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Abstract. Conventional wisdom regarding potato breeding indicates that a strong triploid
block prevents the development of viable triploid seeds from crosses between tetraploid
and diploid clones. However, in a recent set of crosses between elite tetraploid potatoes
and an improved diploid hybrid population derived from group Stenotomum and group
Phureja, 61.5% of the resulting clones were found to be triploid. If clones derived from
one diploid parent suspected of producing a high frequency of unreduced gametes were
excluded, then the frequency of triploid clones increased to 74.4%. Tubers of these
triploids are generally intermediates of the two parental groups. Our findings indicate
the possibility of using triploid potatoes in potato variety development programs and in
genetic and genomic studies.

The term ‘‘triploid block’’ was first used
by Marks (1966a) to describe the observation
that ‘‘...although triploids do occur in the
majority of suitable crosses, their frequency
is often far below expectation...’’ Although
this study specifically focused on several sets
of crosses between clones of Solanum cha-
coense that were expected to yield a high
proportion of triploid clones, the conclusion
reflected previous observations that tetra-
ploid · diploid crosses often result in a low
seed set. This observation is consistent with
the relative scarcity of triploid landrace
cultivars in South America, as described by
Jackson et al. (1977). To help explain these
and other disparities between the expected
and realized ploidy frequencies, Johnston
et al. (1980) proposed the endosperm balance
number (EBN) hypothesis, which states that
for successful endosperm formation to occur,
the effective ploidy, determined by EBNs,
must have a 2 maternal : 1 paternal ratio. For

crosses between clones with the same EBN,
this criterion is satisfied through double
fertilization. Additionally, for a cross involv-
ing one parent with an EBN that is half that of
another parent, successful endosperm devel-
opment is expected if a gamete from the
parent with the lower EBN is unreduced (2n).
In North American wild potato species, most
diploids are 1EBN, most tetraploids are
2EBN, and all hexaploids are 4EBN; how-
ever, in South American wild potato species,
most diploids are 2EBN, most tetraploids
are 4EBN, and all hexaploids are 4EBN
(Hanneman, 1994).

Since the discovery of the triploid block,
numerous studies have produced triploids
from crosses between tetraploid (4EBN)
and diploid (2EBN) Solanum tuberosum
clones. Hanneman and Peloquin (1968)
found that up to 7.6% of seed sets were
triploids in some tetraploid · diploid crosses,
and they noted that although some diploid
parents resulted in higher seed sets, the
additional seeds were typically tetraploid,
presumably because these clones produced
an increased frequency of unreduced gam-
etes. Van Suchtelen (1976) produced a low
frequency of triploids and concluded that
triploid clones generally resembled their
tetraploid siblings in terms of morphology
and yield. Finally, De Maine (1994) found
that tetraploid group Tuberosum · diploid
group Phureja crosses could result in 8% to

71% triploid plants, depending on the tetra-
ploid parent. Despite the moderate to high
frequency of triploid plants in these crosses,
overall triploid production was consistently
low, with plants rarely producing more than a
few triploid seeds per fruit.

In addition to crosses in which both
parents were from S. tuberosum, Johnston
and Hanneman (1995) found that some group
Andigena clones produced a relatively high
number of triploid seeds when pollinated
with S. chacoense clones, with an average
of 17 triploids per fruit for one group Andi-
gena clone. However, the authors concluded
that this trait had low heritability, which
could complicate efforts to replicate this high
triploid yield in crosses relevant to variety
development efforts.

Marks (1966b) noted the following para-
dox: although triploid clones are difficult to
produce and would therefore constitute a
very small proportion of the naturally occur-
ring seeds in cultivated potatoes, triploid
clones are relatively abundant in South
American landraces. Furthermore, it was
suggested that for this situation to occur,
triploids must have some selective advantage
over other ploidy levels (Marks, 1966b).

For other crops, triploids are best known
for causing seedless fruit, such as banana,
watermelon, and citrus. However, few
traits specifically attributable to triploidy
have been reported in the literature. Many
commercial European cultivars of sugar
beet are triploid hybrids (Sliwinska and
Lukaszewska, 2005), which is mainly be-
cause triploid sugar beets had higher root
yields than diploid hybrids (Peto and Boyes,
1940). However, the reason for this produc-
tion advantage is not clear (Sliwinska and
Lukaszewska, 2005).

Potato breeding programs worldwide
perform various tetraploid · diploid crosses
for effective introgression of biotic and
abiotic stress resistance traits from diploid
to tetraploid potatoes using unreduced gam-
etes. In an effort to study and quantify the
performance of crosses between diploid and
tetraploid potato clones for future introgres-
sion, we performed a series of crosses using
advanced diploid clones and elite tetraploid
breeding material. To confirm a successful
cross and ploidy, we conducted flow cytom-
etry to remove any diploids because they
would have been irrelevant to that study.
Here, we report the identification of a high
frequency of triploids from tetraploid ·
diploid crosses that were confirmed through
somatic chromosome counts and flow
cytometry.

Materials and Methods

Plant material. Twelve diploid clones
were selected from the cycle four late blight–
resistant hybrid population derived from group
Phureja and group Stenotomum clones
(Haynes, 1972, 1980; Haynes et al., 2014).
This diploid population was selected for tuber-
ization under long day growing conditions,
specific gravity, and late blight resistance over
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15 cycles of maternal half-sib selection. Eigh-
teen elite tetraploid clones from group Tuber-
osum were selected from clones used in the

Oregon State University potato breeding pro-
gram (Table 1). Tetraploid clones were se-
lected on the basis of superior agronomic
traits. In addition to the diploid and tetraploid
potatoes, the clones PI 595441 from Solanum
juzepczukii and PI 604206 from Solanum
curtilobum were included as examples of
triploid and pentaploid potatoes, respectively.

Crossing. Plants were grown in a green-
house in 19-L containers filled with LA4PC
(Sun Gro Horticulture H, Agawam, MA)
potting soil amended with 1 g/L 15–9–12
Osmocote Smart-Release Plant Food Plus
Outdoor and Indoor formulation (The Scotts
Company, Marysville, OH). After planting,
the plants were irrigated with water supple-
mented with Jack’s Classic No. 4 20–20–20
fertilizer (J.R. Peters Inc., Allentown, PA) at
a rate of 200 ppm as needed. The greenhouse
temperature was set to a daytime tempera-
ture of 24 �C and a nighttime temperature of
20 �C, and natural light was supplemented
with a combination of metal halide and
high-pressure sodium lights during a 20-
hour photoperiod. As plants grew, all but
one or two shoots were snapped off. Occa-
sionally, when a main shoot appeared to be
losing vigor, the main shoot was snapped off
at the tip, and a lateral shoot was allowed to
restore vigor. Plants were staked with bam-
boo sticks.

Approximately 200 pollinations were
attempted, and all used the tetraploid clone
as the female parent and the diploid clone as
the male parent. Specific combinations of

tetraploid and diploid parents that were
crossed were based on pollen and receptive
stigma availability at the time of crossing. In
general, we attempted to make as many
unique crosses as possible.

During pollen collection, anthers were re-
moved from flowers at anthesis, as determined
by a black spot at the tip of each anther, placed
in parchment paper envelopes, and left in the
greenhouse for �24 h. Then, each closed
envelope was vibrated using an electric palm
sander without sand paper attached. Next, the
envelope was opened and pollen was collected
using a knife. Pollenwas stored in plastic serum
vials in the refrigerator for up to 1 month.

To enable pollination, the petals of un-
opened flowers were gently opened with
tweezers, and the flowers were emasculated.
Small glassine bags were stapled over each
flower before pollination. After 1 to 2 d, one
edge of the glassine bagwas cut with scissors,
and a very small metal spatula was used to
coat the stigma with pollen. After pollination,
the cut edges of the glassine bags were
stapled and monitored for hybridization suc-
cess.

Development of triploids. Fruits were
collected when they could be easily broken
from the plants. After fruits became soft (�30
d), they were slit open with a scalpel. Then,
seeds were carefully removed and placed on a
paper towel to dry. All fruits obtained from
tetraploid · diploid crosses had very low seed
sets. Most fruits had fewer than five seeds,
and no single fruit had more than 20 seeds.
Seeds were typically found embedded in
portions of the placenta that were fleshier
than the surrounding tissue. When the seeds
were dry, they were stored in paper envelopes
until germination.

Seeds were placed in plastic serum vials
with 0.1% gibberellic acid for �24 h. Then,
seeds were placed on damp paper towels in
petri dishes, which were then placed in
opaque, humid, plastic tote boxes in the
greenhouse. The seeds were monitored mul-
tiple times per day and moistened with water
from a spray bottle as needed. As the cotyle-
dons emerged from the seeds (�7 d), seed-
lings were transferred to trays of 2.5-cm pots
filled with Sun Gro LA4PC potting mix (Sun
Gro Horticulture H). Irrigation water was
amended with Jack’s Classic No. 4 20–20–
20 fertilizer (J.R. Peters Inc.) at a rate of
200 ppm.

After 3 weeks, seedlings were transferred
to 2-L pots filled with Greenhouse Mix
#3, (Teufel Products Co., Hillsboro, OR)
amended with 2 g/L 15–9–12 Osmocote
smart-release plant food plus outdoor & in-
door formulation (The Scotts Company).
Approximately 75 d after seedlings were
transferred to 2-L pots, mini-tubers were
collected from each pot and stored for later
use.

Tuber observation. When enough
seedling tubers were produced in the 2-L
pots, clones resulting from tetraploid · dip-
loid crosses were first planted in four-hill
plots in Klamath Falls, OR, and four-hill
plots in Hermiston, OR depending on

Table 1. List of parents used in tetraploid · diploid
crosses.

Clone name Ploidy

Snowden 4x
Atlantic 4x
EVA 4x
Lamoka 4x
Ivory Crisp 4x
A00710-1VR 4x
AO03123-2 4x
OR01007-3 PVY 4x
ORAYT-9 (PVY) 4x
Castle Russet 4x
Payette Russet 4x
A06866-2PVY adg 4x
A07547-4VR 4x
A08640-2PCN 4x
PALB03016-3 4x
TACNA 4x
BD1202-2 2x
BD1205-4 2x
BD1216-3 2x
BD1222-1 2x
BD1240-6 2x
BD1244-1 2x
BD1244-3 2x
BD1247-3 2x
BD1251-1 2x
BD1253-4 2x
BD1257-5 2x
BD1268-1 2x
BD1269-1 2x

Fig. 1. (A) Estimated genome weights of 96 clones resulting from tetraploid · diploid crosses. (B)
Estimated genome size of parents of tetraploid · diploid crosses, the triploid clone PI 595441 from S.
juzepczukii, and the pentaploid clone PI 604206 from S. curtilobum.
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seedling tuber availability, in 2017. Most of
the parents were planted in both locations.
Clones BD1205-4, BD1244-3, and BD1269-
1 were discarded immediately after crossing
due to potato virus Y infection. Plots were
grown using standard agricultural practices
for their respective regions. At the end of the
growing season, the tubers were harvested and
checked for tuberization.

Flow cytometry. Fresh leaf tissue samples
of each clone derived from tetraploid ·
diploid crosses, the parents, and the clones
PI 595441 and PI 604206 were collected
from pots in the greenhouse or from plants
in the field and used for ploidy analysis. Flow
cytometry was conducted using either a
CyFlow Ploidy Analyser (Sysmex Corpora-
tion, Kobe, Japan) or a CyFlow Space flow
cytometer system (Sysmex Partec GmbH,
G€orlitz Germany) with CyStain ultraviolet
Precise P (Sysmex Corporation). Five trip-
loid clones were measured with both methods
to confirm that the different methods did not
provide substantially different results. Rela-
tive fluorescence of Pisum sativum variety
‘Ctirad’ (8.76 pg/2C) (Lattier and Contreras,
2017) was used as a standard to determine the
genome size of potato samples.

Somatic chromosome counts. Tubers from
three selected triploid clones (based on flow
cytometry results), three diploid parents, one
tetraploid parent, and clone 595441 from S.
juzepczukii were planted in 2-L pots in the
greenhouse. After 1 to 2 weeks, 5 to 10
quickly growing root tips were collected
from each clone at �2:00 PM and placed in
2 mM hydroxyquinoline for 3 h in the light at
room temperature. Then, root tips were
rinsed in distilled water. Next, they were
fixed in a solution of 75% ethanol and 25%
acetic acid for storage that lasted up to
several months at 4 �C.

Root tips were treated with the enzyme
solution described by Lattier et al. (2017) for

1 h in an incubator set to 37 �C. After the
enzyme treatment, roots were transferred to
a new slide using a pipette. One to two drops
of modified Farmer’s fixative (3 parts meth-
anol : 1 part glacial acetic acid) were added
to the root tip; then, root tip cells were
separated by tapping the root tip with a
metal spatula (Chen et al., 2015). A drop
of modified Farmer’s solution was added to
each corner of the slide, and the solution was
immediately lit with a match. Excess liquid
was tapped off the slides, and the slides were
allowed to air-dry overnight at 37 �C. Air-
dried slides were submerged in a 5.7%
solution of Giemsa stain modified solution
(Sigma-Aldrich) for 15 min, quickly rinsed
in water, and air-dried overnight at 37 �C.
Images were obtained by a light microscope
at ·200 magnification (Axio Imager A1;
Zeiss).

Results

Flow cytometry. The c-values were ob-
tained from flow cytometry of the 96 clones
obtained from tetraploid · diploid crosses
clustered into three peaks corresponding
to the diploid, triploid, and tetraploid lev-
els, thereby enabling ploidy values to be as-
signed to each clone (Fig. 1). Of these clones,
5 (5.2%) were diploid, 59 (61.5%) were
triploid, and 32 (33.5%) were tetraploid
(Table 2).

Seventeen of the 32 tetraploid clones
shared a single diploid parent, BD1205-4.
Only one triploid offspring was obtained
from this parent. BD1205-4 tended to result
in fruits with 5 to 20 seeds, as opposed to 1 to
4 seeds per fruit typical of other tetraploid ·
diploid crosses. Our results suggested that
BD1205-4 produced a high frequency of
unreduced gametes, although this cannot be
confirmed because we did not successfully
maintain BD1205-4 after crossing. If clones

with BD1205-4 as the male parent were
excluded from this analysis, then 74.4% of
the clones resulting from tetraploid · diploid
crosses were triploid (Table 2).

Root squash. To confirm the ploidy de-
termined with flow cytometry, root squashes
for chromosome counts were carried on three
diploid parents, a single tetraploid parent (cv.
Eva), three triploid clones, and an additional
triploid accession PI595441 from S. juzepczu-
kii. Root squashes confirmed 24, 36, and 48
chromosomes for diploid, triploid, and tetra-
ploid clones, respectively (Fig. 2). This
showed that the ploidy values assigned by
flow cytometry reflected the true ploidy
values.

Tuber comparison. Each of the 58 triploid
clones that were grown in Klamath Falls set
tubers. Furthermore, 44 of the 46 triploid
clones that were grown in Hermiston set
tubers. The shapes and sizes of the tubers
produced by the triploid potato clones were
generally intermediates of the parents, sug-
gesting that there are no consistent morpho-
logical characteristics of the whole-plant level
specific to triploid potato clones. Examples of
eight triploid clones with their parents are
shown in Fig. 3.

Discussion

Although the high proportion of triploid
clones obtained in the experiment is not in
line with conventional wisdom, these results
do share parallels with several previous
works that have also reported triploids re-
sulting from tetraploid · diploid crosses
(Hanneman and Peloquin, 1968; De Maine,
1994; Van Suchtelen, 1976). In particular,
Hanneman and Peloquin (1968) observed
that for crosses with a higher seed set, the
additional seeds were typically triploid, sim-
ilar to what was observed from crosses using
the diploid clone BD1205-4 as the male

Table 2. Frequency of ploidy levels from all tetraploid · diploid crosses and from tetraploid · diploid crosses that did not include the diploid clone BD1205-4.

Progeny

Cross 2x 3x 4x

4x · 2x 5 (5.2%) 59 (61.5%) 32 (33.3%)
4x · 2x (Excluding BD1205-4) 5 (6.4%) 8 (74.4%) 15 (19.2%)

Fig. 2. Root squashes to confirm ploidy. (A) Diploid parent BD1222-1 (2n = 2x = 24). (B) Triploid hybrid RP.2.3535 (2n = 3x = 36). (C) Tetraploid parent cv. Eva
(2n = 4x = 48). The arrow points to a single chromosome.
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parent in this experiment. Furthermore, our
results are in agreement with the observa-
tions made by Van Suchtelen (1976) that
triploid clones generally resemble their
tetraploid siblings.

Although the identification of triploid
clones from tetraploid · diploid crosses is
not entirely novel, the frequency of triploid
clones relative to tetraploid clones observed
in this experiment far exceeds that reported in
previous studies. One possible explanation
could be that genetic differences between the
clones used in our study compared with those
used in previous experiments either increased
the likelihood of triploid formation through a
reduction in the triploid block or decreased
the likelihood of tetraploid formation through
the decreased frequency of unreduced gam-
etes in the male parent. Alternatively, the
procedures we used to cross parents and
germinate seeds in the experiment may have
favored triploid production relative to other
experiments. Much care was used in germi-
nation efforts, thereby allowing for the ger-
mination of seeds that appeared to have
defects and, in a few cases, even the germi-
nation of seeds that appeared to have no
endosperm.

Regarding variety development efforts,
the identification of a relatively high fre-
quency of triploids in our study partially
reduced one of the barriers to developing
triploid potato cultivars. However, due to the
very low seed set, any triploid potato variety
development efforts would require the in-
vestment of �100-times the crossing effort
to obtain a given number of seeds. Therefore,
it would be necessary to demonstrate that
triploid potato clones were superior to their
diploid and tetraploid counterparts for such a
triploid variety development program to be
successful. Triploid potatoes are unlikely to
serve as parents for germplasm improvement
efforts because they are largely sterile, with
some exceptions (Johnston and Hanneman,
1995; Magoon et al., 1962; Van Suchtelen,
1976). Nevertheless, our study showed that
with increased crossing efforts and subse-
quent care of seedlings, it is possible to
generate triploids from tetraploid · diploid
potato crosses.

We also believe triploid potatoes may
contribute to our understanding of the dos-
age effects of alleles for complex traits.
With recent advances in high-throughput
genome sequencing and chromosome

sorting–based phased genome sequencing
(Yang et al., 2011), the production of trip-
loids could contribute to genomic studies
and the development of haploid genome
sequences and novel genomic regions con-
tributed from the diploid parent. The use of
triploids in genomic studies warrants future
exploration.
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