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Abstract. The nuclear DNA content of 53 accessions from 24 |pomoea (Convolvulaceae) species, including four sweetpotato
cultivars, was determined by flow cytometry of DAPI-stained nuclei. Ploidy level and DNA content were significantly
correlated within the genus, but more highly so within speciesthat contained multiple cytotypes. DNA content of cultivated
Z. batatas (L.) Lam. (4.8 t0 5.3 pg/2C nucleus) and feral tetraploid |. batatas (3.0 to 3.5 pg/2C nucleus) was estimated from
the known DNA content of chicken erythrocytes (2.33 pg), which were used as an internal standard. Tetraploid forms of
Z. cordato-triloba Dennstedt also were identified. Ploidy analysis using flow cytometry israpid and suitable for large-scale
experiments such as studying the genetic structure of populations of Z. batatas and related species. Chemical name used:

4’ 6-diamidino-2-phenylindole (DAPI).

Nuclear DNA content can be used to estimate ploidy level,
provided that there has been sufficient cytological investigation to
base the study on known chromosome numbers and ploidy ranges.
The quantitation of DNA content often has been based on mi-
crospectrophotometry of Feulgen-stained nuclei in squashed tis-
sues (Bennett and Smith, 1976; Bennett et al., 1982). This method
requires careful standardization of tissue samples and fixation,
reaction, and spectrophotometer conditions (Price, 1988). More
recently, flow cytometry of nuclei stained with DNA fluoro-
chromes has been recognized as a fast, accurate alternative to
microspectrophotometry (Dolezel, 1991; Galbraith, 1989). A strong
correlation between DNA values determined by Feulgen mi-
crospectrophotometry and flow cytometry has been shown
(Michelson et a., 1991). The flow cytometer uses a laser beam
that is focused on a small sample stream containing suspended
nuclel. The nuclei can be stained with DNA fluorochromes such as
ethidium bromide or propidium iodide (intercalating dyes), DAPI
(specific for A-T base pairs), and mithramycin (specific for G-C
base pairs). Computer-assisted measurements of fluorescence
emission per fluorescent particle allow the generation of a histo-
gram reflecting the distribution of fluorescence intensity among a
fixed number of particles. Several thousand particles can be
measured within minutes by flow cytometry, which has a capacity
of at least two orders of magnitude greater than that of mi-
crospectrophotometry.

The genus Ipomoea (Convolvulaceae) is thought to contain
>500 species with known ploidy levels of 2x,4x, and 6x and a basic
chromosome number of x = 15 (Jones, 1964, 1968). The high basic
chromosome number and small chromosome size in species of this
genus make cytological studies laborious and time consuming.
Morphological plasticity within the genus has led to considerable
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confusion in the systematic classification of many species (Austin,
1988). Further confusion results from the existence of polyploid
complexes in some section Batatas species; e.g., Z. trifida and I.
batatas (Austin, 1988).

Polyploid complexes in plants are common (Harlan and DeWet,
1975). Existing populations of some Ipomoea species likely are
mixtures of diploid, triploid, tetraploid, and hexaploid members
(Kobayashi, 1984; Nishiyama, 1971; Shiotani and Kawase, 1989).
The crossability of 2x and 4x |. trifida cytotypes (Iwanaga et al.,
199 1) and documented 2n pollen formation in 2x and 4x I. trifida
cytotypes (Orjeda et a., 1990) and feral Z. batatas (Jones, 1990),
respectively, provide a mechanism for the generation of triploid
and hexaploid forms of these species. Tetraploid and hexaploid
forms of 1. batatas are known to occur (Austin, 1988; Jarret et al.,
1992). Because population studies require many individuals, the
most reasonable and timely method for comparing ploidy levels
within populations is flow cytometry. In this report on Ipomoea
species, we show that ploidy level and DNA content, as estimated
by flow cytometry, are highly correlated, especially within a
species, and we suggest that population-scale studies are now
feasible.

Materials and Methods

Plant material. Accessions of Ipomoea species used in this
study were obtained from sources listed in Table 1. Plants were
grown in the greenhouse in pots from which one to three plants of
each accession were sampled for further processing.

Nuclei isolation. Y oung leaves from greenhouse-grown mate-
rial were collected and stored on ice until processed. Leaves were
chopped with a double-edged razor blade in a 10-cm sterile petri
dish with » 2 ml buffer (Dolezel et a., 1989). Chopping buffer
consisted of 15 mm tris-HCI (pH 7.5), 2 mm EDTA, 80 mm KCI, 20
mm NaCl, 0.5 mm spermidine, 15 mm [3-mercaptoethanol, and
0.1 %, 0.5%, 1.0%, or 2.0% detergent (Triton X-100; Sigma, St.
Louis). All components—except spermidine, 3-mercaptoethanol,
and detergent—were combined and sterilized in an autoclave.
Heat-labile components were added after autoclaving. Chopped
leaf tissue was scraped into the center of the tilted petri dish and an
additional 3 ml buffer was added slowly to rinse the chopped
tissue. Buffer containing released nuclei was filtered through 60-
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pm nylon mesh that had been heat-fused to the cut tip of a
disposable 5-ml plastic pipette. Eight samples were processed and
accumulated on ice before being centrifuged.

Nuclei were pelleted in conical centrifuge tubes by spinning the
samples at 3000x g for 5 min at 4C. The pellet was resuspended by
tapping the tube, and 1 ml of fixative (one part 0.9% NaCl to one
part absolute ethanol; Hiilgenhof et al., 1988) was added in small
aliquots and mixed after each addition. Nuclei were fixed for 15 to
30 min at 4C and subsequently pelleted in microcentrifuge tubes.
Fixed nuclel were resuspended in 96% ethanol and stored at 4C.

Flow cytometry. Immediately before flow cytometry, nuclei
were pelleted by a brief spin and resuspended in 250 to 1500
staining buffer (Sgorbati et al., 1988) to give a roughly equivalent,
visually estimated turbidity. The staining buffer consisted of 10
mw tris-HCI (pH 7.4), 10 mm EDTA, 100 mm NaCl, 0.1% Triton
X-100, and 5.6 pm DAPI. Nuclei were stained for 30 min. Relative
fluorescence was measured with a flow cytometer (model EPICS
753; Coulter Corp., Hialeah, Fla.) set for ultraviolet excitation and
fluorescence collection with a 418-nm long-pass filter. DNA
content was estimated using chicken erythrocytes (from White
Leghorn hens, fixed and stained as described above for plant
nuclei) as an internal standard. In some cases, the plant 2C DNA
peak and the Singlet chicken erythrocyte peak coincided precisely.
An internal standard, therefore, was not included with unknowns;
instead, a chicken erythrocyte sample was stained at the same time
as each plant sample and run after every fourth or fifth plant sample
to determine if any instrument drift had occurred. A vaue of 2.33
pg was assigned to the singlet peak of chicken erythrocytes
(Galbraith et d., 1983) and was used to calculate the DNA content
of al plant samples.

Satistical analysis. SAS's Genera Linear Models Procedure
(SAS Ingtitute, Cary, N.C.) was used to verify that experimental
procedures were not a significant source of variation. Subse-
quently, analysis of variance was conducted to determine effects of
ploidy level, species within the same ploidy level, and genotypes
within a species. Only those species with known ploidy levels were
included in the analysis. Mean separation of DNA content within
ploidy level was carried out with Tukey’s studentized range test.

Results and Discussion

Nuclei isolation. Higher-quality nuclear preparations were ob-
tained from 50 to 100 mg of tissue, usualy three to six leaves, than
from larger quantities. Young leaves that were not fully expanded
were superior to mature leaves as a source of nuclei. For Ipomoea
species, leaves that were dtill folded or had just unfolded were
ideal. Preliminary experiments with the chopping buffer of Galbraith
et al. (1983), which contains 0.170 Triton X-100 detergent, did not
give good results. The chopping buffer of Dolezel et al. (1989) with
Triton X-100 detergent concentrations of 0.1%, 0.5%, 1%, and
2%, was subsequently tested on |. batatas ‘Red Jewel’. The cv was
greater for the 2C peak of nuclei isolated in O. 1% detergent (8.3 and
8.4) than for nuclei from higher detergent concentrations (0.5%
and 1%, cvs 6.3 and 6.9; 2%, cvs 4.5 and 6.4). From the distribution
of fluorescence intensity, it also was apparent that debris or
organelle contamination of the nuclear preparation was greater at
the lowest detergent concentration. The 2C peak was consistent
among hoth replicates of 0.5% and 1% detergent; thus, 1% deter-
gent was selected for all subsequent experiments.

Free nuclei can be isolated by finely chopping plant tissues or
by lysing protoplasts in buffers containing a detergent, usually
Triton X- 100. The most frequently used detergent concentration
has been 0.1%; however, nuclel could be isolated from Vitis

J. AMER. Soc. HorT Sci. 119(1):110-115. 1994.

vinifera L. only after increasing the concentration to 2% (Dol ezel
et a., 1989). We a'so found it necessary to increase the detergent
concentration to >0.170 to maintain consistent quality of nuclear
preparations from Ipomoea species when using the same chopping
buffer as for grape.

DNA content. Mean relative fluorescence of the prominent G1
peak was used to estimate DNA content relative to the DAFI-stained
chicken erythrocyte standard (Table 1, Fig. 1). The 2C peak for .
nil (Pharbitis nil Chois.) coincided with the chicken erythrocyte
singlet peak in three experiments and had a DNA content of 2.33
pg. Hirano et a. (1989) measured a DNA content in DAPI-stained
nuclei of P. nil of 10’bp/haploid genome or, when converted, 1 pg/
haploid genome. This value is close to what we obtained in our
experiments (1. 15 pg/haploid genome). One other species, Z.
littorals, showed a DNA content similar to that of 1. nil. Previously
published DNA values for Ipomoea include I. purpurea (1.08 pg/
2C nucleus; Galbraith et al., 1983) and I. batatas (3.31 pg/2C;
Arumuganathan and Earle, 1991a, 1991 b). In these reports, |.
purpurea nuclei were stained with mithramycin, wheress |. batatas
nuclel were stained with propidium iodide; both were compared
with chicken erythrocytes as internal standards. Our estimated
absolute DNA values for both species were higher than valuesin
either previously published report. Nevertheless, our estimated
DNA amounts were consistent for species run over severa experi-
ments; |. batatas ‘Red Jewel’ gave an estimated DNA content of
4.5 to 4.8 over four experiments; over these experiments, percent-
age cv equaled 5.5,5.6,5.6, and 7.6. The percentage cv for chicken
erythrocytes ranged from 5.0 to 5.6, which was similar to the cv of
the plant samples. Over al species with replicated samples, a
certain amount of variation occurred between experiments, but the
variation usually was within the standard deviation of the measure-
ments.

There could be severa possible explanations for the differences
in previously reported DNA values and our results. We assayed
fixed (not fresh) nuclel, used a substantially different chopping
buffer and higher detergent concentration, and used a different
DNA fluorochrome (DAPI). Propidium iodide and DAPI are the
most commonly used fluorochromes for flow cytometric DNA
analysis. The DNA fluorochrome of choice is controversial
(Galbraith, 1989; Michelson et a., 1991; Raybum et al., 1989),
mainly because of the different interactions with DNA (i.e,
base-independent intercalation vs. binding to specific nucleotide
base-pairs), but also because various staining conditions some-
times can dter affinity (Dolezel, 1991). Propidium iodide and
DAPI typically give cvs of <5%, alevel that isrequired for cell-
cycle analysis. Slightly higher cvs obtained in our experiments
may have resulted from the fixation method or instrument error but
can be tolerated for ploidy determination. Fixation is necessary
when flow cytometry must be conducted at a distant site and when
material is not synchronized or must be collected from various
locations. The ability to fix and accumulate samples makes
large-scale experiments more feasible. Flow cytometric analysis
of all samples on the same day or replication of the same samples
on different days also is desirable to reduce instrument and
experimental error (Vindelov et al., 1982).

Variation between DNA content measurements within a spe-
cies could be attributed to several factors. True variation within a
species has been documented well (Laurie and Bennett, 1985;
Raybum and Auger, 1990), and different DNA content values
reported in the literature could have resulted partly from sampling
different genotypes. Instrument or operator variance during nuclear
isolation and analysis aso could be responsible for different
measured values. Although the source of variation is unknown in
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Table 1. Genotypes of 1pomoea species and mean DNA content determined by flow cytometry.

DNA content
Genotype Ipomoea Origin Source* Ploidy (pg/2C nucleus)
538264 argillicola R.W. Johnson Australia G 4xY 3.0
81.2 batatas (H.B.K.) G. Don Ecuador C 4x 35
518473 batatas (L.) Lam. Mexico G 4x 34
518474 batatas (L.) Lam. ‘Mexico G 4x 3.0
518476 batatas (L.) Lam. Mexico G 4x 32
518478 batatas (L.) Lam, Mexico G 4x 32
DLP 5283 batatas (1..) Lam. Ecuador G 4x¥ 3.1
A7817 batatas (1..) Lam. Ecuador G 4xY 3.5
Red Jewel batatas (L.) Lam. United States T 6x 4.8
Copper Resisto batatas (L.) Lam. United States G 6x 5.2
Coastal Red batatas (L..) Lam. United States T 6x 4.5
GA Red batatas (L.) Lam. United States T 6x 4.6
62.19 cordato-triloba Dennstedt United States C 2x 1.7
80.6 cordato-triloba Dennstedt United States C 2x 1.7
540710 cordato-triloba Dennstedt Colombia G 2x 1.7
72.2 cordato-triloba Dennstedt United States C 2x 1.8
MC1310 cordato-triloba Dennstedt Mexico G 2x 1.6
MC1961 cordato-triloba Dennstedt Mexico G 4x 3.0
MC1984 cordato-triloba Dennstedt Mexico G 4x 33
518495 cordato-triloba Dennstedt Mexico G 4x 33
549093 cynanchifolia Meisn. Brazil G 2x 1.7
63.36 lacunosa L. United States G 2x 1.7
85.27 lacunosa L. United States C 2x 1.5
62.82 lacunosa L. United States C 2x 1.6
78.19 lacunosa L. United States C 2x 1.8
536036 xleucantha Jacq. Mexico G 2x 1.6
Q27809 littoralis Blume Australia G 2x 2.4
538274 muelleri Benth. Australia G 2x—4xY 2.7
540706 nil (L.) Roth. Colombia G 2x 2.3
Violet nil (L.) Roth. Japan A 2x 23
530993 obscura (L.) Ker-Gawl. Dominican Republic G 2x—4x* 2.6
518482 pedatisecta Mart. Mexico G 2x 1.6
549258 pes-tigridus L. Australia G 2x 2.0
171664 purpurea (L.) Roth. Turkey G 2x 2.0
87.3 ramosissima (Poir.) Choisy Peru C 2x 1.7
518483 Sp. Mexico G 4x’ 3.0
7.9 sagittata Poir. United States G 2x—4x’ 2.7
J7257 saintronanensis R.W. Johnson Australia G 4xY 33
518479 tabascana McDonald & Austin Mexico G 4x 2.6
87.4 tenuissima Choisy United States C 2x 1.8
518488 tiliacea (Will.) Choisy Mexico G 4x 4.0
540723 trifida (H.B.K.) G. Don Colombia G 2x 1.7
74.1 trifida (H.B.K.) G. Don* Unknown C 2x 1.7
87.2 trifida (H.B.K.) G. Don* Ecuador C 4x 34
80.3 trifida (H.B.K.) G. Don* Mexico C 4x 3.4
79.5 trifida (H.B.K.) G. Don* Mexico C 4x 34
724 trifida (H.B.K.) G. Don* Mexico C 4x 3.6
530997 triloba L. Dominican Republic G 2x 1.6
62.85 triloba L. Unknown C 2x 1.5
67.66 triloba L. Caribbean C 2x 1.6
530999 triloba L. Dominican Republic G 2x 1.7
1989 umbraticola House Mexico G 2x 1.7
518496 wrightii A. Gray Mexico G 2xY 2.0

‘G= Robert Jarret, U.S. Dept. of Agriculture (USDA)-Agricultural Research Service (ARS), Plant Introduction Station, Griffin, Ga. (Jarret et al., 1990);
C = Al Jones (retired), USDA, Vegetable Lab, Charleston, S. C.; T = Mel Hall, Coastal Plain Experiment Station, Tifton, Ga.; A = Carole Bassett,
USDA-ARS, Russell Laboratory, Athens Ga.

"Ploidy level estimated by flow cytometry.
“These accessions currently are being reevaluated for taxonomic classification as either I. trifida or |. batatas (J. Bohac, personal

communication).
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Fig. 1. Representative histograms of 2x, 4x, and 6x Ipomoea species and one species with unknown ploidy level (l. saintronanensis). (a) Chicken red blood cells, (b)
I. trifida, 2x (540723); (c) I. littoralis, 2x (Q27809); (d) I. batatas, 4x (518473); (€) |. ramosissima, 2x (87.3); () chicken red blood cells (mean RFI = 47) and |. batatas,
6x (‘Red Jewel’, mean RFI = 97); (g) |. triloba, 2x (530999); (h) |. saintronanensis (J7257). Peaks of relative fluorescence intensity next to arrows represent the 2C

DNA peak. Note that scales differ among subfigures.

the following example, DNA content measurements by two groups
(Arumuganathan and Earle, 1991a; Michelson et a., 1991), both
using propidium iodide as the DNA fluorochrome, gave differ-
ences in 2C DNA amounts as high as 1 pg for Helianthus annuus
L. and Gossypium hirsutum L. Finaly, within-plant differences
also have been reported as developmental modifications (Bassett
et al., 1988; Bassi, 1990; Cavallini and Natali, 1991). Conceivably,
the estimation of DNA content in different organs could be the
source of some reported variation.

Ploidy estimation. In our experiments, differences in ploidy
explained most of the observed variation (Table 2). Within a ploidy
level, Tukey's studentized range test showed no significant differ-
ences among diploid species, but revealed significant differences
among the reportedly tetraploid species at P £ 0.05 (Table 3). The
overall correlation between DNA content and ploidy level was
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high (r = 0.92). The ploidy level of several accessions that we
tested was unknown but could be estimated from the measured
DNA contents for most species (Table 1). For the three species
with known multiple ploidy levels (I. trifida, 2x—4x; 1.
cordato-triloba, 2x4x; |. batatas, 4x-6x) the correlation between
ploidy level and DNA content was even higher (r = 0.96) than the
overall correlation. One group of two species (Z. nil, Z. littorals)
had the highest DNA content of al diploid species, and one species
(I. tiliacea) had the highest DNA content of known tetraploids,
which was significantly different from the other tetraploids (Table
3). Not unexpectedly, we found some significant differences
among species within the same ploidy level. Significant variation
in DNA content previously has been observed among genotypes
within aspecies at asingle ploidy level, for examplein Zea mays
L. (Laurie and Bennett, 1985; Raybum and Auger, 1990) and
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Table 2. Analysis of variance for effects of ploidy level and species.

Typelll

sums of Mean F
Variable squares df square vaue
Ploidy 14.928 2 7.464 106.6***
Species 35.535 19 1.870 26.7%**
Residual 2.485 34 0.070

***Ggnificant at P £0.001

Table 3. Tukey's studentized range test used to separate mean DNA
content of various |pomoea species within aploidy level. DNA content
separation within each ploidy group at P £ 0.05.

Mean
No. of DNA content
|pomoea accessions (pg/2C nucleus)
Diploid
littorals 1 24a
nil 1 23a
purpurea 1 20a
wrightii 1 20a
ramosissima, 1 1.7a
cynanchifolia 1 1.7a
umbraticola 1 1.7a
x |eucantha 1 1.6a
pedatisecta 1 l6a
triloba 4 1.6a
tenuissima 2 1.8a
trifida 2 1.7a
lacunosa 4 1.6a
pes-tigridus 1 20a
cordato-triloba 9 17a
Tetraploid

tiliacea 1 40a
trifida 9 35b
batatas 5 3.2bc
cordato-triloba 3 3.2bc
tabascana 1 26¢c

Festuca arundinacea Schreber(Ceccarelli et al., 1992). Variation,
irrespective of ploidy differences, often is attributed to repetitive
DNA sequences. The slightly higher 2C DNA content for 1. nil than
for most diploid Ipomoea species could be due in part to the
presence of a highly repeated DNA sequence family in the riboso-
mal DNA intergenic spacer region (Katyama et al., 1992).

DNA values reported in the present study showed a high
correlation with ploidy level, particularly within a species with
different cytotypes. Ploidy analysis using flow cytometry has been
useful for assessing the genetic structure of natural populations of
Andropogon gerardii Vitman (Keeler et al., 1987) and Vaccinium
species (Ortiz et al., 1992) and synthetic populations of Beta
vulgaris L. (de Laat et a., 1987). The accessions used in our study
comprise many of the Closest relatives of cultivated hexaploid
sweetpotato that currently are included in section Batatas. Recent
revisions and additions to section Batatas have been made by
Austin (1988) and McDonald and Austin (1992). Our data indicate
that the |. batatas accessions from Ecuador (DLP 5283, A7817),
previously described by Austin (1982), are tetraploid. This con-
firms an earlier report by Jarret et al. (1992), who identified the
tetraploid nature of these feral sweetpotato forms and the tetraploid
nature of |. tabascana by examining mitotic root-tip preparations.

114

Genotypes 518473 and 518474, identified as |. batatas var. apiculata
(McDonald and Austin, 1992), also had a DNA content character-
istic of tetraploid I. batatas. Our data indicate the existence of a
polyploid complex within I. cordato-triloba. To our knowledge,
thisisthe first report of tetraploid forms of this species. Root-tip
chromosome counts of 1. cordato-triloba 518495 (data not shown)
revealed 2n = 4x = 60, a configuration that agrees with our flow
cytometric estimation of 3.3 pg DNA/2C nucleus.

In conclusion, ploidy levels of different species initially should
be determined cytologically due the significant differences in
DNA content that have been observed at a single ploidy level.
However, population-size studies subsequently could be con-
ducted with flow cytometry to differentiate ploidy levels within a
species, since there is a high correlation between DNA content and
ploidy within a species. Flow cytometric studies of several species
within section Batatas could be valuable for elucidating the
genetic structure of natural populations and characterizing syn-
thetic hybrids.
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