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Conservation of divergent transcription in fungi

Philip R. Kensche, Martin Oti, Bas E. Dutilh and Martijn A. Huynen
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Center. 6500 HB Nijmegen, The Netherlands

The comparison of fully sequenced genomes enables the
study of selective constraints that determine genome
organisation. We show that, in fungi, adjacent diver-
gently transcribed (——) genes are more conserved in
orientation than convergent (—«) or co-oriented (——)
gene pairs. Furthermore, the time divergent orientation
of two genes is conserved correlates with the degree of
their co-expression and with the likelihood of them
being functionally related. The functional interactions
of the proteins encoded by the conserved divergent gene
pairs indicate a potential for protein function prediction
in eukaryotes.

Background

In prokaryotes, conservation of co-oriented (——) and
divergent gene pairs («——) correlates with the presence
of operons and bi-directional promoters, respectively, and
is used to predict functional links between genes [1,2]. In
eukaryotes, operons are a common genomic feature in only
a few clades, such as Nematodes [3] and Urochordates [4].
By contrast, bi-directional promoters are a universal mech-
anism for co-regulation: Adjacent genes organised in diver-
gent orientation and separated by short intergenic spacers
tend to be co-regulated in flies [5] and vertebrates [6].
Furthermore, in vertebrates, the distance between diver-
gently transcribed genes tends to be conserved in different
species [6,7] and divergent gene pairs are overrepresented
among gene pairs that are conserved in orientation [7].
Among gene pairs whose orientations are conserved in the
two fungi Saccharomyces cerevisiae and Candida albicans,
divergent gene pairs are enriched only if they are highly co-
expressed [8,9]. However, divergent gene pairs did not

Corresponding author: Huynen, M.A. (M.Huynen@cmbi.kun.nl).

retain their orientation with an especially high rate [8].
We investigated the relationship between conservation of
gene orientation, the class of orientation and intergenic
distances. Furthermore, we asked whether the conserva-
tion of divergent gene orientation can be used for protein
function prediction in eukaryotes. We based our study on a
set of 19 fungi with a phylogenetic tree whose branches
sum up to a total of 3850 million years (My; Supplementary
Figure S1).

Divergent gene orientation is highly conserved

We calculated the fraction of adjacent gene pairs that are
conserved in orientation between every possible pair of
species and plotted it against the species’ divergence
times (Figure la; see Supplementary Material 1). At
large evolutionary distances of 400 My and more, for
instance, between Euascomycota and Hemiascomycota,
divergent gene pairs are more conserved in orientation
than convergent (—<«)or co-oriented gene pairs. In
addition, the more recently separated species among
both the Euascomycota and Basidiomycota show a pro-
nounced conservation of divergent orientation. We
further quantified the conservation of orientation of
individual orthologous group pairs by how long their
orientation has been maintained in fungal evolution.
To this end, for each pair of orthologous groups, we
inferred with a Dollo parsimony model [10] where in
fungal evolution they gained and lost their orientation
(Figure 1b). A comparison of the resulting conservation
times shows that divergent gene pairs are on average
(geometric means) maintained for 61 My longer than co-
oriented gene pairs (one-sided Mann-Whitney test,
P < 1.2 x 107*") and 32 My longer than convergent gene
pairs (P < 2.5 x 1071%). The enrichment of divergent
gene pairs over other orientations increases with the
conservation time. If genes are located on either strand
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Figure 1. (a) Fractions of divergent, convergent and co-oriented gene pairs conserved between each pair of species plotted against the species’ divergence times. The
divergence times were estimated based on the assumption that Basidiomycota and Ascomycota diverged 500 million years ago [20]. For details on methods see
Supplementary File 1 online. The average rates with which the fractions of conserved pairs decay are as follows; divergent: r=4.12 x 10~%; convergent: r=5.32 x 10~3; co-
oriented: r=5.71 x 10~%; adjacent (data not shown): r=4.63 x 102, (b) Conservation of orientation of orthologous group pairs. Members of two orthologous groups (white
and gray) are co-oriented in species 3 and 4. In other species, the two genes are not adjacent (1), not co-oriented (2) or missing (5). Dollo parsimony [10] generally assumes
that a trait was gained only once in the evolution of an organism group, namely in the most recent common ancestor (MRCA) of all species that have this trait. In this
example, it thus infers a single gain of orientation, directly before the MRCA of species 3 and 4, and two subsequent losses. The conservation time for this co-oriented
orthologous group pair is calculated as the sum of the lengths of the four branches highlighted in gray. (¢) Correlation of co-expression in Saccharomyces cerevisiae and
conservation. Red: linear model fitted with least squares (divergent: Pearson r=0.25, P=2.4 x 107"5; co-oriented: r=0.046, P=0.047; convergent: r=—0.011, P=0.71). Blue:

local regression with loess [21].

of the DNA with the same probability, for structural
reasons, we expect to find 50% co-oriented, 25% conver-
gent and 25% divergent gene pairs. Indeed, divergent
pairs represent only ~30% of the total set of conserved
orthologous group pairs (3346 divergent, 3283 conver-
gent, 5131 co-oriented). Nevertheless, above a conserva-
tion cut-off of 1000 My, divergent pairs (169) are about
two or three times more frequent than convergent (95)
and co-oriented pairs (56) pairs, respectively. Finally, if
we consider the top 25 conserved divergent gene pairs,
we find only one (3.5%) convergent and three co-oriented
(10.4%) gene pairs that have been conserved over a
similar evolutionary distance.

The neutral evolutionary model

The differences in the conservation of different gene orien-
tations could be explained by a neutral evolutionary model
in which the probability for a linkage break between two
genes is proportional to the distance between the genes on
the chromosome [8,11]. Given the conservation of divergent
gene pairs, this model predicts that genes with divergent
orientation should be separated by shorter intergenic
spacers than convergent or co-oriented genes. However,
divergently oriented transcripts in S. cerevisiae are
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separated by longer spacers (median 401 bp, one-sided
Mann-Whitney test, both with and without controlling for
conservation, P < 1.2 x 10~*%; Supplementary Figure S4)
than co-oriented (median 180 bp) or convergent (median
—84 bp) transcripts. This result applies to all 19 fungi if
the distances between open reading frames (ORF's) are used:
spacers between divergent genes were always longer than
those between convergent genes (P < 2.4 x 1073%) and, for
the majority of species (12/19), longer than those between co-
oriented genes (P < 0.05). Nevertheless, among gene pairs
with the same orientation, the conservation negatively
correlates with the length of the spacer between transcripts
(divergent 7= -0.2, convergent 7= —0.13, co-oriented
7=-0.11, P<13x 1079, which is consistent with
previous findings in Hemiascomycota [11] and with the
neutral evolutionary model. These seemingly contradictory
results can be explained by a refined neutral model: Diver-
gent gene pairs may be more conserved in orientation
because the length of the region in which a selectively
neutral disruption can happen is shorter than the intergenic
region itself. For instance, one would expect that removing
an important transcription factor binding site from its core
promoter and gene by a rearrangement has a negative
fitness effect.



Conservation of divergent orientation correlates with

co-expression

The refined neutral model still leaves us with the question
why the regions in which rearrangements are selectively

Table 1. Top 25 conserved divergent orthologous group pairs

Trends in Genetics Vol.24 No.5

neutral should be shorter between divergent gene pairs
than between convergent or co-oriented pairs. One expla-
nation could be that for some divergent gene pairs
the region is reduced to zero length by mechanisms of

Conservation (My)® ORF 1°© Function 2 ORF 2 Function 2 Relation®
3672 (95.1%) YDR224c Histone H2B YDR225w Histone H2A Nucleosome
YBLO02w YBL003c
(FOG_2510) (FOG_2543)
3446 (89.5%) YBR009c Histone H4 YBRO10w Histone H3 Nucleosome
YNLO30w YNLO31c
(FOG_2256) (FOG_2521)
2577 (66.9%) YLR410w Physically interacts with rRNA YLR409¢c Involved in maturation of pre-18S Ribosome
(FOG_232) processing proteins (FOG_3415) rRNA assembly
2504 (65.0%) YOL039w Ribosomal protein P2 « YOL040c Component of the small (40S) Ribosome
(FOG_1240) (FOG_657) ribosomal subunit
2490 (64.7%) (FOG_1877 High-affinity iron transporter (FOG_2004 Multi-copper oxidase Iron import
YBR207w YFLO41w [22,23]
YER145c) YMRO058w)
2406 (62.5%) YHRO66wW Constituent of 66S pre-ribosomal YHRO065¢ Maturation of the 35S rRNA Ribosome
(FOG_1786) particles (FOG_637) assembly
2387 (62.0%) YIL020c Histidine biosynthesis YILO19w Pre-rRNA processing; ribosome Unexplained
(FOG_2727) (FOG_897) assembly
2294 (59.6%) (FOG_832) Milo2p (S. pombe); involved in (FOG_946 Mcm2p; implicated in DNA DNA-replication,
chromosome segregation [15] YBL023c) synthesis [14] chromosome
segregation
2247 (58.4%) (FOG_3048 Vacuolar ATPase (FOG_3753 Involved in pre-mRNA splicing Unexplained
YELO51w) YDR416w)
2101 (53.6%) YPR191w Subunit of the ubiquinol YPR190c RNA polymerase Il subunit C82 Unexplained
(FOG_3052) cytochrome-c reductase complex (FOG_670)
2023 (52.6%) (FOG_2704) MFS sugar transporter, xylose (FOG_4642) «-L-arabinofuranosidase/beta Xylose
transporter xylosidase metabolism
1971 (51.7%) YOR160w Npl3p-dependent mRNA export YOR159c Involved in spliceosomal mRNA mRNA
(FOG_1988) from the nucleus (FOG_2119) splicing processing
1940 (50.4%) YPR187w RNA polymerase subunit ABC23 YPR186¢ Transcription factor IlIA (TFIIIA) RNA polymerase
(FOG_3400) (FOG_4075)
1921 (49.4%) (FOG_1391 Involved in obtaining SO3; from (FOG_5857 MFS, upregulated by sulfur Sulfur
YLLO57c) taurine [12] YIL166¢) depletion [13] homeostasis
1900 (49.3%) YBR020w Galactokinase YBR019¢c UDP galactose-4-epimerase Galactose
(FOG_3740) (FOG_3946) metabolism
1895 (49.2%) (FOG_1156 Mitochondrial ATPase subunit ATP4 (FOG_638 Small ribosomal subunits Unexplained
YPLO78c) YPR144c) biogenesis and assembly
1871 (48.6%) YMR142¢ Component of the large ribosomal YMR143w Component of the small ribosomal Ribosome
YDL082w subunit YDLO083c subunit
(FOG_1745) (FOG_4503)
1863 (48.4%) YDR448w Transcription coactivator YDR447¢c Ribosomal protein 51 of the small Gene expression
(FOG_2360) (FOG_399) subunit
1849 (48.0%) (FOG_2177  y-tubulin complex subunit Alp4 (FOG_4086 Proteasome component Pup2 Cell division
YHR172w) YGR253c)
1820 (47.3%) (FOG_2739 Karyopherin beta; nuclear import (FOG_427, Mutant defective in spore formation Hypothetical
YGLO16w) YLL029c)
1810 (47.0%) YBR171w Member of Sec63 complex; protein  YBR170c Npl4p; ER and nuclear membrane; ER import and
(FOG_1245) targeting and import into the (FOG_5151) genetic interaction with Sec63 export
endoplasmatic reticulum (ER) ([18,24], PPI ID: 1107)
1787 (46.4%) YGR289c Maltose permease YGR292w Maltase Maltose
(FOG_2439) (FOG_824) catabolism
1787 (46.4%) YERO072w Vacuolar transporter chaperon YERO71c Protein of unknown function Hypothetical
(FOG_2806) (VTC) (FOG_511)
1777 (46.2%) (FOG_1072 60S ribosomal protein L21-A (FOG_2007 40S ribosomal protein S9 Ribosome
YBR191w YBR189w
YPLO79w) YPLO81w)
1777 (46.2%) (FOG_1954 Spliceosome assembly (FOG_600 RNA helicases; nucleolar maturation Unexplained
YDLO30w) YDRO21w of rRNAs
YKR059w
YJL138c)

See full table in Supplementary Material online.
2Percentages are conservation scores relative to total sum of branch lengths in the tree (3850 My).
bOrthologs in S. cerevisiae that reside in the conserved orientation. Otherwise orthologous group identifiers (see Supplementary Material online) and Saccharomyces
cerevisiae orthologs are given in parentheses.
°ORF, open reading frame.
9Type of interaction, common process or physical complex. ‘Hypothetical’ relations involve proteins of unknown function.
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co-regulation, such as bi-directional promoters. Indeed,
divergent gene pairs in budding yeast have higher co-
expression values (median=0.201) than -convergent
(median = 0.140) and co-oriented pairs (median = 0.143;
one-sided Mann-Whitney test, P < 3.5 x 107'°). Further-
more, among divergently oriented gene pairs, conservation
correlates with co-expression, explaining 6.1% of its
variation (Figure lc; Kendall’s =0.10; P =6.0 x 10 %).
This correlation is not caused by confounding effects of
the length of the intergenic spacer on both conservation
and co-expression because it remains significant when
controlling for distance between transcripts (partial
Kendall’s 7=0.08 P=4.5x 107%). By contrast, for co-
oriented and convergent gene pairs, co-expression and
conservation do not correlate (t < 0.028, P > 0.14).

Conservation of gene orientation for protein function
prediction

Of the 25 most conserved divergent gene pairs, a signifi-
cant proportion are obviously functionally related
(Table 1). Like in prokaryotes, conserved divergently
oriented gene pairs show a wide array of functional
interactions, including shared complex membership and
involvement in the same metabolic pathway. In some
cases, the gene order conservation can aid in predicting
a specific protein function. An interesting case is a gene
pair that is conserved over ~50% of the total phylogenetic
distance in the tree and that involves the S. cerevisiae
genes JLP1 (YLLO057¢) and YIL166c. Jlplp is a dioxygen-
ase that releases sulfite from sulfonates, such as taurine
[12]. Yil166¢cp is a member of the Major Facilitator Super-
family (MFS) that has no ortholog with a functional anno-
tation but that is specifically upregulated under sulfur
depletion [13]. Although taurine is a known sulfur source,
no transporter for taurine has yet been identified in
S. cerevisiae. The conservation of Yill66cp with Jlplp
suggests Yill66cp as the missing taurine transporter.
Another interesting example of the potential for protein
function prediction comes from the gene pair encoding
Mlo2p and Mcm2p, which is divergently oriented in Schi-
zosaccharomyces pombe and most of the Euascomycota.
Mcm2p is presumed to be part of the replicative helicase
[14], whereas Mlo2p was identified as leading to incorrect
chromosome segregation when overexpressed [15]. The
conserved orientation of Mcm2p and Mlo2p in the fungi
indicates that Mlo2p may have an earlier role in DNA
replication than in the chromosome segregation process
itself.

The many gene pairs with a functional relation in
Table 1 suggest that the conservation could be used to
predict functional links between genes. We quantified the
evidence for a functional relation between conserved gene
pairs with receiver operator characteristic (ROC) curves,
using various databases of protein complexes and pathway
information [16-18] [area under the curve (AUC); Supple-
mentary Figure S5]. Divergently transcribed gene pairs
that are functionally linked are more conserved in orien-
tation than those that are not functionally related
(AUC = 0.63; one-sided Mann-Whitney test; P < 1.65 x
10~2). The predictive value in fungi is similar to that of
the Hamming distances of the phylogenetic profiles [19]
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(AUC =0.64). By contrast, for functionally related co-
oriented and convergent gene pairs the conservation scores
were not higher than for unrelated pairs (AUC ~ 0.5;
P > 0.33).

Concluding remarks

We have shown that divergently transcribed gene pairs are
strongest conserved among adjacent gene pairs in fungi
and that the level of conservation correlates with the level
of co-expression and the likelihood of being functionally
related. Our results, thus, link the functional signals of co-
expression and functional similarity specifically to diver-
gent gene pairs rather than adjacency in general [11]. The
pronounced conservation of divergent gene pairs suggests
that many of them could be regulated by bi-directional
promoters, as is the case in humans [6]. Our approach to
quantify the degree of conservation of individual ortholo-
gous group pairs could serve to identify such bi-directional
promoters. Furthermore, we showed how the conservation
of divergent orientation can be used for protein function
prediction in eukaryotes. The value of conserved divergent
orientation has already been shown in prokaryotes,
although there its coverage is low compared to the con-
servation of co-oriented gene pairs in operons [2]. Never-
theless, with the large number of genome sequences
expected to become available, the comparative approach
will become increasingly important to provide a new source
of information about protein function in eukaryotes that is
independent for genomics data like co-expression or
physical interaction.
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Early evolution of eukaryotic DNA-dependent RNA
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Eukaryotic DNA-dependent RNA polymerases (Pol I-lll)
share a conserved core of 12 subunits, which is closely
related to archaeal RNA polymerases. Rpb8, a subunit
found in Pol |, Il and lll, was thought to be restricted to
eukaryotes. We show here that Rpb8 closely resembles
an archaeal protein called G, found only in Crenarchaea,
which identifies a last missing link between the core
structure of archaeal and eukaryotic RNA polymerases.

Archaeal and eukaryotic transcription: two closely
related systems

Transcription is catalysed by two unrelated classes of
DNA-dependent RNA polymerases. The first contains
the single-subunit RNA polymerase of bacteriophage
T7. Moreover, related enzymes transcribe the mitochon-
drial genome and contribute to chloroplast transcription
[1]. The second, and more widespread, class of multi-
subunit RNA polymerases (Table 1) includes the eukar-
yotic (nuclear) enzymes (Pol I, Pol IT and Pol III), their
archaeal, bacterial and chloroplast counterparts, several
polymerases acting on DNA viruses, and the recently
discovered Pol IV, which is involved in the silencing of
plant heterochromatin [2]. Among them, eukaryotic RNA
polymerases are characterised by their complex multi-
subunit composition, with up to 17 different subunits in
the case of yeast Pol III [3].

Corresponding author: Thuriaux, P. (pierre.thuriaux@cea.fr).

The chromatin of eukaryotes imposes a major constraint
on transcription by preventing the direct targeting of RNA
polymerases to DNA promoters, which probably explains
that Pol I, IT and IIT are first directed to pre-initiation
complexes before starting transcription. These complexes
are minimally defined by the TATAA box binding protein
(TBP), which is common to all three transcription systems,
by the related Pol II- and Pol III-associated initiation
factors TFIIB and Brfl, and by the Pol II-specific TFIIE
factor [4]. Bacteria have no chromatin, and their RNA
polymerases directly bind to promoters by specialized
sigma subunits. By contrast, many Archaea have small
DNA-binding proteins that are closely related to histones
H3 and H4, and form tetrasomes that evoke the eukaryotic
nucleosomes [5,6].

Yeast Pol I, IT and III are by far the best characterised
eukaryotic RNA polymerases [3,7,8]. They share a con-
served core of 12 subunits, made of five polypeptides
common to all three polymerases (Rpb5, Rpb6, Rpb8,
Rpb10 and Rpb12), and of seven distinct but paralogous
components present in Pol I, IT and IIT (Table 1). This
triplicated core structure is present, with some variations,
in all eukaryotic lineages and thus presumably appeared
at an early step of eukaryotic evolution [9]. Moreover, the
subunit composition of this Pol I, IT and III core structure is
closely related to the one of the single RNA polymerases
operating in Archaea [10,11], as recently illustrated by the
electron microscopy and X-ray structure of two archaeal

211


http://dx.doi.org/10.1016/j.tig.2008.02.003
mailto:pierre.thuriaux@cea.fr

	Conservation of divergent transcription in fungi
	Background
	Divergent gene orientation is highly conserved
	The neutral evolutionary model
	Conservation of divergent orientation correlates with co-expression
	Conservation of gene orientation for protein function prediction
	Concluding remarks
	Acknowledgements
	Supplementary data
	References


