(13), the scid fibroblasts had impaired coding
join formation but, unlike xrs-6 and XR-1
cells, had a relatively normal level and
fidelity (80% precise) of RS joins (Table 1).
This finding suggested that the scid mutation
affects a different gene than the xrs-6 and
XR-1 mutations. To verify this conclusion,
we made multiple cell hybrids between these
lines and found a complete complementa-
tion of radiation sensitivity. Furthermore,
V(D)] recombination activity was restored
to normal in the one hybrid (xrs-6/scid)
tested (Table 1). We conclude that xrs-6,
XR-1, and scid represent three different
genes involved in V(D)] recombination.

The xrs-6 and XR-1 mutations affect
both RS and coding join formation (Fig.
1E); however, recognition and introduction
of double-strand breaks appear to occur
normally in these mutants because some RS
or coding joins have at least one end at or
near the RS or coding junction, and recov-
ered RS and coding joins linked sequences
from the expected side of the involved
elements. Therefore, it is likely that these
mutations either result in hyperexonucle-
olytic activity or impair the normal joining
process such that only illegitimate recombi-
nation events are recovered. The presence
of extra nucleotides resembling normal P
elements [(14) and Fig. 3] in the XR-1
mutant suggests that the defect in this
mutant affects a V(D)] recombination step
downstream of that involved in the gener-
ation of these elements and the activity
affected by the scid defect (13, 15).

V(D)] recombination has some mecha-
nistic similarities to certain transposition
events. For example, P element transposi-
tion in Drosophila occurs by a cut-and-paste
process usually followed by double-strand
gap repair to restore the donor P element
(16). A gene product (mei-41) necessary for
recovery of P-bearing chromosomes under-
going transposition has also has been impli-
cated in DSBR (17). Furthermore, protec-
tion of ends in DSB intermediates by a
stable protein complex occurs in Tn7 and
Tnl10 transposition in Escherichia coli (18).
In the radiosensitive Rad52 epistatis group
of yeast, mutants show defects in meiotic
and mitotic recombination (19, 20). Fur-
thermore, yeast exhibit extensive exonucle-
olytic processing of broken DNA ends dur-
ing meiosis and mating-type switching
(21). In this context, the xrs-6 or XR-1
mutations might lead to a failure to protect
free ends from extensive degradation by
either the V(D)] complex or by normal
cellular exonucleases.
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Evolution of Endothermy in Fish: Mapping
Physiological Traits on a Molecular Phylogeny

Barbara A. Block,* John R. Finnerty, Alexandre F. R. Stewart,
Jessica Kidd

Mackerels, tunas, and billfishes (suborder Scombroidei and Teleostei) provide an ideal
taxonomic context in which to examine the evolution of endothermy. Multiple origins and
diverse strategies for endothermy exist among these fish. Here a molecular phylogeny of
the Scombroidei has been determined by direct sequencing of a portion of the mitochon-
drial cytochrome b gene. The distribution of endothermic species within this proposed
genealogy indicates that the ability to warm the brain and retina arose independently in
three lineages, each time in association with a movement into colder water. This suggests
that the evolution of cranial endothermy in fish was selected in order to permlt thermal
niche expansion and not selected for increased aerobic capacity.

The majority of the 30,000 species of
teleost fishes are ectotherms with body tem-
peratures within 1° to 2°C of ambient water
temperature. Endothermy, the ability to
maintain elevated body temperature by
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metabolic means, has been documented
only within one major assemblage of large
oceanic teleosts, the Scombroidei (1-3).
Sharks of the family Lamnidae and Alopi-
idae have convergently evolved endo-
thermy (3, 4). The transition from ecto-
thermy to endothermy requires the eleva-
tion of aerobic capacity (and hence heat
production) and the reduction of the rate of




heat loss. An inability to limit heat loss
while respiring through gills prevents most
fish from being warmer than the water in
which they swim. Except for the difference
in the mode of respiration and the resultant
heat loss, the physiological requirements for
the evolution of endothermy in fish should
parallel those in terrestrial amniotes.

The anatomical and physiological re-
quirements for endothermy and its selective
advantage have received intensive study,
particularly in avian and mammalian lin-
eages (5). One major unresolved issue is
whether endothermy is the result of selec-
tion for a high and stable body temperature,
which permits the exploitation of a broad
thermal niche, or selection for increased
aerobic activity and improved locomotor
performance (5). Within the Scombroidei,
endothermy is multiply derived and pheno-
typically variable among extant species.
Therefore, a comparison of an endothermic
scombroid taxon with its ectothermic sister
group is possible, which makes the Scom-
broidei particularly amenable to a study of
the evolution of endothermy.

Two distinct strategies for elevating tis-
sue temperatures have evolved in the
Scombroidei. Tunas (Scombridae: Thun-
nus, Katsuwonus, Euthynnus, and Auxis)
achieve the endothermic condition in a
manner similar to birds and mammals.
They have exceptionally high metabolic
rates and have reduced whole body thermal
conductance (I, 6). In contrast, billfishes
(Xiphiidae: Xiphias, and Istiophoridae: Istio-
phorus, Makaira and Tetrapturus) use cranial
endothermy and warm only the brain and
eyes (2, 3). The billfishes accomplish this
more limited form of endothermy with the
use of a thermogenic organ composed of
highly modified extraocular muscle fibers
(7). In billfishes, expression of the heater
phenotype (thermogenic muscle cells that
produce heat without force generation) is
associated with the superior rectus eye mus-
cle. A countercurrent heat exchanger re-
tains the heat beneath the brain, and a
distinct arterial supply directs warm blood
to the retina (2, 7). One other scombroid,
the butterfly mackerel, Gasterochisma
melampus, also uses cranial endothermy,

REPORTS

but the thermogenic tissue in this species is
derived from the lateral rectus eye muscle
(2). The lateral and superior rectus muscles
derive from different somites during ontog-
eny implying separate evolutionary origins
of the thermogenic cell type in Gastero-
chisma and billfishes. However, heater cells
of Gasterochisma and billfishes are structur-
ally identical and have similar biochemical
properties (8), suggesting they are homolo-
gous. A close phylogenetic relationship be-
tween these taxa would support this latter
possibility, particularly if billfishes and Gas-
terochisma share a common ancestor to the
exclusion of other species lacking the ther-
mogenic tissue type. -

Tunas possess no tissue specialization for
heat production and instead retain meta-
bolic heat by way of vascular counter-
current heat exchangers located in the
brain, muscle, and viscera (1). Red aerobic
muscle, which powers sustained swimming,
contributes a major fraction of this metaboli-
cally derived heat. In most teleosts, the red
muscle is located laterally, just beneath the
skin. In tunas, this muscle occupies an atypi-

Fig. 1. Two hundred and eigh-
teen phylogenetically informa-
tive characters derived from a
600-base pair fragment of the
cytochrome b gene. Character
numbers above the sequences
refer to positions within this frag-
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cal centralized location, and is closely apposed
to the axial column (I, 9). The central
positioning of red muscle in tunas has re-
ceived much attention as a result of its role in
endothermy; however, it may also reflect the
unique locomotor style of the tunas, thunni-
form swimming (10). These fish generate
thrust exclusively via the tail and restrict their
propulsive movements to the caudal region
(11). Evolution of the locomotor apparatus
and endothermy may be tightly coupled in
this lineage; thunniform swimming arises con-
comitantly with a movement of the aerobic
red muscle internally, and this central aerobic
muscle mass is the major source of metabolic
heat in tunas (12).

Hypotheses concerning the evolution of
endothermy in the Scombroidei require
testing in a phylogenetic context (13). We
address three specific points: (i) the number

Fig. 2. Phylogeny of the
Scombroidei. The single
most parsimonious tree
was generated by PAUP
on 218 phylogenetically
informative  characters
from a 600-base pair re-
gion of the cytochrome b
gene of 29 scombroids
and 3 outgroup taxa
(78). The exact species
identification of one of
the outgroups  (Ser-
ranidae) is unknown. Fifty
replications of a heuristic
search procedure were
performed with random
stepwise addition to gen-
erate starting trees. Tree
length is 1292 steps (re-
tention index, 0.589).
Branch lengths depicted
are proportional to. the
number of substitutions
which occurred along
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2|4

A

_ 1

Xiphias gladius [X, L, Cr]

of times endothermy has originated in the
Scombroidei; (ii) the selective pressures
that favored the evolution of endothermy
in this suborder; and (iii) the reason for the
evolution of two distinct endothermic strat-
egies. Recent studies based on morpholog-
ical characters address systematic relation-
ships within the suborder Scombroidei (14,
15). These studies disagree over the taxo-
nomic affinities of Xiphiidae, Istiophoridae,
and Gasterochisma taxa that are key to the
study of the evolution of endothermy with-
in the suborder. In an attempt to resolve
these relationships, we have produced a
hypothesis of scombroid phylogeny based
on molecular data. By mapping characters
that are putatively associated with the ev-
olution of endothermy on an independently
derived phylogeny for the scombroid fishes,
we provide a hypothesis for the evolution

81— Istiophorus platypterus (L, L, Cr]
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the branch (scale at low-
er left). Numbers indicate
the percentage of trials
that support a given
node in 300 replications
of the bootstrap. Only
nodes supported at
>50% are indicated. Ar-
rows indicate inferred ev-

__: Lepidocybium flavobrunneum (G, L, E]
Ruvettus pretiosus [G, L, E]

_E Scomberomorus cavalla [S, L, E]
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comberomorus maculata [S, L, E]
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olutionary events: A, Jo—
modification of the supe- 0 30
rior rectus muscle into a
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thermogenic organ (countercurrent heat exchanger formed from the carotid artery); B, modification of
the lateral rectus muscle into a thermogenic organ (heat exchanger derived from the lateral dorsal
aorta); C, systemic endothermy using vascular countercurrent heat exchangers in the muscle,
viscera, and brain (heat exchanger in the brain is formed from the carotid artery); and D, some
internalization of red muscle along the horizontal septum. Ten additional steps are required to
produce a tree topology which indicates less than three independent origins of endothermy. Letters
in brackets indicate family (I, Istiophoridae; X, Xiphiidae; S, Scombridae; G, Gempylidae; and T,
Trichiuridae), red muscle positioning (L, lateral: red muscle is restricted to a lateral position; M, medial:
internalization of red muscle along the horizontal septum occurs; |, intermediate: more red muscle is
internalized than lateral condition), and metabolic strategy (Cr, cranial endothermy; S, systemic
endothermy; and E, ectothermy). The outgroups (Sphyraena, Serranidae, and Coryphaena) are

ectotherms with laterally placed red muscle.
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of diverse forms of endothermy in fish.

With the polymerase chain reaction (16)
and dideoxy sequencing (17), we amplified
two overlapping sections from the cytochrome
b gene and sequenced 600 base pairs from 75
individuals including 29 scombroid species
and 3 additional percoid taxa. Parsimony
analysis (18) based on 218 phylogenetically
informative characters (Fig. 1) identified a
single minimum length tree (Fig. 2). Data
presented here are an important addition to
our understanding of scombroid systematics
because the cytochrome b sequence is informa-
tive about the affinities of key taxa whose
relations based on morphology are-in dispute,
in particular, the billfishes and Gasterochisma
melampus. In contrast to recent morphological
results (14, 15), the molecular data support a
monophyletic billfish clade (Istiophoridae plus
Xiphiidae) with no close affinities to other
scombroids (Scombridae, Trichiuridae, and
Gempylidae). Both molecular and morpho-
logical data (14, 15) support the monophyly
of endothermic tunas (Auxis, Euthynnus, Kat-
suwonus, and Thunnus) and place ectothermic
bonitos (Sarda) as their closest relatives. Gas-
terochisma melampus has proven difficult to
place taxonomically by morphological crite-
ria because it possesses a suite of primitive
and uniquely derived characteristics (2, 7,
19, 20). According to the cytochrome b
sequence analysis, G. melampus falls within a
radiation which includes primitive scom-
brids' (Scomber) and gempylids (Ruwettus).
However, the nodes within this region of the
tree are not strongly supported because ter-
minal branches are relatively long when
compared to the internal branches. This
placement of Gasterochisma is congruent
with a recent osteological study (19). Both
morphological and molecular data suggest
this species evolved independently for a long
period.

Mapping the distribution of the en-

-A B

Fig. 3. Diagrammatic representation of dorsal
view of swimming and body undulation in tunas
versus billfishes. (A) In tunas, the body remains
stiff whereas the caudal peduncle and tail are
the point of flexion. A view of one-half of a cross
section reveals central positioning of red fibers
(dark area). In billfishes (B), most of the post-
cranial body is involved in propagation of the
propulsive wave associated with swimming and
a cross section reveals lateral placement of red
fibers within the epaxial musculature.




dothermic strategies on the phylogeny indi-
cates that endothermy evolved at least
three times within the Scombroidei (Fig.
2). Cranial endothermy, which involves a
thermogenic organ, evolved twice. Xiphi-
idae (Xiphias) and Istiophoridae (Istiopho-
rus, Makaira, and Tetrapturus) share a com-
mon ancestor to the exclusion of other
scombroids, indicating that a thermogenic
organ associated with the superior rectus is
a synapomorphy of these taxa (21). How-
ever, Gasterochisma is nested within a sep-
arate clade, which refutes the possibility
that the thermogenic cell type of Gastero-
chisma is homologous to that of the bill-
fishes. Endothermic tunas comprise a de-
rived clade within the Scombridae, separate
from Gasterochisma, which supports a single
unique origin for the systemic endothermy
characteristic of this group.

The repeated evolution of endothermy
in the Scombroidei suggests that there is
strong selection for this energetically costly
metabolic strategy. All three endothermic
scombroid lineages have expanded their
ranges (22) into cool temperate waters
(50°N and S); this supports the primacy of
niche expansion over increased aerobic ca-
pacity as a selective force. The adaptive
value of warming the brain and eyes, a
characteristic of all three endothermic lin-
eages, seems clear. Whereas brain and eye
warming cannot improve locomotor perfor-
mance or increase aerobic scope, the ability
to warm the central nervous system permits
these active, visually oriented predators to
forage over a wide temperature range (2, 3).
For example, in swordfish, Xiphias gladius,
brain temperature remains constant during
deep dives when ambient water tempera-
ture changes as much as 19°C (2). Warm-
ing the brain permits the swordfish to feed
on vertically migrating squid both at the
surface and at depth. Other large predators
(cetaceans, tunas) that exploit this vertical-
ly migrating community in the same inten-
sive fashion also minimize variations in
tissue temperature. Swordfish, as well as
certain tunas and sharks, use behavioral
and physiological thermoregulation to re-
duce conductive and convective heat loss
and increase foraging time in cold waters
(2, 23). Thus, in many of the largest
oceanic fishes, daily and seasonal move-
ment away from oligotrophic tropical wa-
ters into colder, more nutrient rich seas,
has been accompanied by the evolution of
some form of endothermy.

In contrast to fishes with thermogenic
organs, endothermy in tunas is not restrict-
ed to warming the central nervous system,
but includes warming of the muscle and
viscera (1). The ability to warm brain,
muscle, and viscera in tunas represents at
least three independent evolutionary
events: the acquisition of countercurrent

.

heat exchangers in three separate anatom-
ical locations. Therefore, different selection
pressures may have favored the evolution of
brain and muscle warming mechanisms.
Regardless of the selective advantage of
warm muscles, their presence in tunas and
absence in other scombroids may be a result
of historical constraints. The phylogeny
(Fig. 2) suggests a link between the tunas’
ability to conserve metabolic heat from red
muscle and their unique stiff-bodied mode
of locomotion, thunniform swimming (9,
10). Internalization of red muscle along the
main horizontal septum is seen in the en-
dothermic tunas which utilize the derived,
stiff-bodied form of swimming (Fig. 3).
Most scombroids utilize the ancestral, more
undulatory carangiform swimming mode
and have laterally placed red muscle. Car-
angiform swimming has been reported for
the billfishes (Fig. 3) (24), Scomber and
Scomberomorus, and most likely applies to
Gasteroschisma, which has laterally posi-
tioned red muscle (25). The bonitos
(Sarda) are the ectothermic sister group to
the endothermic tunas (Fig. 2) and have in
some species a degree of red muscle inter-
nalization intermediate between tunas and
other scombroids (26). This suggests that
internalization of red muscle (Fig. 2) pre-
ceded the evolution of vascular countercur-
rent heat exchangers and predisposed this
clade for conserving metabolic heat from
muscle. The swimming mode of the bonitos

“has not been extensively characterized. If

the bonitos swim in a more stiff-bodied
fashion than carangiforms, it would argue
that internalization of red muscle was ini-
tially driven by mechanical demands of a
newly evolved swimming form and later
contributed to the endothermic condition
in tunas. Laterally placed red muscle is a
constraint against developing endothermy
like that of tunas because of the inability to
conserve heat sufficiently when the aerobic
red muscle is located close to the body
surface (1, 27). Despite this historical lim-
itation on their ability to maintain elevated
muscle temperatures, billfishes and Gastero-
chisma appear to have evolved the mini-
mum required endothermic capacity for ex-
panding their thermal niches, heating the
central nervous system.
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Taxol and Taxane Production by Taxomyces
andreanae, an Endophytic Fungus of Pacific Yew

Andrea Stierle, Gary Strobel, Donald Stierle

Taxomyces andreanae, a fungal endophyte, was isolated from the phloem (inner bark) of
the Pacific yew, Taxus brevifolia. The fungus is hyphomyceteous and, when grown in a
semi-synthetic liquid medium, produced taxol and related compounds. Taxol was identified
by mass spectrometry, chromatography, and reactivity with monoclonal antibodies specific
for taxol. Both [1-'“C]acetic acid and L-[U-'*C]phenylalanine served as precursors of
['“Cltaxol in fungal cultures. No taxol was detected in zero-time cultures or in the small agar

plugs used to inoculate the culture flasks.

Taxol, a highly derivatized diterpenoid
- (1), has shown promise as an anti-tumor
agent in breast and ovarian cancers (Fig. 1)
(2, 3). The primary source of taxol has been
the harvested and dried inner bark (phlo-
em-cambial tissues) of Taxus brevifolia (Pa-
cific yew) (4, 5). Pacific yew is a slow-
growing tree found in moist soils near
streams and lakes in certain regions of the
Pacific Northwest (6). Only 0.01 to 0.03%
of the dry phloem weight is taxol, yet as
much as 2 g of purified taxol is required for
a full regimen of anti-tumor treatment (5).
The supply issue is further complicated by
the scarcity of the yew tree. Although all 11
species of Taxus make taxol, natural stands
of these trees are often small and located in
remote areas.

Here we report the production of taxol
by Taxomyces andreanae, an endophytic
fungus associated with Taxus brevifolia (7).
We confirmed the presence of taxol and
related taxanes in 3-week-old cultures of
the fungus by mass spectrometry, immuno-
chemistry, chromatographic methods, and
radiochemical techniques.

The search for yew-associated microbes
that produce taxol is justified by previous
examples of plant-associated microbes pro-
ducing “plant” compounds, such as gibber-
ellins (8). The pathways of gibberellin bio-
synthesis in the fungus and the higher plant
are identical up to GA,, (9). We examined

A. Stierle and G. Strobel, Department of Plant Pathol-
ogy, Montana State University, Bozeman, MT 59717.
D. Stierle, Department of Chemistry and Geochemis-
try, Montana College of Mineral Science and Technol-
ogy, Butte, MT 59701.
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microorganisms isolated from more than 25
T. brevifolia trees from 20 locations. Of the
200 microbes screened to date, only T.
andregnae has demonstrated the ability to
produce taxol. This fungus was isolated
from the surface-disinfected (80% ethanol)
inner bark of one tree in an old-growth
cedar forest in northern Montana.
Taxomyces andreanae was cultured by
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transferring hyphal tips from water agar, on
which bark pieces had been cultured, onto
a modified-mycological agar (10). The
mycelium was then successively transferred
to eliminate traces of taxol or other taxanes
carried over from the original tree source.
Transfers of small agar plugs to broth cul-
tures were made from mycelia that had
grown 3 to 7 days. After this period, myce-
lia appeared to go into a quiescent state.
Taxomyces andreanae was stored in water at
4°C and grown on a semi-defined culture
medium.

The conidia of T. andreanae do not
germinate, therefore we transferred pieces
(0.5 by 0.5 cm) of agar block containing
the mycelial mats to sterilized S-7 medium
(10). Optimum conditions were as a still
culture, at 25°C, with a surface-to-volume
ratio of 1.3 (cmZ:ml).

After 21 days of incubation, the culture
was filtered through cheesecloth. The resi-
due was ground in a Sorvall Omnimixer and
filtered again. The combined fluids were
extracted with an equal volume of dichlo-
romethane or chloroform-methanol (10:1
v/v). Solvent was removed from the organic
phase by rotary evaporation at 30°C, yield-
ing the organic extract. Thin-layer chroma-
tography (TLC) of the organic extract dem-
onstrated the presence of a compound that
mimicked taxol in three solvent systems
(11).

The organic extract was dissolved in 2
ml of chloroform and placed on a silica gel
column. The column was rinsed with chlo-
roform and eluted with 20 ml of acetoni-

Fig. 1. Electrospray mass spec-
trum of fungal taxol and struc-
ture of yew taxol (A). The solvent
was methanol-H,O-acetic acid
50:50:1 v/v/iv with a flow of 2 pl/
min under a voltage of 2.2 kV. The
sample was loop injected. Elec-
trospray mass spectrum of sodi-
ated yew taxol (B).
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