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Abstract. A phylogenetic study of the isopenicillin-N-
synthetase (IPNS) gene sequence from prokaryotic and
lower eukaryotic producers of -lactam antibiotics by
means of a maximum-likelihood approach has been car-
ried out. After performing an extensive search, rather
than invoking a global molecular clock, the results ob-
tained are best explained by a model with three rates of
evolution. Grouped in decreasing order, these correspond
to A. nidulans and then to the rest of the eukaryotes and
prokaryotes, respectively. The estimated branching date
between prokaryotic and fungal IPNS sequences (852 =
106 MY) strongly supports the hypothesis that the IPNS
gene was horizontally transferred from bacterial B-lac-
tam producers to filamentous fungi.
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Introduction

Horizontal gene transfers are difficult to prove, and vari-
ous lines of indirect evidence are necessary to demon-
strate a convincing case (Lawrence and Hartl 1992;
Smith et al. 1992; Kidwell 1993; Dyer and Obar 1994).
On a phylogenetic time scale, horizontal transfer will
produce gene trees that do not correspond with well-
established species trees, giving inconsistencies in taxo-
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nomic relationships (Lawrence and Hartl 1992; Smith et
al. 1992; Kidwell 1993; Syvanen 1994).

However, the expected (i.e., species) phylogeny is not
a sufficient condition to support the assumption that hori-
zontal transfer has not occurred, specially if it took place
a long time ago. Less dramatic changes than a distorted
phylogeny can be the consequence of horizontal gene
transfer, e.g., unexpected short branch lengths in a true
species topology.

However, another problem is to ascertain whether the
sequences compared are orthologous (i.e., genes derived
from a common ancestor), paralogous (i.e., duplicated),
or xenologous (i.e., horizontally transferred). According
to Fitch (1970) and Gray and Fitch (1983) the topology
of a set of taxa can be correctly obtained from ortholo-
gous genes, but paralogous or xenologous genes are not
able to yield the correct species topology.

Most prokaryotic organisms are able to produce
B-lactam antibiotics, whereas in eukaryotes, the ability to
make these compounds is restricted to filamentous fungi
(Elander 1983; Jensen 1986; Cohen 1990). In the meta-
bolic pathway leading to such antibiotics, isopenicillin-
N-synthetase (IPNS) catalyzes the transformation of the
tripeptide (L-aminoadipyl)-L-cysteinyl-D-valine into
isopenicillin-N. In spite of the large phylogenetic dis-
tance between eubacteria and fungi (Hori and Osawa
1987), both the pathway leading to B-lactam antibiotics
and the gene sequence of IPNS are remarkably similar in
these organisms. Based on these and other arguments
(Smith et al. 1990a—c; Coque et al. 1991a,b), several
authors have proposed the possible horizontal transfer of
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Table 1. Bacteria and fungi species, and accession numbers for the
5S rRNA and IPNS sequences

Accession
Gene Code Species number
IPNS Fla Flavobacterium sp., Gram (-) X17355
Scl Streptomyces clavuligerus, Gram (+) M19421
Sli Streptomyces lipmanii, Gram (+) M22081

Sju Streptomyces jumonjinensis, Gram (+) M36687

Ach  Acremonium chrysogenum, fungus X03148
Pch  Penicillium chrysogenum, fungus M15083
Ani  Aspergillus nidulans, fungus MI8111
5S tRNA Afa  Alcaligenes faecalis, Gram (—) X05517
Sgr Streptomyces griseus, Gram (+) J01886
Ach  Acremonium chrysogenum, fungus X00867
Pch Penicillium chrysogenum, fangus X00692
Ani  Aspergillus nidulans, fungus X00688

the IPNS genes, and probably also other genes involved
in the synthesis of B-lactam antibiotics, from prokaryotic
producers to filamentous fungi (Ramén et al. 1987;
Miller and Ingolia 1989; Peiialva et al. 1990; Landan et
al. 1990).

In the present paper we applied a statistical procedure
to ascertain the case of horizontal gene transfer. We have
taken advantage of the maximum-likelihood method de-
veloped by Hasegawa and co-workers (Hasegawa et al.
1985; Kishino and Hasegawa 1990) to estimate, with
standard errors, evolutionary rates and split dates of a
given tree. The method allows one to compare alternative
models of evolution (for instance, constant vs variable
rates of nucleotide substitution). These estimates are rel-
evant to validate the horizontal gene transfer hypothesis
for the IPNS gene.

Materials and Methods

Sequences and Alignment Algorithm. Two different gene sequences
have been used: IPNS and 58 rRNA. Table 1 shows accession numbers
of IPNS and 55 rRNA sequences of the species under study. Gene
sequences of 5S rRNA have been aligned following the hierarchical
clustering algorithm, CLUSTAL V, of Higgins and Sharp (1989). The
IPNS alignment has been obtained with the same algorithm but on the
deduced amino-acid sequences and then back translated to nucleotide
sequences.

Phylogenetic Procedures and Statistical Analysis. The programs
FITCH, KITSCH, DNAML, and DNAMLK from the PHYLIP package
(Felsenstein 1990), were used to test the hypothesis of a global mo-
lecular clock.

To estimate branching dates and evolutionary rates, as well as to
test different models (i.e., models that assume varying evolutionary
rates between branches), we followed the maximum likelihood ap-
proach (Hasegawa et al. 1985; Kishino and Hasegawa 1990) imple-
mented in the MClock program developed by Dr. Hasegawa.

Based on the information theory, Akaike (1974) derived a criterion
for the comparison of non-nested models which is very useful when
comparing different tree topologies or evolutionary models with vary-
ing rates. The AIC (Akaike Information Criterion) statistic for a given
model is defined as AIC = ~2 (estimated log-likelihood) + 2 (number

of free parameters) and it provides the basis for model selection. The
better the fit of the model to the data, the lower the first term is. On the
other hand, the more complex the model, the higher the second term is.
The model with minimum AIC is considered to be the most appropriate
model. Using this criterion, it can be determined whether or not addi-
tional parameters should be introduced in a given model.

The maximum-likelihood approach assumes independence and ho-
mogeneity among sites. However, this assumption may not be strictly
valid because the composition of nucleotides may not be homogeneous
along the sequence; furthermore, there may be a correlation between
sites. Even if the assumption of homogeneity and independence is
violated, the estimates of branching dates and the average substitution
rates may still be good approximations. Nevertheless, the standard
errors of the estimates should be modified, because the variance-
covariance matrix is calculated under the assumption of a multinomial
distribution for the frequencies of the states. We offer an approach that
introduces an additional parameter that modifies the variance-
covariance matrix with a correction factor. Under this modification, the
estimates themselves do not change, but the standard errors are modi-
fied. The introduction of the new parameter constitutes another model,
and its AIC is denoted by AIC(2) (see Kishino and Hasegawa 1990 for
more details).

Results

The aligned 55 rRNA and IPNS sequences are not shown
but they can be obtained upon request from the senior
author. In order to avoid the well-known saturation ef-
fect, third positions were excluded in the phylogenetic
analysis of IPNS sequences. The number £ of nucleotide
substitutions per site between pairs of sequences, follow-
ing Kimura’s two-parameter method (Kimura 1983), is
shown in Table 2. The average values of k between bac-
teria and fungi, within bacteria, and within fungi for
IPNS and 58S rRNA are shown in Table 3. As can be
observed, while there is a notorious difference between
fungi and bacteria according to 5S rRNA, the distance
separating both groups is much more reduced according
to IPNS.

The phylogenetic trees obtained with PHYLIP pro-
grams (v3.4) based on parsimony (DNAPARS), dis-
tances (FITCH), or maximum likelihood (DNAML and
DNAMLK) yielded different topologies for each gene.
All methods gave us the same results: Whereas Gram (+)
and Gram (-) bacteria cluster according to 5S rRNA, the
Gram (+) bacteria cluster first with fungi according to
IPNS (Fig. 1). It is evident that the branch connecting
nodes 1 and 3 in the IPNS tree should be considered as
a zero branch length and that what we have is an unre-
solved trifurcation among Gram (+), Gram (=), and
fungi.

The evolutionary clock hypothesis was tested by
means of the log-likelihood ratio test, combining results
of both DNAML and DNAMLK programs. The 55
tRNA yielded a difference between log-likelihoods of
1.39, a nonsignificant value at the level of 0.05 for a x2
with 3 degrees of freedom. The difference between the
log-likelihoods for the IPNS gene in both trees was
14.40, a significant x* at the 0.05 level and for 5 degrees
of freedom. If we consider that the 55 rRNA tree repro-
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Table 2. Genetic distances between pairs of 5S TRNA and IPNS sequences (third positions excluded) expressed as nucleotide differences per site”®

Sequence Fla Scl Si Sju Ach Pch Ani
IPNS Fla -

Sel 0.3574 -

Sli 0.4029 0.1914 -

Sju 0.3533 0.1374 0.1892 -

Ach 0.3975 0.4085 0.3764 0.3479 -

Pch 0.4144 0.4250 0.4105 0.3849 0.1709 -

Ani 0.4343 0.3936 0.3903 0.3875 0.1938 0.1488 -
55 IRNA Afa Sgr Ach Pch Ani

Afa -

Sgr 0.5352 -

Ach 1.1121 1.1817 -

Pch 0.8349 1.0739 0.3213 -

Ani 0.9516 1.1869 03119 0.0911 -

# The distances are calculated with Kimura’s two-parameter method. See Table 1 for the species names

duces the species tree (Hori and Osawa 1987), then two
remarks can be made on the evolution of IPNS when
compared with the evolution of 5S rRNA. First, branches
connecting nodes 1 and 2 and 1 and 3 in the IPNS tree are
clearly shorter than those in the 55 rRNA tree. If we use
1,000 MY as the reference and fixed time when Gram (+)
and Gram (—) bacteria diverged (Hori and Osawa 1987
and node 3 of the 55 rRNA tree, Fig. 1) then, according
to the IPNS tree, the splitting of node 1 should have
taken place 996 MY ago, a value that is not congruent
with the one reported for the species tree (2,400 MY,
Hori and Osawa 1987). Second, the node 4 event is older
than expected when compared with that corresponding to
the species tree. According to Hori and Osawa (1987),
Penicillium and Aspergillus diverged about 60 MY ago,
but in the IPNS the divergence approximately occurred
282 MY ago. These two differences deserve more atten-
tion and have been tested separately by means of the
maximum likelihood approach (Hasegawa et al. 1983).
The observed number of transitions and transversions
between each pair of sequences is shown in Table 4.
From these data, we estimated the initial values for tran-
sition (o) and transversion (B) rates. The estimation was
performed by trial and error using the expressions for S/n
and V/n to fit the observed data (equations 12 and 13
from Kishino and Hasegawa 1990, respectively). After
covering a range for o and (3 initial estimates as wide as
possible, we finally used values of 0.8 and 0.5 MY,
respectively (Fig. 2). As initial estimates of divergence
times, we have used those obtained by transforming dis-

Table 3. Average number & of nucleotide substitutions per site within
and between sets of species

Species group compared IPNS 5s rRNA
Bacteria 0.2719 0.5352
Fungi 0.1712 0.2412
Bacteria vs fungi 0.3976 1.0568

tance to time according to the DNAMLK tree and those
obtained via a fixed divergence time between bacteria
Gram (4) and Gram (-) of 1000 MY (T3, constant rate
model). Other relevant parameters to the model are the
total length of aligned sequences (n = 682 nucleotides,
gaps and third positions excluded), the proportion of
variable sites (0.513), and the base composition (T =
0.220, C = 0.248, A = 0.290 and G = 0.242). The
maximum-likelihood estimates with those initial values
are given in the molecular clock model (Table 5). Ac-
cording to this model, with an AIC(2) value of 205.4, the
divergence between IPNS of bacteria and fungi took
place 975 £ 86 MY ago.

It should be pointed out that IPNS did not show a
global clock behavior when running DNAML and
DNAMLK programs. So, the second event to be tested is
the high evolutionary rates of branches 7 and 8 yielding
IPNS of Penicillium and Aspergillus (Fig. 2). To check
this hypothesis, initial values of « = 0.8 and B = 0.5
were used, except for branches 7 and 8 where initial
values of o > 0.8 and B > 0.5 were explored. As initial
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Fig. 1. DNAMLK trees of 55 rRNA and IPNS sequences.
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Table 4. Number of transitions (above diagonal) and transversions (below diagonal) for pairs of IPNS sequences®

Fla Scl Sli Sju Ach Pch Ani

Fla - 60 66 62 67 64 70
Scl 102 - 42 27 70 81 68
Sl 122 65 - 42 67 72 62
Sju 109 53 64 - 70 82 73
Ach 119 121 113 104 - 41 45
Pch 126 116 113 111 57 - 38
Ani 127 117 114 120 64 49 -

* See Table 1 for the species names

times we used those obtained according to the molecular
clock model and T4 of 60 MY (i.e., the splitting time
between Aspergillus and Penicillium according to Hori
and Osawa 1987). A two-rate model was additionally
tested, in which we maintained the initial divergence
times used for the molecular clock model, but consider-
ing an initial T4 time of 60 MY. The best result found
with this hypothesis is summarized in the two-rate model
(Table 5). This model [with an AIC(2) of 204.7] is better
than the first one. In summary, the best ML model we
have found until now is a two-rate model compatible
with an IPNS gene transference that took place 945 MY
ago.

A new model combining the two previous peculiari-
ties in the IPNS evolution [i.e., horizontal gene transfer
from bacteria Gram (+) to fungi and fast evolution of this
gene in Aspergillus and Penicillium] with a third one has
been tested. After horizontal gene transfer there should
be an adaptation of the prokaryotic JPNS gene to the
expression machinery of eukaryotic genomes. The effect
on base composition of a prokaryotic gene transferred to
a new eukaryotic environment might increase the rate of
nucleotide substitutions in the branch connecting nodes 1
and 2 (leading to fungi) when compared to the other
branches. Such a model incorporates three initial rates:
a,, B, for the branch 1-2, a3 5 for branches 7 and 8, and
oy, By for the rest (a; = 0.8, B; = 0.5 and a3 > o, >
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Fig. 2. Relationship between the number of transitions (S/n) and
transversions (V/n) per nucleotide site for the IPNS sequences used
(gaps and third positions excluded). The o and B estimates that beiter
fit S and V to empirical values of transitions and transversions (Table
4) are 0.8 and 0.5, respectively.

o, Bs > B, > B, were explored). As initial estimates of
time we chose the same values as used to obtain the
molecular clock model, except that T4 was 60 MY. After
a long search of initial conditions we were not able to get
a three-rate model with an AIC(2) lower than the two
previous models. We took advantage of Ramon et al.
(1987) where they reported the very high evolutionary
rate of Aspergillus, even higher than the rate of Penicil-
lium. To avoid a four-rate model we have explored initial
equal rates for branches 2 (i.e., leading to fungi; see
above) and 8 (leading to Penicillium) with o, and 3,
higher than 0.5 and 0.8, respectively, and the highest
initial rate for branch 7 leading to Aspergillus (o3 and (5
even higher than o, and ,). The initial times were the
same as used for two-rates model. As can be observed,
the AIC(2) is 201.0, the lowest obtained in our search.

Discussion
The IPNS tree obtained cannot solve the trifurcation

among Gram (+), Gram (=), and fungi. This situation,
itself, indicates that this gene does not reproduce the

Table 5. Branching dates (MY) and evolutionary rates estimated
from IPNS sequences

Model

Molecular
Parameter clock Two rates Three rates
Branching dates
Tl 975 + 86 945 = 90 852 + 106
T2 356 +43 249 + 68 316 £40
T3 1000 1000 1000
T4 266 + 37 47 £ 121 146 £ 41
T5 395 £46 408 £ 48 423 £ 45
T6 286 £40 297 £ 41 310+ 39
Rates
oy 0.936 +0.136  0.859 £0.125 0.797 £0.113
B, 0.661 £0.081  0.645 £0.079 0.628 +0.074
o, - 6.295+16.151  1.639 £ 0.559
Bs - 3.532+9.084  0.918+0.248
Qs - - 2.413 £0.946
B, - - 1.419 £ 0.532
AIC(2) 205.4 204.7 201.0




species tree (see Fig. 1). However, in our opinion, we are
not dealing with a topological question but with a branch
length problem. It is very difficult to explain, if one does
not return to the horizontal transfer hypothesis, why the
eukaryotic IPNS sequences appear so close to the pro-
karyotic ones, approximately 1400 MY closer than ex-
pected according to the species tree.

The maximum-likelihood analysis carried out shows
that prokaryotic and eukaryotic IPNS genes did not di-
verge with the species but, on the contrary, were first
present in bacterial B-lactam producers and transferred
from bacteria to the ancestor of filamentous fungi about
852 MY ago. Another finding, in addition to the trans-
ference, is the faster evolution observed in the branches
leading to Aspergillus and Penicillium, if compared to
the other.

Recently Smith et al. (1992) considered that the sim-
plest interpretation concerning the evolution of IPNS is
that this gene and the gene encoding deacetoxycephalo-
sporin C synthetase (DAOCS) underwent a duplication
before the prokaryote/eukaryote divergence. They
claimed that the topology of the tree rooted with the
duplicated enzymes, the depth of the bacterial branches,
and the different orientations of the B-lactam metabolic
pathway genes in fungi and eubacteria are consistent
with an ordinary evolution for IPNS gene. This is con-
trary to our hypothesis (Pefalva et al. 1990) and the
statistical analysis of phylogenetic results here reported.
Being more parsimonious, obtaining a phylogeny with a
similar topology to the expected does not systematically
invalidate the occurrence of a horizontal transfer event.
The phylogenetic reconstruction we have obtained shows
such an impressive shortening of branches linking fungi
and bacteria that it is difficult to explain by slow evolu-
tion of IPNS. There is no evidence of this fact when we
observe the estimated evolutionary rates within either
prokaryotes or fungi (Table 3).

There is a set of arguments that makes the consider-
ation of IPNS, and probably also DAOCS, as ortholo-
gous genes very unlikely. In their Fig. 4, Smith et al.
(1992) get a 57% average percent identity of amino acid
sequences for both IPNS and DAOCS from fungi and
eubacteria. If we translate these values to the number of
nucleotide substitutions per site (Kimura’s two-
parameter method, Kimura 1983), the average genetic
divergence per site between IPNS or DAOCS from fungi
and eubacteria is 0.40. The average genetic divergence
per site between fungi and eubacteria using 5S TRNA is
approximately 1.10. Accordingly, the divergence be-
tween these two groups took place 2,400 MY ago. If we
also assume that IPNS behaves as a molecular clock, the
divergence between IPNS of fungi and bacteria took
place 975 MY ago, approximately 1,425 MY after the
divergence between prokaryotes and eukaryotes.

More arguments can be invoked favoring the IPNS
horizontal gene transference (see Pefialva et al. 1990),
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but none of them as strong as the statistical one used
here. The duplication hypothesis of Smith et al. (1992)
does not invalidate the transference. Though 22% of
amino acid identity is a very low percentage, there is
evidence (Roach et al. 1995) indicating that IPNS,
DAOCS, and related 2-oxo-acid-dependent oxygenases
constifute a structural family of enzymes with identified
homologous regions, conserved structural and active-site
motifs, and, probably, reaction mechanisms closely re-
lated. It is very likely that an ancestral duplication event
occurred but it also seems clear that, afterward, a trans-
ference of IPNS (and probably some other enzymes of
the B-lactamic antibiotic pathway) from prokaryotes to
eukaryotes occurred.
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