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Summary

The use of genetic resources could be more effective and efficient if we were able to predict the presence or absence
of useful traits in different populations or accessions. We analyzed the extent to which taxonomic, geographic and
ecological factors can predict the presence of frost tolerance in wild potatoes. We used screening data for 1646
samples from 87 species that had been collected in 12 countries in the Americas. There was a strong association of
frost tolerance with species and to a lesser extent with taxonomic series. There was significant geographic clustering
of areas with wild potatoes with similar levels of frost tolerance. Areas with a high level of frost tolerance are the
central and southern Peruvian Andes, the lowlands of Argentina and adjacent areas, and a small area in the central
Chilean Andes. There is a greater chance of finding wild potatoes with high levels of frost tolerance in areas with
a yearly mean minimum temperature below 3 °C than there is in warmer areas. However, temperature is only
a weak predictor of frost tolerance. Temperature data alone did not predict observed frost tolerance in eastern
Argentina/Uruguay and falsely predicted it in the southwestern United States. Because many wild potato species
occur over small areas, taxonomic, ecological, and geographical factors are difficult to disentangle.

Introduction phological similarity and/or evolutionary relatedness.
Ideally, groups of closely related taxa would also have
certain useful traits in common that were not used to
construct the taxonomic classification. Plant breeders

have implicitly used taxonomy in this predictive sense,

Wild crop relatives may have traits that can be useful
for crop improvement. Particularly important traits are
tolerances to biotic (insects, pathogens) and abiotic

(e.g., cold, drought) stresses. Identifying wild pop-
ulations or genotypes that possess such useful traits
typically involves screening accessions from gene-
banks. There are usually many more populations in the
wild than can be sampled, and screening all samples
in genebanks is limited by available funding. It would,
therefore, be valuable to be able to predict which pop-
ulations would most likely possess specific traits of
interest.

Taxonomic, ecological, and geographic factors
could be used for prediction based on prior evidence
of association, or on a priori assumptions. Taxo-
nomic classification of organisms is based on mor-

by linking traits to particular species (Ross, 1986;
Hawkes, 1990).

Certain ecological factors may also serve for pre-
dicting traits because the presence of these traits might
reflect adaptation of wild plants to ecological con-
ditions prevailing in their area of occurrence. For
example, tolerance to drought might be likely in pop-
ulations growing in dry areas (Rick, 1973; Nevo et
al., 1982). Geographic factors could play a role in
prediction because certain traits may have arisen in an
area and spread among taxa and ecologies in that area,
but not reached areas farther away. Such geographic
effects may be due to chance, but also to coevolution.
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For example, resistance to a certain disease may be
present in areas where the pathogen is endemic, but
absent in areas that, although similar from an ecolo-
gical and/or taxonomic perspective, do not have the
pathogen.

There are 199 wild potato species (196 in Solanum
sect. Petota, and 3 in Solanum sect. Etuberosum;
Spooner & Hijmans, 2001). They all occur in the
Americas, from Colorado (United States) to Chile and
Uruguay. Species richness is high around 20°N (Mex-
ico), but much higher in the southern hemisphere,
particularly in the Andean highlands between 8° and
20°S (Hijmans & Spooner, 2001). The wild potato
species in sect. Pefota have been grouped in 21 taxo-
nomic series (Hawkes, 1990; Ochoa, 1999; Hijmans
et al., 2002).

Researchers of wild potato have often associated
traits with certain species (e.g., Ross, 1986; Hawkes,
1990; Ochoa 1999). Geographical and ecological
factors have also been associated with traits. For ex-
ample, associations have been found between the
altitude of provenance and the frost tolerance in acces-
sions of Solanum acaule (see Table 1 for full species
names, including authors) (Li et al., 1980); between
altitude and resistance to potato leaf hopper (Flanders
et al., 1992); and between altitude and glycoalkaloid
content (Ronning et al., 2000).

Van Soest et al. (1983) found that there was a con-
centration of wild potato species with cyst-nematode
resistance near Potosi, Bolivia. Van Soest et al.
(1984) concluded that wild potatoes with resistance to
Phytophthora infestans (Mont.) De Bary occur near
the tropics of Capricorn and Cancer. Flanders et al.
(1992) found that species from hot and arid areas had
resistance to Colorado potato beetle, potato flea beetle,
and potato leathopper. Species from cool or moist
areas tended to be resistant to potato aphid. Flanders
et al. (1997) found statistically significant differences
between geographic areas for the presence of insect
resistance in wild potatoes.

However, in most of these studies, factors that
might explain geographic clustering of the level of a
trait have been studied in isolation, and the validity
of the associations found was not critically tested. For
example, Van Soest et al. (1983) point out that in
Bolivia, there are many wild potato species with cyst-
nematode resistance near the city of Potosi. However,
as this is also the area in Bolivia with highest species
richness (Hijmans & Spooner, 2001), this would be
expected when assuming a random distribution of this
trait across species (wherever there are many species,

there would be a relatively high number of species
with a certain trait). In this case, evidence is insuf-
ficient as it is based on absolute, and not on relative
numbers of species or accessions with a certain level
of resistance. Another complicating factor is the rather
limited size of the area of distribution of wild potato
species, which makes it difficult, if not impossible,
to rigorously separate the distribution of a trait over
species, geographic, and ecological space (Flanders et
al., 1997).

Frost damage is an important constraint in potato
production at high latitudes and in high areas at low
latitudes. Compared to Solanum tuberosum L., the
common cultivated potato, some wild potato species
have high levels of frost tolerance (Li, 1977; Estrada,
1982; Barrientos et al., 1994; Vega & Bamberg, 1995).
The objective of the present study was to investigate
the extent to which taxonomic, ecological and geo-
graphic factors can be used to predict frost tolerance
in wild potato species.

Materials and methods

Frost tolerance data for wild potatoes reported by Vega
& Bamberg (1995) were used in this study. They
screended 2635 accessions from 101 species in one
field experiment in 1992 in Sturgeon Bay, Wisconsin,
USA. The plants were scored twice for frost dam-
age, first after two light frosts of about —2 °C and
later after a more severe frost of —5 °C. Frost damage
was assessed visually, using a scale with six classes
that could be consistently distinguished by visual in-
spection from O (no damage) to 6 (all leaves and
stems killed). The damage was averaged over the two
readings, and the data was linearly transformed to per-
centages (a reading of O equals 0%, and a reading
of 6 equals 100% survival). In this paper we refer to
this percentage score as frost tolerance. We used these
data because they represented the largest single trait
screening dataset for wild potato that we could find,
and because of the reasonable a priori expectation that
the presence of frost tolerance could be predicted from
temperature data.

The accessions were originally collected in 12
countries in the Americas, covering most of the distri-
bution area of wild potatoes. We only used data from
accessions for which we had geographic coordinates.
The correctness of the coordinates was checked fol-
lowing procedures described by Hijmans et al. (1999).
In the case of errors, coordinates were changed where



Table 1. Number of observations and mean frost tolerance for 87 wild potato species from 17 series

1

Series Species obs Frost
tolerance?

Acaulia Juz. S. acaule Bitter 320 100
S. albicans (Ochoa) Ochoa 7 100

Bulbocastana (Rydb.) Hawkes S. bulbocastanum Dunal 22 10
S. clarum Correll 3 17

Circaeifolia Hawkes S. circaeifolium Bitter 2 21
Commersoniana Bukasov S. commersonii Dunal 27 99
Conicibaccata Bitter S. agrimonifolium Rydb. 2 17
S. chomatophilum Bitter 1 83

S. colombianum Bitter 4 27

S. moscopanum Hawkes 1 33

S. subpanduratum Ochoa 2 17

S. tundalomense Ochoa 2 42

Cuneoalata Hawkes S. X blanco-galdosii Ochoa 2 33
S. infundibuliforme Phil. 78 42

Demissa Bukasov S. brachycarpum Correll 25 16
S. demissum Lindl. 83 92

S. hougasii Correll 5 13

S. schenckii Bitter 3 28

Etuberosa Juz. S. etuberosum Lindl. 22 82
S. fernandezianum Phil. 1 33

S. palustre Poepp. 63 58

Lignicaulia Hawkes S. lignicaule Vargas 1 8
Longipedicellata Bukasov S. fendleri A. Gray 33 21
S. hjertingii Hawkes 4 42

S. papita Rydb. 14 19

S. stoloniferum Schltdl. and Bouchet 80 18

S. wightianum Rydb. 31 17

Megistacroloba Cardenas and Hawkes  S. boliviense Dunal 7 56
S. dolichocremastrum Bitter 2 29

S. megistacrolonum Bitter 94 83

S. raphanifolium Cérdenas and Hawkes 16 56

S. sanctae-rosae Hawkes 4 86

S. sogarandinum Ochoa 1 67

Morelliformia Hawkes S. morelliforme Bitter and G. Muench 4 0
Pinnatisecta (Rydb.) Hawkes S. brachistotrichium (Bitter) Rydb. 13 23
S. cardiophyllum Lindl. 14 22

S. jamesii Torr. 7 20

S. nayaritense (Bitter) Rydb. 1 17

S. pinnatisectum Dunal 12 20

S. tarnii Hawkes and Hjert. 1 50

S. trifidum Correll 2 17

Piurana Hawkes S. acroglossum Juz. 3 0
S. albornozii Correll 2 8

S. hypacrarthrum Bitter 1 8

S. paucissectum Ochoa 2 92

Polyadenia Bukasov S. lesteri Hawkes and Hjert. 2 8
S. polyadenium Greenm. 10 20
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Table 1. Continued

Series Species obs Frost
tolerance?
Tuberosa (Rydb.) Hawkes  S. acroscopicum Ochoa 1 50
S. alandiae Cérdenas 6 17
S. ambosinum Ochoa 1 33
S. andreanum Baker 3 14
S. avilesii Hawkes and Hjert. 1 17
S. berthaultii Hawkes 37 19
S. brevicaule Bitter 11 38
S. bukasovii Juz. 33 71
S. cajamarquense Ochoa 1 25
S. candolleanum P. Berthault 2 63
S. x doddsii Correll 1 17
S. gandarillasii Cardenas 2 17
S. hoopesii Hawkes and K. A. Okada 1 42
S. huancabambense Ochoa 2 38
S. immite Dunal 1 25
S. incamayoense K. A. Okada and A. M. Clausen 5 53
S. kurtzianum Bitter and Wittm. 44 33
S. leptophyes Bitter 137 49
S. marinasense Vargas 6 18
S. medians Bitter 3 17
S. microdontum Bitter 14 17
S. multiinterruptum Bitter 8 24
S. neocardenasii Hawkes and Hjert. 1 17
S. neorosii Hawkes and Hjert. 1 33
S. okadae Hawkes and Hjert. 12 17
S. oplocense Hawkes 38 27
S. orophilum Correll 2 21
S. pampasense Hawkes 2 46
S. scabrifolium Ochoa 1 17
S. sparsipilum (Bitter) Juz. and Bukasov 39 29
S. spegazzinii Bitter 40 38
S. x sucrense Hawkes 20 31
S. tarapatanum Ochoa 1 42
S. venturii Hawkes and Hjert. 1 17
S. vernei Bitter and Wittm. 23 57
S. verrucosum Schltdl. 19 24
S. vidaurrei Céardenas 12 56
Yungasensia Correll S. arnezii Cardenas 2 8
S. chacoense Bitter 28 31
S. tarijense Hawkes 48 17
Total 1646

1 obs = number of accessions tested.
2 Frost tolerance = percent non-damaged tissue after two frosts at —2 °C and one at -5 °C in Sturgeon Bay,

Wisconsin, USA in 1992.



possible but accessions were deleted where it was not
possible to assign precise coordinates. This left a total
of 1646 accessions from 87 species (Table 1). The
species with most observations was Solanum acaule
(n = 320). On average there were 19 observations per
species, but the median was only 4 observations per
species. The species belonged to 17 series with an
mean of 5.1 and a median of 3.0 species per series.

The difference between mean and median was
largely due to the representation of the ser. Tuberosa,
for which data for 36 species were available. The
second and third largest series, in terms of species for
which data were available, were Pinnatisecta (seven
species), Conicibaccata and Megistacroloba (six spe-
cies).

Species and series

The species names used by Vega and Bamberg (1995)
are all still current according to the review by Spooner
and Hijmans (2001), except for S. polytrichon that
was renamed S. wightianum (Hijmans et al., 2002).
Series membership follows Hawkes (1990) except for
subsequent changes for Peruvian species by Ochoa
(1999). For the analysis in this paper we treat sect.
Etuberosa as a series in sect. Petota.

Mean frost tolerance was calculated over species
and series. x? tests were used to test the hypothesis
that the occurrence of frost tolerance and species or
series are associated. The mean frost tolerance of
a series was compared with that of its constituent
species using linear regression.

Geography

A map of square 100 x 100 km grid cells was made
of the mean and maximum observed frost tolerance
per grid cell, using the DIVA-GIS software (Hijmans
et al., 2002). Calculations were made with each in-
dividual observation weighted equally, irrespective of
species or series. We used a Lambert equal-area azi-
muthal projection, with 80°W as the central meridian
and the equator as the reference latitude.

To investigate spatial autocorrelation, Moran’s |
statistic was calculated for the grid using IDRISI
v32 software (Clark Labs, Worcester, MA, USA).
We used the king’s case (i.e., considering the eight
adjacent cells of each cell). Positive spatial autocor-
relation means that locations close to each other are
more similar than locations farther apart, and negative
autocorrelation means the opposite. Moran’s I is basic-
ally positive for positive autocorrelation and negative
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for negative autocorrelation, except that the expec-
ted value for no autocorrelation is slightly negative
(Bonham-Carter, 1994).

The degree to which taxonomic and geographic
factors are confounded was investigated in two ways.
We plotted the mean observed frost tolerance in a grid
cell versus the relative amount of observations from
the nine most frost-tolerant wild potato species in that
cell. We also plotted the drop in mean frost tolerance
in a grid cell when these most tolerant species are not
considered.

Temperature

The ecological variable that a priori would be ex-
pected to be associated most with frost tolerance is
frost incidence. Because of a lack of frost incidence
(or daily minimum temperature) data we used mean
monthly temperature data instead. Monthly minimum
and maximum temperature data were assigned to all
accessions, using data on interpolated climate grids by
Jones (1991) for Latin America and New et al. (1999)
for the USA. For each accession, the mean minimum
and maximum temperature during the year, and during
the estimated growing season, were calculated.

The dominant growing season for all locations
where wild potatoes have been observed was estimated
using the wild potato distribution database described
by Hijmans & Spooner (2001). For a grid of 50
by 50 km cells, and a circular neighborhood with a
100 km diameter, the mode (most frequent observa-
tion) of the month of collecting was determined, using
DIVA-GIS. A modal filter was then used to remove
spatial outliers, using IDRISI. Some manual editing
was carried out, for example for the coast of Peru,
where a small strip (with ‘lomas’ vegetation) has a
different growing season than that in the nearby Andes
(Spooner et al., 1999). Because most wild potatoes are
collected as seed, the growing season was assumed
to be the month of collection and the three previous
months.

Temperatures were plotted against frost tolerance.
The GLM procedure (Type III sum of squares) in SAS
was used to determine whether there were effects of
temperature, species and series on frost tolerance, and
whether there were temperature effects on frost tol-
erance within species and within series. A map was
made predicting the presence of frost-tolerant wild
potatoes on the basis of temperature using the climate
data described above.
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Frost tolerance (%)
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Figure 1. Mean frost tolerance (percentage non-damaged tissue) by
wild potato species (lines indicate maximum and minimum values).
Data for 87 species and 1646 accessions (mean of 19, and median
of 4 accessions per species).

Frost tolerance (%)

100

80 + { ‘

60 |

ih T

20

r—

o
i
+
L]

ereROSUNY

Byneoy
essjusq

o
psosaqny
euBINg

o
Byneoubr] |

gsuasebun,
BlOJOEIND
Biuopefiod
BuEISE0GING
BIULIOHOLION

BUBILIOSIBWILIO)
Bqojoiovisibapy
wnsoiagig 0o

Series

Figure 2. Mean frost tolerance (percentage non-damaged tissue) by
wild potato series (lines indicate maximum and minimum values).
Data for 17 series containing 5 species on average (in our sample).

Results

Species and series

There is a significant (x2 = 1508; df 86; p <0.001)
association between species and frost tolerance (Fig-
ure 1). Few species have high frost tolerance, whereas
many species have a relatively low frost tolerance. Out
of the 87 species, only 5 species have a frost toler-
ance score of more than 90%, and 9 species have a
score of 82% or higher. Highest frost tolerance was for
Solanum acaule (100%; n = 320 observations) and S.
albicans (100%; n = 7), and for S. commersonii (99%;
n=27).

There also is a significant association between
series and frost tolerance (X2 =357;df 17; p <0.001).
Species from ser. Acaulia and Commersoniana had the
highest frost tolerance, followed at some distance by
ser. Megistacroloba, and sect. Etuberosa (Figure 2).
For most series there are important differences in frost
tolerance among the constituent species (Figure 3), as
illustrated by the low coefficient of determination (1?)
of 0.51 between the mean (over species) frost toler-
ance by series versus that of the series’ constituent
species. Variation is particularly high in ser. Concibac-
cata, Demissa, Piurana, and Tuberosa, and in sect.
Etuberosa, which are all series with an intermediate to
low mean frost tolerance (Figure 2).

Geography

Our sample contains wild potatoes from most of
the areas where wild potatoes occur (Hijmans and
Spooner, 2001). Important exceptions are areas in
Central America, Colombia, and Ecuador (Figure 4).
Areas where high mean levels of frost tolerance were
observed constitute a zone from central to south Peru
and a small part of adjacent northern Bolivia; and a
zone stretching south and east from Paraguay into ad-
jacent Argentina, Brazil and Uruguay, and a small area
in central Chile (Figure 4). Northern Argentina has
a zone with an intermediate level of frost tolerance.
There are many grid cells with a high maximum ob-
served frost tolerance (> 99%; Figure 5) that did not
have a very high mean frost tolerance (< 75%; Fig-
ure 4). These cells are in central Mexico, north-central
Peru, Bolivia, and north Argentina.

Spatial autocorrelation between grid cells is posit-
ive and highly significant. Moran’s I = 0.521 for mean
frost tolerance, and I = 0.498 for maximum frost toler-
ance (number of cells = 185, p < 0.001 in both cases).
This indicates the presence of geographic clustering
of areas with wild potatoes that have similar levels of
frost tolerance.

Geography and Species

The relative abundance of one or more of the nine most
tolerant species (above 80%; Figure 1) in a grid cell is
a reasonably good predictor of overall frost tolerance
in that grid cell (Figure 6). When discarding these nine
most frost tolerant species, there are cells in which the
mean frost tolerance decreases sharply. This decrease
is conspicuous in areas with medium to high levels of
frost tolerance. This was to be expected because there
cannot be much decrease in areas where tolerance is
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Figure 3. Mean frost tolerance (percentage non-damaged tissue) of wild potato series (averaged over species) versus the frost tolerance of the
species in those series. 12 = 0.513. Data for 18 series containing 4.8 species on average (in our sample). Regression line: y = x (by definition).

already low. Nevertheless, some of the cells with very
high levels of frost tolerance maintain high levels even
without the most tolerant species (Figure 7). These
cells are all located in southern Peru.

Solanum acaule, the most frost tolerant species
in our sample, is also one of the most common and
widespread wild potato species (Hijmans & Spooner,
2001). The high maximum tolerance scores observed
across Peru, Bolivia, and north Argentina (Figure 5)
largely coincide with the distribution of this species.
The distribution of mean frost tolerance (Figure 4) is
less associated with the presence of S. acaule.

Temperature

Temperature data of the areas where the accessions
were collected predicts frost tolerance well at low
levels of tolerance. If only the scores between 0
and 42% are considered, there is a strong associ-
ation between mean annual minimum temperature and
frost tolerance (r2 = 0.87; Figure 8). In this range,
wild potatoes collected from warmer places are less
likely to have frost tolerance than those collected from
colder places. However, at higher levels of tolerance
(between 42 and 100%), there is a weak (12 = 0.31)
and even positive association (more frost tolerance in
wild potatoes from warmer areas). Thus there is only
a weak overall association between frost tolerance and
temperature. The results do not change whether min-
imum or maximum temperature is used, or whether

temperature is averaged over the whole year or only
over the apparent growing season.

Within series or species, the predictivity of tem-
perature data was low. For the series, the coefficient of
determination between frost tolerance and mean an-
nual minimum temperature was below 0.14 and not
significant (p >0.05) except for ser. Conicibaccata
(r2 = 0.88), Piurana (r* = 0.54; but with a positive re-
lationship between temperature and frost tolerance!),
Demissa (2 = 0.38), and Tuberosa (1> = 0.18). For
individual species, there was a significant association
(p <0.05) of minimum temperature with frost toler-
ance for only two species: S. colombianum (r* = 0.95)
and S. verrucosum (12 = 0.45).

Temperature, species and geography

In a single factor statistical analysis, mean annual min-
imum temperature is significantly associated with frost
tolerance (df = 1; F = 279; p <0.001; 12 = 0.15).
However, species (df = 86; F = 304; p <0.001; 2=
0.94) and series (df = 17; F = 345; p <0.001; * =
0.78) effects are much stronger. In combined models
of species or series and minimum temperature, the
minimum temperature effect is not significant. Very
similar results were obtained when all the observa-
tions with 100% frost tolerance scores were deleted, in
order to have a more normal distribution of the data.
The map of areas with a mean minimum temper-
ature below 3 °C within the area where wild potatoes
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Figure 5. Percentage of observations per grid cell for the nine most frost tolerant wild potato species (out of a total 87 species in the sample)
versus the mean frost tolerance (percentage non-damaged tissue) for all observations. Each dot on the graph represents one 100 by 100 km grid
cell. Regression line: y = 0.71x + 29.4; 2 =0.767.
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Figure 6. Mean frost tolerance (percentage non-damaged tissue) per grid cell with and without the nine most tolerant wild potato species (out
of 87 species in the sample). The number of observations decreased from 1646 to 1086. Each dot on the graph represents one 100 by 100 km
grid cell. Regression line: y = 0.61x + 6.45; 12 =0.589.



56

Frost tolerance (%)

100 a »
—‘ o ]
80 N .
u] ]
a ]
601 g .
o ]
407 B .
a ]
w] L]
20 4 - -
=] [ ]
0 T 8—a—
0 5 10

0O T-min (12 months)
o © T-max (12 months)
o = T-min (grow ing season)
LA 4 le T-max (grow ing season)
o o
©
o
o °
o
(oI ]
»
e
20 25 30

Temperature (°C)
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monthly minimum temperature (T-min), maximum temperature (T-max) averaged over the year (12 months), or over the most likely growing

season of four months (growing season).

occur is not a very good predictor of the level of frost
tolerance in wild potatoes from these areas (Figure 8).
The map correctly identifies the Central Andes and
parts of Chile, but it misses the lowland area of Ar-
gentina and Uruguay (where S. commersonii occurs)
and wrongly predicts the southwestern USA as an area
with frost tolerant wild potatoes. The species present
in the United States are S. jamesii (7 accessions; 20%
frost tolerance score) and S. fendleri (33 accessions;
21% frost tolerance score).

Discussion

This study illustrates the need for simultaneously ana-
lyzing different factors to predict the presence of an
agronomic trait in wild species. We showed that taxo-
nomic categories, particularly species, are strongly
related to frost tolerance in wild potatoes. Ecology and
geography were also associated with frost tolerance,
but probably not to the extent that they would be very
useful to guide further screening or collecting. If fur-
ther screening of wild potatoes is warranted, priority
could be given to those species not yet tested, partic-
ularly those from series with high frost tolerance, and
that occur in southern Peru, and to species with a high
level of frost tolerance for which only a few accessions
were tested (e.g., S. paucissetcum). It would also be
important to test the most tolerant accessions (particu-

larly those with 100% frost tolerance scores) to more
severe frosts.

Species were associated with different levels of
frost tolerance. This is of value for prediction within,
but not beyond the species examined. The latter was
important in our study for which data for fewer than
half the existing wild species were available. Taxo-
nomic series might be used for prediction of frost
tolerance in species that have not yet been tested.
Howeyver, there was much variation within those series
with a relatively high number of observations. Other
series may be too small to be of much use in predic-
tion. For example, we examined data for two species
(S. acaule and S. albicans) of ser. Acaulia, the most
frost tolerant series. There are only two additional spe-
cies in this group S. X indunii and S. X viirsoii, both
of which are rare and assumed to be of hybrid origin,
with S. acaule as one of the parents. The other series
associated with very high frost tolerance, ser. Com-
mersoniana, only has two species: S. commersonii, for
which we had data, and S. calvescens, for which we
did not.

The species and series conclusions also depend on
the accuracy, consistency, and relevance of the taxo-
nomic system used. Ongoing research is continuing to
refine wild potato taxonomy, and in the future there
will likely be a reduction in the number of species
and changes in series memberships (Van den Berg et
al., 1998; Spooner & Hijmans, 2001). The commonly
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used series classification by Hawkes (1990) has re-
ceived little support in any molecular marker data set
used to date (Spooner & Hijmans, 2001). For example,
chloroplast DNA restriction site data supported only
four clades within sect. Petota, and not the 19 series
(of 21) that were examined (Spooner & Sytsma, 1992;
Spooner & Castillo, 1997). Other nuclear molecular
markers such as nuclear restriction fragment length
polymorphisms (Bonierbale et al., 1990) and ampli-
fied fragment length polymorphism data (Debener et
al., 1990; Kardolus, 1998) also fail to support many
traditional series. The predictivity of series classific-
ations may be greatly improved with new data. For
example, there is compelling support for including S.
demissum in ser. Acaulia, rather than in ser. Demissa
(Spooner & Hijmans, 2001; Spooner et al., 1995). It is
noteworthy that S. demissum had a high frost tolerance
(92%), comparable to the members of ser. Acaulia, but
unlike the other members of ser. Demissa.

Our findings corroborate the weak association of
genetic variation with eco-geographic factors (Chap-
man, 1984; Peeters et al., 1990; Del Rio et al., 2001).
However, our findings are discordant with the results
of Li et al. (1980), who found a strong and simple
positive linear relation between frost tolerance and
altitude of provenance for 15 accessions of S. acaule.
Perhaps this relation is specific to S. acaule, but we
could not test this because we did not have differenti-
ation within S. acaule (for which all accessions had a
100% frost tolerance score).

We had many observations originating from a large
geographic area. The frost tolerance screening data
used here constitutes the largest single evaluation of
the US Department of Agriculture potato genebank
database. Yet data quality problems in the coordinates
or in the interpolated climate data may have hampered
our ability to find relationships between temperature
and frost tolerance to some extent, particularly be-
cause most of the wild potatoes that were evaluated
occur in highly dissected mountain ranges, with steep
climate gradients. Detailed studies with a few species
from a small area and with more precise temperature
data would be useful to validate our results. We used
mean minimum temperature data instead of perhaps
more informative data such as monthly extreme tem-
peratures. This may have weakened the relationships
found. Yet a likely more important factor is the low
resolution of the interpolated weather data. This may
be particularly problematic in the Andes where there
are large changes in altitude (and hence temperature)
over relatively small distances. In all areas there may

be micro-climatic differences that play a role which
cannot be captured with our data. Nevertheless, we
used the best data available, and these data did not
have a strong predictive value.

In previous studies, altitude has sometimes been
used as a proxy for ecological factors (Flanders et al.,
1992). However, altitude is only a good proxy for tem-
perature in small areas. It is less useful for studies of
large areas such as considered in the present study.
Also, variation is sometimes compared using countries
or groups of countries (Peeters et al., 1990). These
areas are often rather different in size and shape and
may not allow for appropriate comparison. Grid cells,
as used in this study, are more appropriate for these
comparisons.

Other trait/crop combinations could be studied to
re-evaluate the emphasis that is typically given to
eco-geographic stratification in genetic resources col-
lection (e.g., Brown & Marshall, 1995; Von Bothmer
& Seberg, 1995). It is noteworthy that wild potato col-
lectors in particular have given much more emphasis
to taxonomic considerations (Spooner et al., 1999).
Yet this taxonomic bias is compensated by the fact
that many wild potato taxa occur in small areas. Con-
sequently taxonomy and geography (and hence also
ecology) of wild potatoes are somewhat confounded.
With some species being differentiated on the basis
of the area they occur in (Spooner & Van den Berg,
1992), sampling by species is to some extent also
sampling by geographic area.
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