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Abstract Solanum section Petota has been the subject of intensive taxonomic work since the description of the
cultivated potato in 1753. In total, there are 494 epithets for wild taxa and 626 epithets for cultivated taxa. Different
taxonomists applied various taxonomic philosophies and species concepts to the section. Hypotheses of the
number of species and their interrelationships have differed greatly among authors. A taxonomic treatment of
section Petota by Jack Hawkes in 1990 recognized 228 wild species and seven cultivated species, divided into
21 taxonomic series. In 2014 Spooner and collaborators more than halved this number to 107 wild species and four
cultivated species, partitioned into four clades; not using series. The purpose of this paper is to provide a
retrospective of the methods and philosophies that have resulted in this drastic decrease in the number of species
and their infrasectional classification.

Key words: phylogeny, potato, Solanum section Petota, species.

Species Problems and Taxonomic Back-
ground of Solanum Section Petota
As detailed by Spooner & van den Berg (1992a), Solanum
section Petota has been the subject of intensive taxonomic
work since the description of the cultivated potato,
S. tuberosum (Linnaeus, 1753). In total, there are 494 epithets
for wild taxa and 602 epithets for cultivated taxa, including
names not validly published (Ovchinnikova et al., 2011).
Different taxonomists applied various taxonomic philosophies
to the section, but mainly have used morphology to define
species. Hypotheses of the number of species and their
interrelationships have differed greatly among taxonomists
(Fig. 1). Indeed, the great discordance of taxonomic treat-
ments of section Petotawas used as one of the four examples
(also including sorghum, maize, and wheat) that stimulated
Harlan & deWet (1971) to abandon traditional taxonomy as of
any reliable guide to plant breeders and rather to classify
germplasm entirely on a biological species concept (their gene
pool concept). The first modern and comprehensive (from
throughout the entire range of the group) taxonomic
treatment of section Petota was provided by Hawkes
(1956), followed by a similar treatment by Correll (1962),
but with the addition of extensive specimen citations and
excellent illustrations. This taxonomy was supplemented by
significant regional taxonomic treatments by Hawkes &
Hjerting (1969, southern South America), Hawkes & Hjerting
(1989, Bolivia); Ochoa (1990, Bolivia), and Ochoa (1999, Peru).
The taxonomic treatment by Hawkes (1990) was the standard
comprehensive treatment for many years, where he

recognized 21 taxonomic series, 228 wild species, and seven
cultivated species.

Spooner et al. (2014) more than halved this number of
species to 107 wild species and four cultivated species,
partitioned into three nuclear clades and not using series
(Figs. 2, 3). These taxonomic decisions and treatments of the
monophyletic potato, tomato, section Etuberosum (Bukasov
& Kameraz) A. Child clade are detailed in five monographic
treatments: 1) wild potatoes from North and Central America
(Spooner et al., 2004); 2) wild potatoes from southern South
America, including close outgroup section Etuberosum
(Spooner et al., 2016); 3) the wild potatoes of northern South
America (Spooner et al., unpublished data); 4) cultivated
potatoes (Ovchinnikova et al., 2011); and 5) wild tomatoes
(Peralta et al., 2008). The purpose of this paper is to describe
the methods and philosophies that have resulted in this
drastic decrease in the number of species and infrasectional
classification from series to clades. It freely draws upon
information summarized in Spooner (2009, 2011) and Spooner
et al. (2014) but refocused as a personal retrospective on
addressing species delimitation and their interrelationships.

I always had intense curiosity about plant names, and
learned in my teens how to use Gleason & Cronquist (1963)
and various local floras to identify plants in Ohio and adjacent
states. I used to play “botany at 55 miles an hour” with my
botany friends, where we first identified plants sitting in the
field, and then from afar travelling in a car, using their colors
and shapes and habitats. This experience eventually led to a
job as a field botanist with the Ohio Department of Natural
Resources where for three years I spent much of five months
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Fig. 1. A chronological history of the hypotheses of placement of species into series by Correll (1962), Bukasov (1978),
Gorbatenko (1989), and Hawkes (1990). The non-italicized names of Bukasov have been treated as series but are not validly
published. Solid lines connecting series indicate themaintenance or transfer of species between series. Dotted lines indicate that
an author did not treat these series. The numbers in circles are the number of species accepted for the series (from Spooner &
van den Berg, 1992a).
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each year in the field searching for rare plants. It became clear
that some groups (e.g., Craetegus, Oenothera, Rubus, some
species of oaks, and others), were difficult, and I ascribed the
intergradation of their component species to hybridization,
apomixis, recent divergence, or some other complex genetic
phenomena. My point, however, is that those with field
experience can easily note the majority of the species to be
“good”, assuming that morphological divergence is a valid
proxy for good species.

When I entered graduate school this simplistic view of
species was modified as I was exposed to the vast and often
contentious literature debating what constitutes species,
ranging from some (Ehrlich & Raven, 1969; Levin, 1979)
arguing that gene flow is too limited among conspecific plant
populations to allow species to evolve as evolutionary units
and arguing the population is the only objective reality, to
others (e.g., Rieseberg et al., 2006) arguing for much greater
gene flow than previously supposed and supporting the
majority of plant species as morphologically discrete and
reproductively independent lineages. Mallet (2001) argued
that a clear distinction needed to be made between the data
used to define species (e.g., morphology, isolating mecha-
nisms, and molecular data) and the methods applied to
analyze these data (e.g., phenetics, cladistics, population
biological methods). In a similar way, De Queiroz (2007)
distinguished the conceptualization of species (as separately
evolving lineages) from the criteria used to delimit them, such

as reproductive isolation, diagnosability, and monophyly, and
showing how these various criteria are expected to appear at
different times and in different orders in the evolution of
different groups of species. New concepts and debates of
species continue to arise, such as one arguing that many
autopolyploid derivatives of diploid species should be
provided separate species status (Soltis et al., 2007). The
literature on the reality of species andmethods to define them
has been so voluminous that Rieseberg & Burke (2001) stated
“The discussion of species concepts has become a cottage
industry.” Reviews on the history, definition, and concepts of
species have summarized fully 22 concepts by Mayden (1997)
and 26 by Wilkins (2009).

In the modern era with phylogeny as a unifying biological
concept, most taxonomists today equate species with
lineages. The majority of practicing taxonomists assume,
by definition of what we do in investigating species
boundaries and writing monographs, that species are
“real” in the sense I did when I began my work; that is,
we can recognize most to be morphologically coherent and
we use a variety of techniques, including ecology, inter-
crossability, chromosome numbers, anatomy, DNA, often
using multiple genes (e.g., Zang et al., 2011), or any other
characters, to help discover and define them, that is, using
an eclectic approach (e.g., Stuessy, 1990). The clearest
species definition I have read that applies this philosophy is
the “phylogenetic species concept” stressing both phylog-
eny and diagnosability (e.g., Cracraft, 1989). In reality, every
group differs in the biological criteria impacting species
divergence, setting up a sliding scale from well-defined to
problematical species. Therefore, the degree of diagnos-
ability will vary from group to group, forever maintaining
individual taxonomic decisions on species that may vary
from taxonomist to taxonomist. Hence, a search for a simple
“formula” to use any individual criteria, or set of criteria, to
define species will forever be an elusive goal. The best
taxonomists can do is to state clearly their data sources and
species philosophy and hopefully those with the best quality
data and analyses will be those who have their taxonomies
adopted. Below follows the data and philosophies I have
encountered in potato.

Biological Factors Complicating the
Systematics of Solanum Section Petota
Wild and cultivated potatoes have long plagued taxonomists
into constructing an easy and repeatable taxonomy address-
ing the resolution of species boundaries and their inter-
relationships. This is largely due to a “perfect storm” of
complicating biological factors including interspecific hybrid-
ization, introgression, allopolyploidy, a mixture of sexual and
asexual reproduction, and possible recent species divergence
(Spooner & van den Berg, 1992a; Spooner, 2009). Hundreds of
successful artificial interspecific hybrids have been reported in
the literature, and natural hybridization between species,
frequently crossing Hawkes (1990) series boundaries, is
thought to be common (Hawkes, 1958, 1990; Hawkes &
Hjerting, 1969, 1989; Ugent, 1970; Ochoa, 1990, 1999; Camadro
et al., 2012). Spooner & van den Berg (1992b) summarized
26 species (then accepted) to have resulted from hybrid

Fig. 2. A summary cladogram showing relationships among
the three nuclear clades of section Petota, similar to the
plastid relationships but combining species of plastid clades
into nuclear clade 1þ 2, and immediate outgroups in the
tomato clades and section Etuberosum clade, based on the
molecular analyses mentioned in this paper. This is followed
by a comparison of the classifications of Hawkes (1990) and
Spooner et al. (2004) as a result of these studies, and
additional studies at the species level.
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Fig. 3. Representative species from the three nuclear clades outlined in Fig. 2. Drawings of S. hypacrarthrum Bitter and
S. violaceimarmoratum Bitter by Kandis Elliott; drawing of Solanum bulbocastanum Dunal (¼ Solanum mexicanum Sess�e &
Moci~no), photograph of the original color plate, Torner Collection 0621, reproduced by courtesy of Torner Collection of Sess�e &
Moci~no Biological Illustrations, Hunt Institute for Botanical Documentation, Carnegie Mellon University, Pittsburgh. Drawing of
Solanum verrucosum Schiede ex Schltdl., photograph of t.2, Hortus Halensis, 1841, reproduced courtesy of the Royal Botanic
Gardens, Kew.
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speciation. Most of these hypotheses have been generated by
intermediate morphology, inference from locality data,
artificial reconstruction of the hybrids and comparison with
putative natural hybrids, and assessment of reduction of
fertility. We now know that all modern flowering plant
genomes have been through repeated cycles of whole-
genome doubling, and Solanum has gone through two cycles,
a triplication (Wendel, 2015). Allopolyploidy within some
species of section Petota is well documented by cytogenetic
data (Matsubayashi, 1991). There are no studies documenting
the relative proportion of plants persisting in populations
from sexual seed vs. tubers but all members of section Petota
are vegetative perennials through the annual production of
tubers, theoretically allowing for some recognized hybrid
species that are sterile to persist vegetatively. All of these
factors have led to the incredible taxonomic discordance
outlined in Fig. 1.

The Advantages of Field Work
Field work provided me perhaps the most useful data to
address taxonomic questions in potato (Spooner, 2011). Field
work allows taxonomists to recollect at published localities;
to expand localities; to gain access to taxonomic data that
often is obscured on herbarium sheets (as colors, odors,
glandularity, branching patterns); to take photographs of
species for later examination and to supplement herbarium
data and to make illustrations; to document habitats; to
document ecological and populational data useful to under-
stand possible hybridization or isolating mechanisms; to
document population variation; to collect material for
morphological or cytological or molecular studies; and to
have ready access to critical herbarium specimens, including
types, in herbaria in countries where the plants grow. As a
taxonomist serving the US Germplasm System I had the great
advantage to have the job description and funds to collect for
two months each year from throughout the range of section
Petota in Mexico in 1988 and 1997, Guatemala in 1995,
Honduras and Panama in 2000, Costa Rica in 1996, Venezuela
and Colombia in 1992, Ecuador in 1991, Peru in 1998 and 1999,
Bolivia in 1993 and 1994, Chile in 1989, and Argentina and Chile
in 1990.

Field work often helped to clarify critical locality data that
affected taxonomic decisions. I would always try to recollect
germplasm at type localities. One example that stands out
was the collection of two types at their type locality, S. correllii
Ochoa and S. regularifolium Correll. They initially appeared to
be very different localities because they had different
reference points on different ends of a road. However, field
work showed them to be the same locality, that in
combination with herbarium data documented them to be
conspecific (Spooner, 2011).

Another example was documenting variation throughout
the range of S. etuberosum Lindl., a member of section
Etuberosum, the sister group to potatoes and tomatoes.
Collections at the type locality of S. subandinum F. Meigen,
and indeed in many other localities of S. etuberosum, showed
plants of a smaller stature than S. etuberosum and with
leaves in the upper internodes lacking interstitial leaflets
(as in the type), but intermixed with larger plants with

interstitial leaflets throughout. Such populational variation
clarified the synonymy of the earlier name S. subandinum
(Spooner, 2011).

Another example was collections throughout the range of
S. andreanum that led to the synonymy of species previously
grouped into five separate taxonomic series (Spooner et al.,
1993b). Further molecular studies (Ames & Spooner, 2010)
discovered yet more synonyms for S. andreanum.

TheAdvantages ofActive and Well-Curated
Germplasm Collections
The Second State of theWorld Report (FAO, 2010) documents
7.4 million ex situ germplasm accessions world-wide held in
1750 separate collections. Many of these are duplicates held
among different genebanks, however, and it is estimated that
only about 30 percent of them are distinct accessions. Relative
to this paper, although potato continues to have unfulfilled
collecting needs (Casta~neda-�Alvarez et al., 2015) it is one of the
better collected crops for germplasmworldwide. The National
Research Program-6 (NRSP-6) in Sturgeon Bay Wisconsin
serves as the US Potato Genebank. The herbarium and
germplasm holdings of this genebank were reported by
Bamberg & Spooner (1994) and are here updated to
document 5828 accessions, of which 3948 are wild species,
1048 are cultivated species, and 832 are cultivar/breeding
stock/genetic stock material in culture. Other national and
international potato genebanks are reported in Bamberg &
Spooner (1994) but my research has used mainly germplasm
from the NRSP-6 and from the International Potato Center
(Centro Internacional de la Papa, CIP) that maintains 4354
landrace (indigenous cultivar) accessions from all the
cultivated species and 2520 wild species accessions (Jansky
et al., 2015).

The ready availability of these germplasm collections has
been a major resource propelling progress in potato
taxonomy. They represent years of active collecting by
individuals in many institutions. I was hired to fill in gaps of
the collection. Adding to the advantages of ready availability
of the raw germplasm was years of on-site identification by
the potato germplasm collectors and taxonomists Andrea
Clausen, Donovan Correll, Jack Hawkes, Jens Peter Hjerting,
Z�osimo Huam�an, Luis L�opez, Carlos Ochoa, Katsuo Armando
Okada, Alberto Salas, Richard Tarn, Donald Ugent, and Ronald
van den Berg. Their identifications (and mine) sometimes
differed as they did by earlier taxonomists (Fig. 1). However,
this provided testable hypotheses, that in combination with
the germplasm collections served to define and resolve
taxonomic problems. Publically available, actively visited,
well-researched, and well-curated germplasm collections
simply represent one of the most valuable resources for
taxonomists.

Morphometric Studies at the Species
Level
As mentioned above, the taxonomic discordance noted by
Harlan & de Wet (1971) in Solanum section Petota (Fig. 1) (and
in three other crop groups) led them to abandon traditional
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taxonomy as of little practical value for breeders and to adopt
their “gene pool classification” based solely on intercross-
ability. A fewmonths before formally beginningmy position in
1987 the USDA flew me to Sturgeon Bay Wisconsin to meet
the two dominant potato taxonomists John (Jack) Hawkes
from Birmingham England, and Carlos Ochoa from the
International Potato Center in Lima Peru. The USDA periodi-
cally invited potato germplasm collectors to identify living
germplasm planted from true seed of problematic collections
at the potato station in Sturgeon Bay. Some of these
accessions were given different names by different taxono-
mists or even by the same taxonomist in different years. They
were both at Sturgeon Bay during my visit and worked
separately from each other but allowed me to walk the fields
with them as they made their identifications. This experience
was invaluable, providing first-hand exposure to their
taxonomic philosophies, methods, discordant identifications,
and gave me research ideas that provided ready-formed early
research projects. Both Hawkes and Ochoa based their
taxonomic concepts on morphological data gained from their
original collections and from later grow-outs at Sturgeon Bay
and elsewhere, supplemented with artificial interspecific
hybridizations, but morphology formed their main data set
to determine species.

Spooner et al. (2014) highlight 33 studies using morphology
conducted since Hawkes (1990) for various taxonomic
questions; 19 of these done in my lab or with collaborators.
By far, the greatest taxonomic problem in section Petota
relative to the number of species and discordant taxonomic
treatments was the wild potato Solanum brevicaule complex.
This complex, containing about 20 putative taxa at the
species, subspecies, and form rank, is endemic to central Peru,
Bolivia, and northern Argentina. It long attracted the
attention of biologists because of its similarity to cultivated
potatoes (Correll, 1962; Ugent, 1970; Grun, 1990), and
contained putative ancestors to the landraces (Ugent,
1970). The species are largely sexually compatible with each
other and with cultivated potato (Hawkes, 1958; Hawkes &
Hjerting, 1969, 1989; Ochoa, 1990, 1999). Members of the
complex include diploids, tetraploids, and hexaploids, with
some of the species possessingmultiple ploidy levels. Spooner
& van den Berg (1992a) documented, through a comparison of
competing taxonomic treatments of the wild potatoes of
Bolivia by Hawkes & Hjerting (1989) and Ochoa (1990) that
these two taxonomists provided different identifications for
identical collection numbers of the complex 38% of the time.

Morphology was used to help resolve this problem through
observations of variation in the field during collecting
expeditions in Peru (Spooner et al., 1999; Salas et al., 2001),
in Bolivia (Spooner et al., 1994), and in Argentina (Spooner &
Clausen, 1993); through phenetic analyses of morphological
data from germplasm grown in the Netherlands (Van den Berg
et al., 1996), in the United States (Van den Berg et al., 1998)
and in Peru (Alvarez et al., 2008). All of these studies failed
to clearly differentiate members of the complex, but broadly
defined two geographic subsets: 1) the Peruvian populations,
2) the Bolivian and Argentinean populations. However, even
these two groups could only be distinguished by computer-
assisted morphometric analyses of widely overlapping
character states, and not by species-specific characters (see
below).

Molecular Marker, Plastid RFLP, and
Nuclear DNA Sequencing Studies
Manyof themorphological studies in potatowere conducted in
parallel with molecular markers. As technology progressed my
colleagues and I have variously used data from isozymes,
random amplified polymorphic DNA (RAPDs), single- to
low-copy nuclear restriction fragment length polymorphisms
(nRFLPs), amplified fragment length polymorphisms (AFLPs),
nuclear and plastid microsatellites (nSSR, pSSR), and plastid
deletionmarkers (pDel) (see Spooner et al., 2014 for a summary
of these post-1990 studies in section Petota). Continuingwith a
focus on the Solanum brevicaule complex as an example, we
used RAPDs and nRFLPs (Miller & Spooner, 1999) and AFLPs
(Spooner et al., 2005) on near-parallel subsets of accessions
used in themorphological data. These studies likewise failed to
clearly differentiate many wild species in the complex, and
defined the same two geographic subsets mentioned above: 1)
Peru, 2) Bolivia and Argentina. As with the morphological data,
even these two groups could only be distinguished by
computer-assisted statistical analyses of widely overlapping
molecular characters, but not by species-specific ones. Based
on these results, Spooner et al. (2016) in the wild potatoes of
southern South America, and Spooner et al. (2014) in the wild
potatoes of northern South America, and as summarized in
Spooner et al. (2014), recognized S. candolleanum as the
northern representative of the complex, and S. brevicaule as
the southern representative, with the many other taxa in the
complex placed in synonymy.

Hawkes (1990) assigned section Petota into two
non-tuber-bearing series and 19 tuber-bearing series, but
there was great discordance in partitioning species into series
(Fig. 1). Molecular markers were not appropriate for these
higher-level investigations, and plastid DNA had many
advantages for my initial studies including simplicity in data
generation, conservation of the molecule, and the availability
of cloned plastid probes in the Solanaceae with Nicotiana
(Olmstead & Palmer, 1992) and Petunia (Sytsma & Gottlieb,
1986). Palmer & Zamir (1982) produced the first plastid RFLP
phylogenetic analysis (of tomatoes, Solanum, then recognized
as Lycopersicon) and Hosaka et al. (1984) produced the first
plastid RFLP phylogenetic analysis of potatoes (section
Petota). These studies lacked in-depth phylogenetic resolu-
tion, however, due to the use of few accessions, few
restriction endonucleases, and RFLP patterns of the entire
plastidmolecule, precluding the ability to discern all mutations
due to comigrating bands. Improved techniques using cloned
probes covering the entire plastid molecule and the use of
additional restriction endonucleases led to greatly improved
taxonomic resolution, and plastid RFLP phylogenies became a
dominant phylogenetic tool in the late 1980s and early 1990s
before the identification of nuclear orthologues and the
optimization of techniques for their DNA sequencing were
common (e.g., Small et al., 2004).

A plastid RFLP phylogenetic study by Spooner et al. (1993a)
eventually led to the exclusion of the two non-tuber-bearing
series of Hawkes’s (1990) section Petota into near outgroup
section Etuberosum (Bukasov & Kameraz) A. Child, section
Juglandifolia (Rydberg) A. Child, and section Lycopersicoides A.
Child (Peralta) (Peralta et al., 2008), the latter twomembers of
the tomato clade (Fig. 2). Plastid RFLP phylogenetic studies
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using additional accessions of section Petota (Spooner &
Sytsma, 1992; Spooner & Castillo, 1997) documented the
remaining tuber-bearing series of Hawkes (1990) to be
monophyletic, but the series were not. Rather, they are
divided into four plastid clades.

Subsequent studies using nuclear orthologs for phyloge-
netic studies used one or few genes. In potato, a study of the
nuclear granule-bound starch synthase I, or waxy) (Spooner
et al., 2008) and nitrate reductase (NIA) (Rodr�ıguez &
Spooner, 2009) supported three clades with both results
similar to the plastid clades except that the nuclear DNA
sequencing data combined species of two of the plastid clades
onto one, hence the labeling of one of the clades in Fig. 2 as
1þ 2. Rodr�ıguez et al. (2009) extended these studies at the
diploid level by examining 29 diploid Solanum species in the
sister clades that include tomato and potato with 19 nuclear
orthologues. They found alternative taxonomic histories with
some different gene regions, and identified a reduced subset
of orthologues that would recover the “dominant” topology.

Nuclear DNA orthologs have the potential to show
allopolyploid origins if it is relatively recent and if there is
little genomic change subsequent to their formation. The
GBSSI and NIA studies, and a later study of Cai et al. (2012)
documented allopolyploid origins for most of the polyploid
species of section Petota. Like many such studies in other
groups, Cai et al. (2012) documented considerable genomic
complexity of some of the wild potato polyploids that could
be explained by multiple hybrid origins and allele losses that
theoretically could provide a biological explanation for the
taxonomic complexity in wild potato polyploids. Complimen-
tary genomic in situ hybridization (GISH) studies and
fluorescence in situ hybridization (FISH) techniques (Pendinen
et al., 2008, 2012) also supported allopolyploid origins of
Mexican polyploids (tetraploid species of the Longipedicellata
group [S. hjertingii and S. stoloniferum] and hexaploid species
of the Iopetala group [S. hougasii, S. iopetalum and
S. schenckii]), and supported the diploid Mexican species
S. verrucosum (or its ancestral species) as an ‘A’ genome
contributor in all Mexican allopolyploids, confirming the prior
hypothesis of classical cytogenetic analysis (Marks, 1965) and
DNA sequence data (Spooner et al., 2008; Rodr�ıguez &
Spooner, 2009).

Cultivated Species Origins and Taxonomy
Solanum section Petota has both wild species (discussed
above) and cultivated species. The landraces are today
grown in a wide range from western Venezuela south
through Colombia, Ecuador, Peru, and into northern
Argentina, mainly from 3000–4000m altitude, and then
with a break in distribution of about 560 km in lowland south-
central Chile, near sea level in the Chonos and Guaitecas
Archipelagos (Spooner et al., 2010). Linnaeus (1753) recog-
nized a single member of section Petota, the cultivated S.
tuberosum L. The landraces are morphologically similar to,
and were thought to have arisen multiple times, from species
in the Solanum brevicaule group. Spooner et al. (2005)
discovered: 1) the origin of the landrace cultivated species
from northern members of the S. brevicaule group in
southern Peru and immediately adjacent northern Bolivia,

2) a single origin of the landraces to mean an origin from a
single species, or its progenitor (S. candolleanum, the earliest
name of a member from Peru) from this area. Because
landrace potatoes are currently spread throughout the
Andes and Chile, they clearly were diffused from Peru both
north and south, assuming present-day distributions of the
original cultivars.

Three major questions remained regarding cultivated
potatoes: 1) how to classify them; 2) what is the origin of
the Chilean landraces; and 3) what is the source of the
“European” or modern potato. Russian monographers first
recognized 12 cultivated species (Juzepczuk & Bukasov, 1929),
then 18 (Bukasov, 1937) and, finally, 17 (Bukasov, 1978). In
addition to these species there are descriptions of hundreds
of subspecies, ‘convarieties’, varieties and forms (Lekhnovich,
1971). Hawkes (1990), in contrast, recognized seven species
and seven subspecies. Ochoa (1990, 1999) recognized nine
species and 141 infraspecific taxa for the Bolivian cultivated
potatoes alone. Using morphological data from landraces
grown in a field trial in Peru (Huam�an & Spooner, 2002), and
microsatellite data, Spooner et al. (2007) reclassified culti-
vated potatoes into four species: 1) S. tuberosum, with two
cultivar groups (Andigenum group of upland Andean
genotypes containing diploids, triploids, and tetraploids and
the Chilotanum group of lowland tetraploid Chilean land-
races); 2) S. ajanhuiri (diploid); 3) S. juzepczukii (triploid); and
4) S. curtilobum (pentaploid). Ovchinnikova et al. (2011)
compiled all 602 basionyms of cultivated taxa, located their
type specimens, designated lectotypes when possible, and
placed these names (including names not validly published) in
synonymy with this new classification.

Regarding the origin of the Chilean landraces, the Russian
scientists Juzepczuk & Bukasov (1929) believed that Chilean
landraces evolved in the lowland region of southern Chile and
adjoining islands, independently from upland Andean pota-
toes. Ugent et al. (1987), on the other hand, proposed that the
Chilean landraces arose from another ancestor, the wild
species S. maglia Schltdl., today known from in coastal Chile
and in a single valley in Argentina, but with all locations
1000 km north of Chilo�e Island. The hypothesis of Ugent et al.
(1987) found support from nuclear microsatellites (Spooner
et al. 2012), that grouped S. maglia with Chilotanum group.
Rodr�ıguez et al. (2010) using DNA sequence data of the GBSSI
or waxy gene, also found that two of three examined
accessions of the Chilotanum group had alleles grouping with
both S.maglia and in a clade containing the Andigenum group
and related wild species, supporting S. maglia as a hybrid
contributor to the Chilotanum group. However, the results
were ambiguous because the two accessions of S.maglia lack
a 241 bp plastid deletion shared by most accessions of the
Chilotanum group. Hence, the origin of the Chilotanum group
remains unresolved.

Regarding the source of the European or modern potato,
two competing hypotheses suggested an origin from the high
Andes (the Andigenum group), or from lowland Chile (the
Chilotanum group), and the Andean origin was widely
accepted for 60 years. All modern potato cultivars predomi-
nantly have Chilean germplasm, explained as originating from
breeding with Chilean landraces subsequent to the late blight
epidemics beginning in 1845 in the UK. Through a plastid DNA
deletion marker from historical herbarium specimens, Ames &
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Spooner (2008) documented that the Andean potato
predominated in Europe in the 1700s, but the Chilean potato
was introduced into Europe as early as 1811 and became
predominant long before the late blight epidemics in the UK,
providing the first direct evidence of these introductions, and
changing the history of introduction of the European potato.

Collaborations
As mentioned above, one big advantage of field work is the
opportunity to meet local experts. The majority of my
students and collaborators were met on these trips, which
provided us opportunities to see patterns of taxonomic
variation in the field that generated research ideas, long
discussions of these patterns and ways to investigate them,
initiated long-term and trusting friendships, introduced us to
in-country grants, and led to follow-up research (Fig. 4).
Collaborations greatly expanded both the volume and scope

of our research. I never forgot a framed sign in my Ph.D.
advisor Tod Stuessy’s office: It is incredible howmuchwork you
can accomplish if you give someone else the credit. This has
gone both ways, with collaborators filling in my lack of
expertise in many tasks, especially statistical analyses (e.g.,
Simon et al., 2010, 2011), andmost recently bioinformatics that
has opened up an entirely new world of fascinating questions
that systematists never could have approached before.

Relative to the latter,my lab progressedwith the developing
technology from anonymous DNA markers to single gene
nuclear ortholog DNA sequence phylogenies using 30–50
accessions. A current student, however, is pursuing a Ph.D.
degree (in my current USDA assignment in Daucus) where only
his initial phylogenetic study used 94 nuclear orthologs of
117 accessions (Arbizu et al., 2014). This has only been possible,
however, as part of a much larger group effort involving
collaborations with breeders, geneticists, and bioinformati-
cists. On a personal note, it is so much more enjoyable to work
with others, who have made my career so rewarding.

Fig. 4. Collaborative morphometric studies using germplasm of the Solanum brevicaule complex from the NRSP-6 genebank,
conducted at the Hancock Agricultural Field Station in Wisconsin USA in July and August 1996. A, Maria Ugarte (Bolivia) in
foreground, followed clockwise by JosephMiller (USA), Ronald van den Berg and Jouke Kardolus (The Netherlands), Julie Villand
and David Spooner (USA).B, An example of corollameasurements and ratios used to quantitatively assess shapes. C, The use of a
micrometer to accurately measure plant parts, here peduncle length.
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Grants
The USDA provides base funds to conduct our research, and
encourages us to seek outside funds to expand our
productivity. Frankly, it tookme some time to fully understand
the different drivers of various collaborators, with some
focused more on such as obtaining grants and others on
publishing peer-reviewed scientific papers. Understanding
these differences up front helps to work with different
collaborators more effectively.

My research has benefitted from four classes of grants,
graded by low to high dollar amounts: 1) seed grants, 2)
collaborative travel grants to go elsewhere or have others
work here, 3) germplasm collecting grants, and 4) high dollar
research grants. Much productivity, however, has been from
the interactions generated from the relatively low-dollar
grants in classes 1 and 2. All of these have increased
interactions to stimulate the generation of new ideas, solved
problems, and initiate publications, all addressing the single
driver within the USDA review system, impact in improving
agriculture.

Productive seed grants 1) as a student came from Sigma Xi,
the American Society of Plant Taxonomists, and the US
National Science Foundation Graduate Student Awards. They
taught me how to write proposals and gave me the
confidence to continue to pursue grant writing. Afterwards,
seed grants came from the University of Wisconsin for a
graduate student, the USDA Crop Germplasm Committee, and
the Wisconsin Vegetable Growers Association. Collaborative
travel grants came from the USDA Foreign Agricultural
Service, the USDA Office of International Cooperation and
Development, the U.S. Departments of State, Defense, and
Agriculture, Freedom Support Act (FSA), International Science
and Technology Center, the University of Wisconsin Tinker
Foundation, the Fulbright Foundation, the French Office of
Economic Cooperation and Development, the Asia Founda-
tion, the Vavilov Fellowship Program of the International Plant
Genetic Resources Institute, and the International Potato
Center. Germplasm collecting grants 3) came from the USDA
National Germplasm Resources Laboratory and the Interna-
tional Potato Center, and the International Board of Plant
Genetic Resources (now the International Plant Genetic
Resources Institute). High dollar competitive research grants
4) came from the National Research Initiative Competitive
Grants, Plant Genome Program, and the National Science
Foundation, Plant Biotic Inventories (PBI) Program. The latter
was particularly productive, stimulating collaboration of four
Solanaceae taxonomists, funding four graduate students or
post-doctoral researchers in my laboratory, and funding a
major and much used web depository of taxonomic informa-
tion, Solanaceae Source (http://solanaceaesource.org/).

Concluding thoughts
Currently, there are about 257,000 extant species of flowering
plants (Angiospermae) on earth, accounting for most of green
plant, land plant and seed plant diversity (Judd et al., 2015).
There aremany undescribed species of angiosperms remaining
to be discovered, especially in little explored regions of the
tropics and elsewhere. Our ignorance of species diversity is not

confined to just such areas however, but occurs in some of the
best-studied areas on the earth. For example, Hartman &
Nelson (1998) documented an average of 60 new plant taxa
described each year from 1978 to 1998 for North America, one
of the best-studied floristic regions on earth, and taxonomic
discoveries in this area are continuing at this pace (R. Hartman,
University of Wyoming, personal communication).

My experience in potato, however, halving the number of
species (232 to 111) since 1990, leads me to wonder about the
accuracy of this estimate. Most descriptions of new angio-
sperm species are advanced after careful attention to detail
and must pass through the purifying filter of peer-review.
However, this care was not lacking in the lifetimes of
painstaking work of Jack Hawkes, Carlos Ochoa, and others.
Is potato inherently different than other groups? Perhaps
section Petota is a taxonomic outlier with its many biological
traits confounding taxonomy. Perhaps the phylogenetic
species concept we used was more conservative than others.
Perhaps the great attention focused on an economically
important crop plant stimulated a desire to recognize more
species than in non-economic plants. Walter Judd and Lucas
Majure provided me perspectives on this issue in the genera
Miconia and Opuntia, documenting examples of monographic
treatments that both reduce and increase species numbers.
This question is beyond the scope of this paper but needs to
be explored further by a broad-scale survey of modern
taxonomic treatments. However, an earlier survey of
conflicting taxonomic treatments in crops by Harlan & de
Wet (1971) showed conflicts to be common not only in potato
but also in maize, sorghum, and wheat. In addition, Spooner
(2009) pointed out that many of the biological factors that
bedevil the taxonomy of potato are present in many other
groups, suggesting that the problems we have uncovered in
potato are present elsewhere in the angiosperms.

I wonder (but do not conclude), whether the incredible
investment in infrastructure (e.g., agricultural experiment
stations for replicated field trials), germplasm available from
the world’s genebanks, the generous multi-investigator
National Science Foundation PBI grant focused on determin-
ing species in Solanum, and human capacity and molecular
studies devoted to potato, if applied to other complex groups,
would find patterns we discovered in potato. Namely, that
many formerly distinct species are so interconnected with
intermediates as to make a splintered species concept
unworkable and biologically meaningless.

Working at the species level has forced me to consider the
biological reality and utility of various species concepts. Earlier
work in my lab used molecular markers to investigate
alternative determinations of morphologically variable taxa
(e.g., S. megistacrolobum and S. toralapanum; Giannattasio &
Spooner, 1994; or S. astleyi and S. boliviense, Spooner et al.,
1997 as just two examples; see Spooner et al., 2014 for a
comprehensive list). These “taxa” could be distinguished with
these markers, but only barely so, and only using multivariate
analyses. Yet in a practical sense they had little morphological
support and relied on a set of overlapping morphological
character states to distinguish them, precluding consistent
and repeatable identifications, leading Spooner et al. (2016) to
combine them into a single species.

Knapp (2008) addresses various species concepts, and
emphasizes the importance of concepts thatmaintain stability
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of names, as well as recognition that species concepts are
ultimately hypotheses subject to change, but necessary for
communication, especially for biodiversity assessments and
floras. At higher taxonomic levels, Daly et al. (2001) emphasize
another, predictive, utility of taxonomy, and summarize the
enhanced predictive component of new phylogenies to
associate clades to the synthesis of a non-protein amino
acid, glucosinolate production, nitrogen fixation, and taxol
biosynthesis. For economically valuable plant wild relatives,
plant breeders use taxonomy to make their initial choice (or
avoidance) of related (or unrelated) germplasmbased on such
statements as Species X is resistant to a particular disease, by
choosing other accessions of this or related species. My group
has explored the predictive value of taxonomy to awide range
of potato diseases in seven publications (e.g., Spooner et al.,
2009; Khiutti et al., 2015). However, in every case there was
poor if any association of species or even higher-level ranks to
most diseases, suggesting that prior highly splintered species
concepts has no utilitarian value in a predictive sense. Our
decisions on synonymy in potato, therefore (Fig. 2), are based
on a variety of data, including the non-repeatability of
identifications using many more names, leading to taxonomic
instability. I consider the predictive nature of systematics at
lower taxonomic levels to be an open question, perhaps
dependent on the trait (with disease resistances problemati-
cal), the subject to future research.

Wen et al. (2015) summarize the rapid developments in
web-based repositories of critical specimens, including types,
the coordination of these activities in herbaria consortia, the
development of on-line databases of taxonomic names,
the digitation of major taxonomic reference books, changes
in the International Code of Nomenclature to allow for
electronic publication of new taxa, developments in next
generation sequencing technologies, and other initiatives and
developments in the systematic community that are increas-
ing the efficiency of all elements of taxonomic work. When I
began my career it took many months to assemble the
specimens the literature necessary to seriously begin
research, and molecular systematics was in its infancy, relying
mostly on secondary chemistry. Cladistic theory and analytical
software were just being developed. Many of these impedi-
ments are being removed, although systematists are impeded
more today than in my early days by difficulty to obtain
collecting permits. Wen et al. (2015) outline a series of
initiatives to integrate these new tools (a “Biodiversity
Cyberbank”) and to address permitting issues through
international taxonomic societies, that have the potential,
with effective leadership, to provide systematics the impact
needed to address the major biodiversity crisis we are
facing today, and to allow future generations of systematists
to enjoy the productivity, and incredible fun, of this
profession.
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