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Experimental Phylogenetics: Generation of a
Known Phylogeny

Davip M. Hiiiis, JAMES J. BuLL, MARY E. WHITE,

MarTY R. BADGETT, IAN J. MOLINEUX

Although methods of phylogenetic estimation are used routinely in comparative
biology, direct tests of these methods are hampered by the lack of known phylogenies.
Here a system based on serial propagation of bacteriophage T7 in the presence of a
mutagen was used to create the first completely known phylogeny. Restriction-site
maps of the terminal lineages were used to infer the evolutionary history of the
experimental lines for comparison to the known history and actual ancestors. The five
methods used to reconstruct branching pattern all predicted the correct topology but
varied in their predictions of branch lengths; one method also predicts ancestral
restriction maps and was found to be greater than 98 percent accurate.

HE DEVELOPMENT OVER THE PAST
four decades of explicit methods for
phylogenetic inference (1) has permit-

ted biologists to reconstruct the broad outlines
of evolutionary history and to interpret com-

Departments of Zoology and Microbiology, University
of Texas, Austin, TX 78712.

parative biological studies within an evolution-
ary framework (2). However, evolutionary his-
tory usually cannot be observed directly, at least
over the course of relevant magnitudes of
change, so that assessment of phylogenetic
methods has relied on numerical simulations.
Although simulations have provided consider-
able insight into the effectiveness of various
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phylogenetic algorithms, they are limited by an
incomplete knowledge of biology: all models
incorporate untested assumptions about evolu-
tionary processes.

Direct tests of organismal phylogenetic his-
tories are limited to a few studies of strains of
laboratory animals (3) and plant cultivars (4).
Even these cases have shortcomings: the orga-
nisms underwent little genetic differentation,
phylogenies were produced over the course of
decades or centuries, and the histories are in-

Fig. 1. True phylogeny for the experimental
lineages of bacteriophage T7. The ancestors at
each node are labeled with letters A through F
and W (the latter represents wild-type T7). The
numbers represent the number of restriction-site
differences scored between the phages at each
node of the phylogeny.

1t 2 3 45 6 7 8 9

T7 DNA

completely known. In contrast, viruses can be
manipulated in the laboratory through thou-
sands of generations per year, and mutation
rates of viruses can easily be elevated through
the use of mutagens, so that experimental stud-
ies of phylogenies with viruses should be feasi-
ble (5, 6). We report the creation of a known
phylogeny of lineages derived from bacterio-
phage T7 and provide fine-scale restriction
maps of the entire genomes of the experimental
lineages, including the ancestors. Our purpose
was to test the effectiveness of methods for
inferring phylogeny and ancestral genetic char-
acter states by comparing the inferred evolu-
tionary history against a known phylogeny and
the true ancestors.

We chose to construct a symmetric phylog-
eny with equal distances among nodes (Fig. 1)
(7). This topology (tree shape) has proven
especially amenable to accurate reconstruction
in theoretical studies (8-10) and may thus be
regarded as a “null” model against which other
topologies may be compared. We created a
phylogeny of nine taxa (eight ingroup lineages
and one outgroup lineage to root the tree) by
serially propagating T7 phage in the presence
of a mutagen and dividing the lineages at
predetermined intervals (7); a clonal stock of
wild-type T7 phage was the common ancestor
of all lineages. There are 135,135 possible

10 11 12 13

Apa LI

b- :

A B C

Fig. 2. (a) DNA from each terminal lineage cleaved with the restriction enzyme Xmn I, separated byb

L E— -
D E

electrophoresis on 0.8% wedge-shaped agarose gels and stained with ethidium bromide. Lanes 1, 7, and
13 contain size standards (sizes shown in kilobase pairs); lane 2 contains wild-type T7 DNA; lanes 3
through 6 contain DNA from lineages R, Q, P, and O, respectively; lanes 8 through 12 contain DNA from
lineages N, M, L, K, and ], respectively. (b) Strategy for mapping restriction site variation. Viral DNA was
cleaved with the restriction enzyme Stu I (which has a single recognition site in T7 that remained invariant
in all lineages) and then partially digested with the restricon enzyme to be mapped. After electrophoresis
on 0.8% wedge-shaped agarose gels, Southern blots were successively hybridized with four oligonucleo-
tides that matched sequences located at each end of T7 DNA and on either side of the Stu I fragment (A
through C and E). To improve resolution of the map for several restriction sites, we cleaved with the
restriction enzyme Apa LI (which also has an invariant recognition site in all lineages), partially digested
with the enzyme to be mapped, and hybridized the Southern blot with an oligonucleotide located at
position D. (€) An example of an autoradiogram produced as described in (b), probed with oligonucle-
otide B. Lane 1 contains size standards (indicated in kilobase pairs); lanes 2 through 4 contain DNA from
lineages O, P, and Q partially cleaved with Sau 3A1 (an isoschizomer of Mbo L.
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bifurcating trees for this many taxa, so the
likelihood of inferring the correct phylogeny by
chance alone is minimal. We compared the
actual phylogeny (Fig. 1) to estimated phylog-
enies from five reconstruction methods; est-
mates were based on restriction-site maps pro-
duced for 34 restriction endonucleases in all
terminal lineages (Figs. 2 and 3). To avoid bias,
the actual phylogeny was unknown to the
person mapping the restriction sites. We also
produced restriction maps for the ancestral
phage at each of the nodes of the true phylog-
eny (Fig. 3). Three aspects of the inferred
phylogeny were compared to the actual phy-
logeny: branching topology, branch lengths,
and ancestral states. The five methods of phy-
logenetic inference evaluated were parsimony
(12), the Fitch-Margoliash method (13), the
Cavalli-Sforza method (14), neighbor-joining
(15), and the unweighted pair-group method
of arithmetic averages (UPGMA) (16).

All methods predicted the correct branch-
ing order of the known phylogeny, but no
method predicted the actual branch lengths
for every branch (17). To compare the five
methods for their ability to predict branch
lengths, the correlation between observed
and predicted branch lengths was calculated
for each method. These five correlations were
significantly heterogeneous, with parsimony
yielding the highest value and UPGMA yield-
ing the lowest value (18). The UPGMA
method is known to be sensitive to unequal
rates of change (1), and the number of
changes per branch was quite variable in the
true phylogeny [although the number of
changes per ingroup branch is not significant-
ly heterogeneous from the expectation under
a Poisson distribution; test from (19)].

The experimental system also enabled us
to determine ancestral states directly. Of the
methods tested, only parsimony makes pre-
dictions about ancestral character states
(parsimony may be used to optimize states
onto phylogenies inferred by other meth-
ods, but, for these data, all methods estimat-
ed the same branching pattern). In compar-
ing inferred ancestral states to the actual
ancestral states, three outcomes are possible:
the ancestral states may be (i) correctly
inferred, (i) incorrectly inferred, or (iii)
ambiguous (when more than one character
optimization is possible). For 202 variable
sites assayed in each of seven ancestors,
parsimony correctly inferred 1369 states
(97.3%), incorrectly inferred 18 states
(1.3%), and was ambiguous about 20 states
(1.4%). Seven states (of four sites) could
not be observed in some ancestors because
they fell under deletion mutations (Fig. 3). If
the 91 wild-type states that were invariant in all
lineages are included, the inferred restriction
maps are an average of 98.6% identical to the
actual maps (with either delayed or accelerated
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Fig. 3. Variable restriction enzyme cleavage sites and deletions of the terminal lineages (J through R)
and ancestral nodes (A through F) compared to the wild-type T7 genome (W). Wild-type sites for these
enzymes that are not listed are found among all the lineages. Sites with positions shown without
decimals are wild-type sites that have been lost in some of the lineages; their positions were determined
from the complete sequence of T7 DNA (11). The remaining site locations were mapped as shown in
Fig. 2; these positions are indicated in kilobases. Sites marked with an asterisk are also Mbo I sites; they
are listed only once unless multiple changes produced differences between Mbo I and the larger
recognition sequence in some of the taxa (for example, the Mbo I and Bam HI sites at position 5.2).
Sites in ancestors that were inferred incorrectly by parsimony analysis of the terminal lineages are
circled; those for which inference was ambiguous are surrounded by squares. A letter “D” indicates that
the site occurs in a region that has been deleted in the respective lineage; these sites were coded as

unknown in the analyses.

character optimization used) (7). Three of
the incorrectly inferred states involved sites
that were found only in the ancestral line-
ages, hence would not have been detected as
variable characters if ancestors were unavail-
able (as is typically the case in phylogenetic
studies).

The results of this study directly support
the legitimacy of methods for phylogenetic
estimation, not only with regard to recon-
structing branching relationships, but also
branch lengths and ancestral genotypes. Per-
haps more importantly, they point the direc-
tion to a field of research in which methods of
reconstruction can be tested against various
known phylogenies of real organisms differ-
ing in topological and other evolutionary
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characteristics in the same fashion that tests
have been conducted with simulated, theoret-
ical phylogenies. Experimental phylogenetics
is not a substitute for numerical studies, nor is
it likely that laboratory phylogenies will ever
display the full complexity of phylogenies
produced over long-term evolution, but such
studies will fill an important void in the
science of phylogenetic reconstruction.
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Chemical Signals from Host Plant and Sexual

Behavior in a Moth

AsHOK K. Ramna, TiMmotHY G. KINGAN, AUTAR K. MATTOO

In the phytophagous corn earworm, Helicoverpa (Heliothis) zea, females delay their
reproductive behaviors until they find a suitable host on which to deposit their eggs.
Perception of volatile chemical signals from corn silk triggers the production of sex
pheromone followed by its release, which leads to mating. Several natural corn silk
volatiles, including the plant hormone ethylene, induced pheromone production in H.
zea females. Because H. zea larvae feed on the fruiting parts of a wide variety of hosts,
ethylene, which is associated with fruit ripening, could act as a common cue.

EMALES OF MOST SPECIES OF MOTHS

use sex pheromones to attract their

mates. Production of the pheromone
in a number of moth species is controlled by
a peptide hormone, the pheromone biosyn-
thesis-activating neuropeptide (PBAN) (7).
Release of PBAN in laboratory-reared fe-
males of the corn earworm, Helicoverpa
(Heliothis) zea, is regulated primarily by
photoperiod (2). However, in nature, photo-
periodic control appears to be superceded by
signals from the host plant (2). For instance,
female progeny of H. zea collected from a
corn field did not produce pheromone dur-
ing scotophase until they encountered corn,
one of the hosts for this insect (3). The
presence of silk from an ear of corn was
sufficient to elicit pheromone production
followed by “calling” behavior or phero-
mone release (3). Moreover, physical con-
tact between the females and corn silk was
not required, which indicated the involve-
ment of a volatile factor (or factors) pro-
duced by the host plant.

Several years ago, trans-2-hexenal, a vola-
tile component of oak leaves, was implicated
in the induction of sex pheromone produc-
tion in the polyphemus moth, Antheraea
polyphemus (4, 5). However, this phenome-
non could not be confirmed in a subsequent
study (6). Hence the signal (or signals) and
the mechanism involved in the process have

A. K. Raina and T. G. Kingan, Insect Neurobiology and
Hormone Laboratory, U.S. Department of Agriculture,
Agricultural Research Service, Beltsville Agricultural Re-
search Center, Beltsville, MD 20705.

A. K. Mattoo, Plant Molecular Biology Laboratory, U.S.
Department of Agriculture, Agricultural Research Ser-
vice, Beltsville Agricultural Research Center, Beltsville,
MD 20705.

592

remained a matter of conjecture. We show
the efficacy of several chemical constituents
of corn silk volatiles, including the plant
hormone ethylene, in inducing pheromone
production in H. zea females. Ethylene,
widely used by plants in fruit ripening (7),
may act as a common cue because H. zea
larvae feed on the fruiting parts of a wide
variety of hosts. Thus, the corn earworm
female can recognize these plant chemicals
and exploit this ability to coordinate its
reproductive behavior with the availability
of food for the offspring.

Larvae of H. zea were collected from corn
fields (8) and reared through one generation
on an artificial diet. The resulting females
(F,) were used in all the experiments report-
ed here. Pheromone titers [expressed as the
quantity of its major component, (Z)-11-
hexadecenal] were determined by capillary
gas chromatography (9). The wild F, fe-
males not exposed to corn produce only
trace amounts of the pheromone (<3 ng per
female). However, in the presence of the
plant host (corn silk), a 20- to 30-fold
increase in pheromone production occurred
(Table 1). Removal of corn silk before the
onset of scotophase resulted in a much lower
production of pheromone, showing that the
presence of plant volatiles during scotophase
is required for maximal induction. Phero-
mone production was also induced, al-
though to varying degrees, when moths
were provided with volatiles collected from
corn silk, ether-soluble and water-soluble
fractions of corn silk extracts, or an intact
tomato fruit (also a host for H. zea) (10).
These results show that wild females stand
in contrast to moths reared in the laboratory

Table 1. Effect of host plant on sex pheromone
production by wild F, females of H. zea.
Individual 2-day-old virgin females were placed
in cylindrical plastic containers (10 cm tall, 5 cm
in diameter, and 150 ml volume) with snap-on
lids. Where indicated, corn silk (1 g) was placed
under a Whatman filter paper at the bottom of
the container for 18 hours (that is, until
pheromone extractions were carried out) in corn
silk—1. In 2, corn silk was removed before the
onset of scotophase or 5 hours before extraction
time. All means were significantly different at o
= 0.05 (Dunn’s test: distribution free multiple

comparisons based on Kruskal-Wallis  rank

sums).

Treatment Z-11-hexadecenal
reatmen " (ngffemale + SEM)

Control 10 21+03

Corn silk-1 10 541 +64

Corn silk-2 5 11.1 = 32

on artificial diet for many generations,
which do not require host plant for the
production of pheromone (2).

Because most species belonging to the
Heliothis-Helicoverpa group feed on fruiting
parts of various host plants and because the
gaseous plant hormone ethylene is common-
ly produced by flowering plants, we tested
the possibility that ethylene may act as a cue
for pheromone production. First, using gas
chromatography, we checked whether eth-
ylene was a constituent of the volatiles pro-
duced by corn silk. On a fresh weight basis,
a gram of corn silk produced 2.07 = 0.47 (r
= 6) and 2.53 + 0.67 (n = 6) nl of ethylene
per hour over a 24-hour period in two
separate tests. We then determined the effect
of exogenous cthylene on pheromone pro-
duction in H. zea females. Ethylene at var-
ious concentrations was introduced into
containers holding individual H. zea females
in their second photophase. Pheromone was
extracted during the following scotophase
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Fig. 1. Pheromone production in H. zes wild F,

females as a function of ethylene concentration
(mean = SEM, n = 7).

1000

SCIENCE, VOL. 255

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



