (e.g., GenBank access. No. AL852203),
Oryzias latipes (BJO07717), Ciona intestinalis
(BW217776), D. melanogaster (AY047520, the gene is
on Chr. 3R), and A. gambiae (BM625077, Chr. 2).
However, the homologous ORFs map to two separate
chromosomes in C. elegans, D. discoideum, Emericella
nidulans, A. thaliana, or Oryza sativa. Thus, there are at
least two genes producing bicistronic transcripts with

their gene organization shared among eukaryotes, but
the operon-like arrangement is not the only possible one.

Discussion

The data presented in this paper confirm the exis-
tence of syntenies of sequence-unrelated genes, which
are conserved over large genetic distances. Unlike con-
served syntenies known from among more closely relat-
ed genomes (Nadeau and Sankoff, 1998, for a review),
there are almost no syntenic segments (stretches of one
conserved synteny not interrupted by any other con-
served synteny). Therefore, a mathematical approach
has to be employed to exclude a background. Two clas-
sical examples of nonrandom distribution of genes con-
served in vertebrates and nonvertebrates are clusters of
members related by homology, the homeobox and his-
tone gene families (Maxson et al., 1983; Graham et al.,
1989). The Drosophila Hox (HOM-C) homeobox clus-
ter is split into two regions of Chr. 3R. Their distance,
10 Mb, represents about 8% of the Drosophila genome
size (Adams et al., 2000). The C. elegans Hox genes are
spread over 260 kb (0.3% of the genome), with many
non-Hox genes interspersed among them (The C. ele-
gans Sequencing Consortium, 1998). The evenskipped
homeobox gene homologues are tightly linked to the
human and cnidarian Hox genes (Pollard and Holland,
2000; Popovici et al., 2001) mapped 3.1 Mb to the C.
elegans Hox cluster (P = 0.03), but are located on a dif-
ferent chromosome than the fruit fly or mosquito Hox
genes. These data suggest that a nonrandom gene dis-
tribution or conserved synteny should be present in at
least three distantly related eukaryotic genomes with
the probabilities below 0.05. The probability can be cal-
culated only for genes very tightly linked in one of the
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species (e.g., operon members) with the formula
presently available. A more sophisticated mathematical
approach may be necessary to construct syntenic maps
of distantly related model organisms. It should also be
noted that synteny was not investigated for non-operon-
ic C. elegans genes and the frequency of their syntenies
cannot thus be compared to the frequency of syntenies
of operonic genes.

At least five pairs of genes (5% of 99 investigated) of
four operons (10% of 41) in our analysis would pass the
rules defined above. The nonrandom arrangement of
orthologues was also found for only two of the nine
other animal operons investigated. This fact suggests
that an extensive random shuffling takes place in shap-
ing the eukaryotic genomes and only a small part can be
under selection. Syntenies of genes of unrelated
sequence conserved in mammals and nonvertebrates
(Trachtulec et al., 1997; Pebusque et al., 1998; Abi-
Rached et al., 2002) and even in the fission yeast S.
pombe (Trachtulec and Forejt, 2001) have been found
previously. The presence of the conserved synteny of the
PDCD2, TBP, and PSMBI genes has also been recently
confirmed in nonmammalian vertebrates (Trachtulec,
Vlicek, Mihola, Forejt, submitted). Cases of no synteny
of gene homologues on larger genetic distances have
also been published (reviewed in Trachtulec and Forejt,
2000, 2001). The examples have been too few to say
how much of the synteny is conserved across eukary-
otes. Taken together with the data presented here, how-
ever, it seems that significantly conserved syntenies are
rare among distantly related eukaryotic genomes.

The fact that only syntenies but almost no gene
order or syntenic segments remain conserved implies
that intrachromosomal rearrangements occur more
often than interchromosomal events. This view is sup-
ported by the data from syntenies shared among more
closely related genomes (Nadeau and Sankoff, 1998;
McLysaght et al., 2000). We can only speculate about
the reason behind it. Nevertheless, there are at least two
possible explanations. First, the semisterility of translo-
cation heterozygotes is a much more serious defect of
the reproductive fitness of an individual than the sup-
pression of recombination, the usual consequence of
inversions. Second, there can be shared regulatory ele-
ments among the syntenic genes, which would not be
accessible after a translocation, for example due to spa-
tial constraints in the nucleus of the cell. The distances
of these elements from the regulated genes can be more
than 800 kb (reviewed by Kleinjan and van Heyningen,
1998). This view is also supported by the discovery of
chromosomal territories (Zink et al., 1998).
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