a spherical shell of ~7.5-km depth below
Europa’s surface and a conductivity of 2.75 S
m~! for Earth’s oceans (20) would be 90%
that of a highly conducting sphere with a
phase lag relative to the primary field of 25°.
The amplitudes of the induced magnetic mo-
ment for E4, E14, and E26 would be reduced
by the phase lag (2/). If the ocean were
thicker, but still close to the surface, or if the
conductivity were higher, the phase lag
would decrease, and the amplitude of the
response would increase.

On passes E4, E12, E14, E19, and E26,
currents induced by the time-varying primary
field in a Europan ionosphere may contribute
to the magnetic perturbation. Elsewhere (/8),
we have calculated the signature of induced
currents flowing above the surface, close to
Galileo’s trajectory, in a conducting shell of
larger than 1 R radius. Based on the mea-
sured ionospheric density and scale height
(22) and measured (23) or modeled (24) at-
mospheric properties, we find that ionospher-
ic currents fail to account for the observations
by an order of magnitude.

The case for a subsurface electrical con-
ductor on a planetary-wide scale passed the
test of the E26 flyby with flying colors. Al-
though the electrically conducting layer need
not be salty water, water is the most probable
medium on Europa. Geological evidence has
been interpreted as consistent with surface
effects of subsurface liquid water, but the
defining features could have been formed in
the distant past. The magnetometer result
makes it likely that liquid water persists in the
present epoch.
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Molecular Analysis of Plant
Migration and Refugia in the

Arctic
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The arctic flora is thought to have originated during the late Tertiary, approx-
imately 3 million years ago. Plant migration routes during colonization of the
Arctic are currently unknown, and uncertainty remains over where arctic plants
survived Pleistocene glaciations. A phylogenetic analysis of chloroplast DNA
variation in the purple saxifrage (Saxifraga oppositifolia) indicates that this
plant first occurred in the Arctic in western Beringia before it migrated east and
west to achieve a circumpolar distribution. The geographical distribution of
chloroplast DNA variation in the species supports the hypothesis that, during
Pleistocene glaciations, some plant refugia were located in the Arctic as well

as at more southern latitudes.

Throughout much of the Tertiary, the Arctic
supported continuous forests (/, 2). Only to-
ward the end of this period does fossil evi-
dence show that certain present-day arctic
plants were established and widely distribut-
ed in the Arctic, although extensive areas of
lowland tundra were absent (3, 4). Many
arctic plants are thought to have originated in
the high mountain ranges of central Asia and
North America (/, 5, 6), to have spread
northward to the Arctic as global tempera-
tures fell in the late Tertiary, and to have
achieved a circumpolar distribution by the
late Tertiary to early Pleistocene (5). Howev-
er, phytogeographic and fossil evidence to
support these proposals is either lacking or
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fragmentary. Consequently, the migration
routes followed by plants during the early
colonization of the Arctic remain unknown.

During the Pleistocene, the distribution
and ranges of arctic plants were greatly af-
fected by the advance and retreat of ice
sheets, and it was initially supposed that their
survival depended on migration southward,
ahead of advancing ice sheets (7). However,
since the discovery that large parts of the
Arctic and Subarctic in northwest America
and eastern Siberia (i.e., Beringia) were never
glaciated (3, 8, 9), these northern areas are
also thought to have served as important refu-
gia for arctic plants during Pleistocene glaci-
ations (J).

We surveyed chloroplast DNA (cpDNA)
variation throughout a large part of the dis-
tribution of the circumpolar arctic-alpine
plant, Saxifraga oppositifolia (purple saxi-
frage). This is a long-lived, perennial, herba-
ceous, and outcrossing plant (/0) that is dis-
tributed throughout the Arctic and in moun-
tain ranges to the south (/7). Both diploid and
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Fig. 1. Locations of populations
of S. oppositifolia sampled from
15 regions. 1, east Siberia; 2,
Taymyr; 3, northwest Russia; 4,
Scandinavia; 5, Svalbard; 6, Alps
and Pyrenees; 7, British Isles; 8,
Iceland; 9, east Greenland; 10,
west Greenland; 11, east Canada;
12, north Greenland; 13, the Ca-
nadian Arctic; 14, west Canada
and the United States; and 15,
Alaska.

tetraploid forms of the species exist, but there
is no known taxonomic pattern to this varia-
tion (12). cpDNA is inherited maternally in
the Saxifragaceae (/3). We examined cp-
DNA restriction site variation among 548
plants sampled from 90 different populations
distributed over 15 designated regions [Fig. 1
and Web table 1 (/4)]. DNA extracts from
leaf material desiccated with silica gel were
purified and subjected to restriction site anal-
ysis using established procedures (I5).
Southern blots were probed with Vigna ra-
diata (mung bean) cpDNA fragments (16).
The analysis (/7) resolved 37 restriction site
and 11 insertion and deletion (indel) muta-
tions, whose presence or absence in individ-
uals enabled identification of 14 cpDNA hap-
lotypes (A through N) [see Web table 2 (14)].
We assessed genealogical relationships
among haplotypes based on maximum parsi-
mony and neighbor-joining distance analyses
using PAUP, version 4.0b (I8).

The strict consensus maximum parsimony
tree (Fig. 2) shows that S. oppositifolia is
divided into two clades. The first clade, with
100% bootstrap support, contains four haplo-
types (A through D) and is distributed west-
ward from the Taymyr Peninsula in north-
central Siberia, through Europe and Green-
land, to Newfoundland and Baffin Island on
the eastern seaboard of North America. The
second clade, with 98% support, contains 10
haplotypes (E through N) and is distributed
eastward from the Taymyr Peninsula,
through northeast Siberia and northern North
America (apart from Newfoundland and Baf-
fin Island), to north Greenland (Peary Land).
The topology of the neighbor-joining tree
was compatible with that of the strict consen-
sus maximum parsimony tree.

The different geographical distributions of
the two clades closely match those of two
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widely distributed subspecies of S. oppositi-
folia, subsp. oppositifolia and subsp. glandu-
lisepala, respectively (1), which are distin-
guished mainly by the presence of glandular
hairs on sepals in subsp. glandulisepala (19).
The branch lengths of the two cpDNA clades
(Fig. 2) suggest that they diverged from their
common ancestor early in the evolution of S.
oppositifolia and have evolved mainly in geo-
graphical isolation from that time. Despite
this, very little morphological change has
evolved between the two lineages. The pos-
sibility that one lineage obtained its cpDNA
from another species through hybridization
cannot be excluded, because rare examples of
interspecific hybridization involving S. op-
positifolia are known or suspected (I2).
However, an entire cpDNA lineage com-
posed of several haplotypes would not be
captured unless the hybridization event was
ancient and diversification had occurred
within the lineage since then.

The two cpDNA lineages remain separate
throughout their respective distributions, ex-
cept in the Taymyr and north Greenland re-
gions (Fig. 2). Haplotypes D and E, which are
basal to the mainly Eurasian and mainly
North American clades, respectively, co-oc-
cur in Taymyr and are found nowhere else. A
possible explanation of this distribution pat-
tern is that the species first occurred in the
Arctic in western Beringia before migrating
in east and west directions to obtain a cir-
cumpolar distribution. S. oppositifolia is also
distributed through the Sino-Himalayan re-
gion of central Asia where several other spe-
cies of Saxifraga sect. Porphyrion subsect.
Oppositifoliae occur, which like S. oppositi-
folia have opposite leaves (12, 20). It is con-
ceivable, therefore, that S. oppositifolia is
derived from ancestral stock located in the
high mountains of central Asia, which mi-
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Fig. 2. Strict consensus of 27 most parsimoni-
ous trees for cpDNA haplotypes detected in S.
oppositifolia (A through N) and in one acces-
sion of S. aizoides used as an outgroup. Num-
bers above branches are the minimum branch
lengths (from all most parsimonious trees). Be-
low the branches are bootstrap support values
followed by Bremer decay indices in brackets.
Numbers to the right of each haplotype repre-
sent the regions (Fig. 1) in which a haplotype
was found. When autapomorphies were exclud-
ed from analysis, the consistency index, reten-
tion index, and homoplasy index equaled 0.923,
0.968, and 0.078, respectively.

grated to the Arctic in northern Siberia along
mountain ranges that connect these two re-
gions. The discovery of late Tertiary macro-
fossils of S. oppositifolia in the Canadian
Arctic Archipelago (4) and in north Green-
land (3) suggests that migration of the species
from Beringia eastward to north Greenland
would have been completed before the start
of the Pleistocene.

We recorded high levels of cpDNA diver-
sity within the three North American regions
examined (Alaska, the Canadian Arctic, and
west Canada and the western United States)
and also in north Greenland and in the region
of the Taymyr Peninsula (Table 1). Other
regions surveyed contained much less diver-
sity, except east Canada, which exhibited
high total diversity but no variation within the
two populations sampled. The high level of
cpDNA diversity in S. oppositifolia in Alaska
supports fossil evidence (21, 22) that a major
refugium for arctic plants was present in east-
ern Beringia during the last full-glacial peri-
od. High diversity is expected in parts of a
species’ current distribution that were refu-
gia, unless variation has been reduced by
genetic drift due to small population size (23,
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Table 1. Frequencies of cpDNA haplotypes within regions and estimates of
average gene diversity within populations (H;), total gene diversity (H,), and
the proportion of total diversity due to differences between populations (Gg;)
calculated with HAPLODIV (30). N, and N, are the number of populations and
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the number of individuals sampled within regions, respectively. Standard
errors in parentheses are not given when less than three populations were
sampled per regions, when less than three individuals were surveyed in some
populations within a region, or when the errors were not calculated (nc).

Regional data

Parameter North- Alps - East West North . West
East Scand- British East Canadian
. Taymyr  west . Svalbard and iceland  Green-  Green- Green- R Canada/ Alaska
Siberia . inavia Isles Canada Arctic
Russia Pyrenees land land land USA
Number
N, 2 4 n 14 9 9 7 3 6 3 2 1 5 2 12
N, 15 23 40 34 40 67 24 15 45 23 10 38 35 20 119
Frequency
Haplotype
A 0 0.348 1.000 0.176 0.100 0.866 0792  0.133 0 0 0600 O 0 0 0
B 0 0 0 0.823 0.900 0.134 0.208 0.867 0.956 1.000 0.400 0.342 0 0 0
C 0 0 0 0 0 0 0 0 0.044 0 0 0 0 0 0
D 0 0.174 0 0 0 0 0 0 0 0 0 0 0 0 0
E 0 0.304 0 0 0 0 0 0 0 0 0 0 0 0 0
F 1.000 0.174 0 0 0 0 0 0 0 0 0 0 0 0 0.286
G 0 0 0 0 0 0 0 0 0 0 0 0.289 0.057 0 0.008
H 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.017
| 0 0 0 0 0 0 0 0 0 0 0 0.132 0.343 0.250 0.176
J 0 0 0 0 0 0 0 0 0 0 0 0.237 0.543 0.200 0.471
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.008
L 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.034
M 0 0 0 0 0 0 0 0 0 0 0 0 0 0.500 0
N 0 0 0 0 0 0 0 0 0 0 0 0 0.057 0.050 0
Average gene diversity estimates
Hg 0.000 0.266 0.000  0.000 0.079 0.058 0.095 0.200 0.030 0.000 0.000 0.745 0.562 0.322 0.283
(0.156) (0.041) (0.095) (0.200) (0.030) (0.028) (0.118) (0.064)
H, 0.000 0.917 0.000 0.363 0.093 0.268 0.381 0.267 0.032 0.000 1.000 - 0.600 1.000 0.629
(0.026) (0.157)  (0.170) (0.196) (0.307) (0.082) (0.099)
Gsr 0.000 0.710 0.000 1.000 0.151 0.784 0.750 0.250 0.050 0.000 1.000 - 0.115 0.678 0.550
(0.200) (0202) (0.243)  (nc) (nc) (0.117) (0.087)

24). The possibility that this northern refu-
gium extended eastward to unglaciated parts
of the Canadian high Arctic (22) and to north
Greenland is not excluded by our results. All
three regions have two high-frequency hap-
lotypes (I and J) in common, and they contain
high levels of cpDNA diversity (Table 1).
High cpDNA diversity within regions could
also result from postglacial colonization by
migrants from different refugia having differ-
ent cpDNA haplotypes. This could explain, in
part, the high level of cpDNA diversity found
in north Greenland where representatives of
the mainly Eurasian lineage (haplotype B)
and mainly North American lineage (haplo-
types G, I, and J) co-occur. However, there is
no indication that the same effect explains the
high cpDNA diversity within Alaska or the
Canadian high Arctic based on the geograph-
ical distributions of haplotypes present in
these two regions and the adjacent areas.
High cpDNA diversity found in material
sampled from the Taymyr region is of interest
because the southeastern part of the Taymyr
Peninsula and much of northeast Siberia re-
mained unglaciated during the Pleistocene (8,
25). It is feasible, therefore, that representa-
tives of both major cpDNA lineages persisted
there during the last full-glacial period. The
lack of diversity found in material from
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northeast Siberia is surprising, but only ma-
terial from Kotelny and Wrangel islands was
analyzed from this region.

Low cpDNA diversity is evident through-
out much of the distribution of the mainly
Eurasian lineage of purple saxifrage (Table
1), which mostly occupies areas that were
heavily glaciated during the Pleistocene (9).
Haplotype A, which is fixed in material from
northwest Russia and is common in the Alps
and the British Isles, tends to be replaced by
haplotype B in Scandinavia, Svalbard, Ice-
land, Greenland, and east Baffin Island. This
might indicate that haplotypes A and B were
distributed in different refugia during the last
glaciation (and possibly earlier glaciations)
from which migrants colonized deglaciated
areas in postglacial times. However, it is not
possible to tell from the data where these
haplotypes survived the glaciation(s). Fossil
evidence shows that arctic-alpine plants oc-
curred in areas to the south, west, and east of
the main ice sheets that covered northern
Europe and northwest Russia during the last
full-glacial period (26), as well as to the
south and east of the ice sheets in North
America (22, 27). It is likely that migrants
from these areas colonized much of Europe,
northwest Russia, Iceland, Greenland, and
northeast America during the postglacial pe-

riod. The present study has shown that a
previous estimate of five different cpDNA
haplotypes occurring in one population of S.
oppositifolia in Svalbard (/6) was incorrect
[see Web table 3 (/4)]. Only two haplotypes
(A and B) occur on Svalbard. This result
supports the proposal that there is no molec-
ular evidence for the local survival of S.
oppositifolia within Svalbard or Norway dur-
ing the last full-glacial period (28).

This study shows that an improved knowl-
edge of past migration routes and locations of
important Pleistocene refugia for arctic plants
can be obtained from surveys of cpDNA
variation throughout their present distribu-
tions. Further studies of this kind should lead
to a more complete understanding of arctic
plant evolution since the late Tertiary and
make clear whether isolation in glacial refu-
gia was as important in shaping patterns of
biodiversity within arctic plants as in temper-
ate species (29).
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Polyadenylate [poly(A)] polymerase (PAP) catalyzes the addition of a poly-
adenosine tail to almost all eukaryotic messenger RNAs (mRNAs). The crystal
structure of the PAP from Saccharomyces cerevisiae (Pap1) has been solved to
2.6 angstroms, both alone and in complex with 3’-deoxyadenosine triphosphate
(3'-dATP). Like other nucleic acid polymerases, Pap1 is composed of three
domains that encircle the active site. The arrangement of these domains,
however, is quite different from that seen in polymerases that use a template
to select and position their incoming nucleotides. The first two domains are
functionally analogous to polymerase palm and fingers domains. The third
domain is attached to the fingers domain and is known to interact with the
single-stranded RNA primer. In the nucleotide complex, two molecules of
3’-dATP are bound to Pap1. One occupies the position of the incoming base,
prior to its addition to the mRNA chain. The other is believed to occupy the
position of the 3’ end of the mRNA primer.

Polyadenylation provides a universal handle
by which transport and translation machinery
can recognize and physically manipulate
mRNAs. In eukaryotic organisms, addition of
the poly(A) tail facilitates the transport of
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mRNA from the nucleus (/) and helps regu-
late mRNA stability (2). Interactions between
proteins bound to the poly(A) tail and the 5’
end of mRNA in the cytoplasm are thought to
cause circularization of the message and in-
crease the efficiency of translation (3). Poly-
adenylation of mRNA is also observed in
prokaryotes and appears to facilitate mRNA
degradation (4).

Poly(A) tails are formed by a multiprotein
complex which recognizes a polyadenylation
signal at the 3 end of a nascent transcript and
cleaves the precursor RNA. PAP then adds
the poly(A) tail [reviewed in (5)]. PAPs are
well conserved across phyla with the first
~400 amino acids showing considerable se-
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quence identity (6). The catalytic function of
PAP resides in its NH,-terminal domain (7),
which shows sequence similarity to members
of the nucleotidyl transferase (NT) family
that includes DNA polymerase (3 (PolB),
CCA-adding enzymes, and several bacterial
antibiotic resistance enzymes (8). Papl re-
tains polymerase activity when separated
from the holoenzyme assembly and can pro-
cessively add long stretches of adenosine nu-
cleotides to an RNA primer in vitro. Al-
though it employs the same catalytic mecha-
nism as other nucleic acid polymerases, PAP
is significantly different in that it does not
utilize a template strand to select and position
the incoming nucleotide.

We have determined the the structure of
both the apo and 3’-dATP-bound states of a
Papl truncation mutant (A10PAP), which
contains the NH,-terminal 537 of the 568
amino acids in wild-type Pap1 (9). This trun-
cated enzyme exhibits wild-type activity in
vitro and is capable of rescuing an otherwise
lethal disruption of the yeast PAPI gene (/0).
Crystals formed from AIOPAP contain two
copies of Papl in the asymmetric unit cell
(ASU). The structure was first solved to 3.2
A by selenomethionine multiwavelength
anomalous diffraction (MAD), and later re-
fined against higher resolution data sets with
and without 3'-dATP and divalent cations
soaked into the crystals (Table 1) (//).

At first glance, Papl looks like many oth-
er polymerases. A large 20 A by 30 A by 45
A cleft is bounded by three globular domains
(Fig. 1). In other polymerases, this arrange-
ment has been likened to a hand in which the
substrates are held between the thumb and
fingers and presented to an active site in the
palm (Fig. 1, inset) (/2). Papl differs from
these polymerases, however, in that the
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