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CELL BIOLOGY & MOLECULAR GENETICS

Meiotic Stability, Chloroplast DNA Polymorphisms, and Morphological Traits
of Upland � Lowland Switchgrass Reciprocal Hybrids

J. M. Martı́nez-Reyna, K. P. Vogel,* Carol Caha, and Donald J. Lee

ABSTRACT 1966). Porter (1966) reported that the lowland plants
in central Oklahoma were entirely tetraploid, whereasSwitchgrass (Panicum virgatum L.) has two cytotypes or cytoplasm
the upland plants were both hexaploids and octaploids.types, L and U, that are associated with the lowland and upland
Barnett and Carver (1967) also reported the same ploidyecotypes, respectively. The L cytotypes are tetraploids while the U

cytotypes can be either tetraploids or octaploids. The objective of pattern in plants from Oklahoma and Kansas. The low-
this research was to characterize meiotic stability of reciprocal crosses land type has coarse and erect stems, glabrous leaves,
of U and L plants as indicated by chromosome pairing at meiosis and and rust (Puccinia graminis Pers.:Pers.) resistance, and
to determine the mode of inheritance of chloroplast DNA (cpDNA) grows as a 0.6- to 3.0-m-tall semi-bunchgrass. The up-
in the hybrids of these cytotypes. Morphological markers that charac- land type has fine and semi-decumbent stems, pubes-
terize the parents and hybrids also were investigated to confirm that cence in the upper surface of the leaf blade, short rhi-progeny were true hybrids. Reciprocal crosses were made between

zomes which produce a sod, and less robust growthKanlow (L tetraploid) and Summer (U tetraploid) plants. Pubescence
with a height of 0.9 to 1.5 m (Porter, 1966; Barnetton the upper surface of the leaf blade, foliage color, and seed size
and Carver, 1967). Recent analyses of lowland plantswere evaluated as markers to verify hybridization. Meiotic pairing of
confirms that they are tetraploid (2n � 4x � 36) whilesome of the hybrids was analyzed at the diakinesis stage of meiosis

by means of immature anthers. The clone pRR12 from a spinach upland plants are either tetraploids or octaploids (Hop-
(Spinacia oleracea L.) cpDNA library was used as a chloroplast hy- kins et al., 1996; Hultquist et al., 1996).
bridization probe to determine chloroplast inheritance. For all the The first molecular genetic basis for classification of
morphological traits evaluated, the hybrids were intermediate in com- switchgrass was provided by Hultquist et al. (1996).
parison to the parents except for seed width. Chromosome pairing They surveyed 18 switchgrass cultivars and experimen-
was primarily bivalent in all hybrids. The viability of the hybrid seed tal populations for cpDNA polymorphisms by using fourand the normal meiotic chromosome pairing of the hybrids indicate

restriction endonucleases and 20 sorghum [Sorghum bi-a high degree of similarity between upland and lowland genomes. In
color (L.) Moench] cpDNA probes and detected onethe cpDNA analysis, all verified hybrids examined carried a fragment
polymorphism that was associated with the lowland-identical in size to the fragment of the female parent, indicating pre-
upland classification. The lowland type has a restrictiondominance of maternal inheritance of the cpDNA in switchgrass.
site change that is not present in upland type. The en-
zyme/probe combination that detected the polymor-
phism was BamHI/pLD5. The cytotypes were namedSwitchgrass is a North American native, C4, peren-
as U and L after upland and lowland ecotypes, respec-nial grass with an adaptation zone from Canada to
tively. Hulquist et al. (1996) suggested that the cpDNACentral America and from Nevada to the Atlantic Coast
polymorphism found in upland and lowland ecotypes(Hitchcock, 1971). This cross-pollinated grass has been
could be used to trace the mode of inheritance of theused for warm-season pasture and to reseed rangelands
cpDNA in switchgrass which was not known. Gunter(Moser and Vogel, 1995). Recently the U.S. Department
et al. (1996) assessed the genetic diversity among 14of Energy has identified this species as a promising
switchgrass cultivars using RAPD markers. Clusterbiomass fuel crop (Lynd et al., 1991; Vogel, 1996).
analyses of 92 polymorphic loci separated the popula-Morphologically switchgrass is classified into lowland
tion into two groups that matched the ecotypic classifica-and upland ecotypes (Brunken and Estes,1975; Porter,
tion and the cytotypic designation of Hultquist et al.
(1996). These findings support the idea of Barnett and

J.M. Martı́nez-Reyna, Univ. Autónoma Agraria Antonio Narro, Bue- Carver (1967) and Brunken and Estes (1975) that the
navista, Saltillo, Coah. México; K.P. Vogel, USDA-ARS, 344 Keim two ecotypes of switchgrass represent genetically dis-Hall, Univ. of Nebraska, P.O. Box 830937, Lincoln, NE; Carol Caha

tinct populations.and D.J. Lee, Agronomy Dep., Univ. of Nebraska, Lincoln, NE 68583-
0915. The reported research is from a dissertation submitted by the The meiotic chromosome pairing behavior of switch-
senior author (J.M. Martı́nez-Reyna) in partial fulfillment of the re- grass has been studied by several authors. Barnett and
quirements for a Ph.D. degree at Univ. of Nebraska, where the senior Carver (1967) found that bivalent pairing in switchgrassauthor was financially supported by CONACYT-México. Journal Se-

is more nearly complete in tetraploids than in higherries No. 13019. Nebraska Agric. Exp. Stn. The research was funded in
polyploids. Univalents occur in all ploidy groups, but inpart by the U.S. Dep. of Energy’s Bioenergy Feedstock Development

Program at Oak Ridge National Laboratory, USDA-ARS, and the a smaller proportion of the total complement in tetra-
Univ. of Nebraska. Received 26 June 2000. *Corresponding author ploids than in plants with higher ploidy levels. Trivalents
(kpv@unlserve.unl.edu).

and quadrivalents were not observed in tetraploids,
while low frequencies of such configurations occurredPublished in Crop Sci. 41:1579–1583 (2001).
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was measured for 15 seeds taken randomly from a set ofin octaploids and aneuploids. Brunken and Estes (1975)
seed obtained by bulking seed from four ripe open-pollinatedobserved that in tetraploids the meiosis was normal and
panicles of individual plants. Mean comparisons of seed lengthno multivalent associations were found. Lu et al. (1998)
and seed width among progenies and parents were done byreported that primarily bivalent pairing was observed
t-tests.in meiosis of both tetraploid and octaploid cultivars; Meiotic pairing in some of the hybrids was analyzed at the

only occasionally univalent and multivalent associations diakinesis stage of meiosis by means of immature anthers.
were found. These observations seem to indicate that Anthers were fixed in a 3:1 95% (v/v) ethanol:glacial acetic
either both tetraploids and octaploids are disomic poly- acid solution, stored at room temperature, and stained and
ploids or that they are polysomic polyploids under strong prepared for observation using the acetocarmine squash pro-

cedures (Smith, 1947). The slides were observed under highselection for bivalent pairing. Until recently (Martı́nez-
magnification (�1000) of a light microscope (A.O. Spencer,Reyna and Vogel, 1998) no fertile progeny had been
American Optical Corp., Del Mar, CA). Digital photographsproduced by controlled crosses between upland and
were taken by a camera (CCD Color Camera, VPC-920) con-lowland cytotypes of switchgrass.
nected to the microscope and printed with a digital printerThe objectives of this research were to characterize
(Mavigraph UP-1200A, Sony Corp.).and study the meiotic stability of reciprocal hybrids be- For DNA analyses, young leaf tissue was collected and lyo-

tween tetraploid lowland and tetraploid upland eco- philized. DNA was extracted from lyophilized (300–400 mg)
types of switchgrass as indicated by chromosome pairing tissue by a hexadecyltrimethylammonium bromide (CTAB)
at meiosis, to determine the mode of inheritance of procedure (Saghai-Maroof et al., 1984). The restriction en-
cpDNA in switchgrass, and to identify morphological zyme BamHI was used to prepare single digests of total DNA

samples. Separate aliquots of total DNA (5 mg) were digestedmarkers that distinguish hybrid plants.
to completion under the conditions recommended by the en-
zyme suppliers. Digested DNA was loaded onto horizontalMATERIALS AND METHODS
0.8% (w/v) agarose gels and electrophoresed at 35 V for 16 h in

Plants from the cultivars Kanlow (K) and Summer (S) were TRIS-borate buffer (Sambrook et al., 1989). A lane of HindIII-
used in this study. Kanlow is a lowland cultivar developed digested lambda DNA was also loaded onto each gel to pro-
from 200 plants collected from a site near Wetumka, OK vide molecular weight markers. Gels were stained with ethid-
(Alderson and Sharp, 1955). Summer is a cultivar developed ium bromide and photographed on a UV transilluminator
at South Dakota from a collection made near Nebraska City, (315 nm). DNA was transferred from gels onto nylon mem-
NE (Alderson and Sharp, 1955). The cultivars Kanlow and brane by a neutral transfer Southern blotting method (Reed
Summer were classified as lowland and upland cytotypes re- and Mann, 1985).
spectively by Hultquist et al. (1996) and were designated as The sorghum probe pLD5 used by Hultquist et al. (1996)
lowland and upland ecotypes based on random amplified poly- has been difficult to maintain. Hence, a restriction fragment
morphic DNA (RAPD) markers by Gunter et al. (1996). Riley subcloned from a spinach cpDNA library (Zurawski et al.,
and Vogel (1982) reported both cultivars as tetraploids (2n � 1981) was obtained for this study from the laboratory of Dr.
4x � 36). Parent plants were identified by “K” or “S” for Hans Bohnert, Dep. of Biochemistry, University of Arizona.
Kanlow or Summer, respectively followed by a clone number, This cpDNA clone, pRR12, spanned the homologous region of
e.g., K1 and S7. Progeny were identified as female clone � the sorghum clone pLD5 and detected the BamHI restriction
male clone, e.g., K1 � S7. fragment polymorphism that differentiated upland and low-

Controlled reciprocal crosses were made between Kanlow land switchgrass cultivars. The clone pRR12 has the 2KB
and Summer plants by the technique described by Martı́nez- EcoRI–BamHI digest fragment of spinach chloroplast DNA
Reyna and Vogel (1998). The progeny of three direct and containing rbcL which encodes the large subunit of ribulose
reciprocal crosses and five of six parent plants were used in
this study. One of the Summer parent plants died during the
dormant period after seed harvest.

The F1 hybrid seed was wet chilled at 5�C for 3 wk and
germinated in super-cell cone-tainers (Steuwe and Sons, Cor-
vallis, OR)1 or minipots filled with a mixture of soil, peat
and vermiculite (2-1-1 v/v/v) in a greenhouse with an 18-h
photoperiod and a mean temperature of 28�C. The F1 hybrid
seedlings were transplanted into pots after 60 d of growing in
cone-tainers and kept in the greenhouse. A solution of 4.5 g
L�1 of water-soluble fertilizer (20-20-20) was applied every
30 d during the growing season.

To verify that progeny from reciprocal crosses were hybrids,
the following morphological traits were screened in parent
and hybrid plants: pubescence in the upper base of the leaf
blade, plant color, and seed size. Pubescence at the base of
the upper leaf blade was scored as a presence or absence trait
at the seedling stage, foliage color varied from green to blue-
green and was scored at heading stage, and seed size (length

Fig. 1. Pubescence in the upper base of the leaf blade of parentsand width of mature caryopsis enclosed by lemma and palea)
and progenies of a female lowland and a male upland switchgrass
hybridization. The parents Kanlow (female, left) and Summer
(male, right) are shown in the top row and the progeny in the1 Mention of a trade name does not constitute a guarantee of the

product by the USDA or the Univ. of Nebraska and does not imply subsequent rows. The Summer (female) and Kanlow (male) cross
produced similar results (not shown).its approval to the exclusion of other suitable products.
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Table 1. Seed length means comparisons (mm) for parent Kanlow
(K) and Summer (S) plants and for their hybrids’ progeny
and associated t tests assuming unequal variances. N � 45 for
parents and n � 105 for seeds from their hybrids’ progeny.

Standard
Genotype Mean deviation SE t P � t

Kanlow 2.86 0.08 0.01
Summer 2.44 0.12 0.01 19.11† 0.01**
K � S 2.59 0.11 0.01 14.59† 0.01**
S � K 2.65 0.10 0.009 12.53† 0.01**
K � S 2.59 0.11 0.01 6.93‡ 0.01**
S � K 2.65 0.10 0.009 �10.73‡ 0.01**
K � S 2.59 0.11 0.01 �3.92§ 0.01**

** P significant at 0.01.
† Mean comparison with Kanlow.
‡ Mean comparison with Summer.
§ Mean comparison with S � K.

1,5-biphosphate carboxylase. This fragment includes the rbcL
promoter, ribosome binding site, and terminator. The probe

Fig. 2. Shape of seed of lowland by upland direct and reciprocalwas labeled with digoxigenin-11-dUTP by random priming
crosses. Top row: Kanlow (female, left), Summer (male, right);(Feinberg and Vogelstein, 1983). Digoxigenin-11-dUTP la-
second row: progeny from the direct cross; third row: Summerbeled probe hybridized to membrane-bound DNA was de-
(female, left), Kanlow (male, right); and fourth row: progeny fromtected with an anti-DIG-alkaline phosphatase conjugate and
the reciprocal cross.a chemiluminescent substrate (Lumi-Phos 530, Roche Molecu-

lar Biochemicals, Indianapolis, IN). Prehybridization, hybrid-
of Kanlow and Summer were 2.86 mm and 2.44 mmization, filter washing, chemiluminescent detection of hybrid-

ized membrane-bound fragments and membrane stripping respectively. Mean length of seed of the K � S and S �
after chemiluminescent detection were done following the K F1 hybrids were 2.59 mm and 2.65 mm, respectively.
procedures described by Muza et al., 1995. The mean length of seed produced by parents and hy-

brids were significantly different at a �0.01 in all combi-
nations of two means on the basis of a two-tailed t testRESULTS AND DISCUSSION
(Table 1). Mean width of seed produced by Kanlow andAll Summer (S) parent plants were pubescent and K � S hybrid plants were not statistically different norgreen with the upper surface of the leaf blade appearing were the mean seed widths of Summer and S � Kslightly blue-green. All Kanlow (K) parent plants were hybrids indicating a possible maternal parent effect onglabrous and blue-green in color. Both direct and recip- seed size. All other mean comparisons were significantlyrocal hybrids were intermediate to parents in pubes- different at � � 0.01 (Table 2). The shape of seed pro-cence (Fig. 1) and light green with the upper surface of duced by the hybrids was intermediate between the par-the blade appearing blue-green. Hybrid plants appeared ents’ seed shape (Fig. 2). For the morphological traitsto show the green and blue-green colors of Summer but evaluated except for seed width, the hybrids were inter-the blue-green color in the upper surface of the blade mediate in comparison to the parents. Since all progenyappeared quite similar to the blue-green color of Kan- regardless of the direction of the cross had pubescencelow. Since plant color is a subjective trait, pubescence on the upper leaf surface, leaf pubescence appears toin the base of the leaf blade can be used as a distinctive be a dominant trait that is regulated by few genes.marker to identify hybrids when Kanlow is the female Meiotic pairing was studied using a total of 162 mi-parent and Summer the male parent. Kanlow seedlings crosporocytes from three K � S hybrids and two S �from self-pollination will be glabrous. K hybrids (Table 3). The chromosome pairing, analyzedAll hybrids produced seed. The mean seed lengths at diakinesis stage of meiosis, was primarily bivalent in
all hybrids (Fig. 3). Only one microsporocyte showedTable 2. Seed width mean comparisons (mm) for parent Kanlow
17 bivalents and two univalents (Fig. 4); however, the(K) and Summer (S) plants and for their hybrids’ progeny

and associated t tests assuming unequal variances. N � 45 for proximity between the univalents in that cell suggests
parents and n � 105 for seeds from their hybrids’ progeny.

Standard Table 3. Meiotic pairing behavior in upland � lowland tetraploid
Genotype Mean deviation SE t P � t hybrids of switchgrass.
Kanlow 1.13 0.08 0.012 Chromosome pairs

ObservedSummer 1.18 0.09 0.014 �2.54† 0.01*
S � K 1.17 0.07 0.007 �3.25† 0.01** Hybrid plants Cells observed Bivalents Univalents
K � S 1.12 0.07 0.007 0.31† 0.75ns

n nS � K 1.17 0.07 0.007 0.20‡ 0.86ns
K � S 1.12 0.07 0.007 �3.64‡ 0.01** K1 � S7 10 53 18 0

1 17† 1K � S 1.12 0.07 0.007 �5.00§ 0.01**
K25 � S8 5 34 18 0

* Indicates significance at P � 0.05. K16 � S30 1 56 18 0
** Indicates significance at P � 0.01. S7 � K1 1 15 18 0
† Mean comparison with Kanlow. S30 � K16 3 3 18 0
‡ Mean comparison with Summer.
§ Mean comparison with S � K. † Shown in Fig. 4.
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Fig. 4. Microsporocyte of Kanlow by Summer hybrid showing 17 biva-
Fig. 3. Microsporocyte of Kanlow by Summer hybrid showing 18 biva- lents and two univalents at diakinesis stage of meiosis.

lent pairs at diakinesis stage of meiosis.
parents (Lanes B, H, and O) lacked this fragment (Fig.
5). Only the 4.4-kb fragment was detected with the rbcL-that this disturbance may have resulted from the squash-

ing procedure. The meiotic pairing behavior of the inter- specific clone pRR12 in lowland genotypes. This result
indicates that the polymorphic BamHI restriction site iscytotype switchgrass hybrids is similar to that reported

by Lu (1998) and by Barnett and Carver (1967) in tetra- outside of the rbcL region and thus the 8.6-kb fragment
detected by Hultquist et al. (1996) using the sorghumploid switchgrass.

The bivalent pairing observed in the hybrids indicates probe pLD5 is not detected.
The restriction fragment hybridization pattern de-that there is a high degree of homology between chro-

mosomes of the upland and lowland genomes; thus, the tected with the spinach pRR12 cpDNA clone in the
progeny Lanes C to F and J to N was the same astransfer of genes between cytotypes likely is possible by

recombination resulting from meiotic pairing between that observed in the maternal parent of those progenies
(Lanes A and H). For the progeny P to R the uplandhomologous chromosome regions. The degree of chro-

mosome pairing also indicates that these two cytotypes female parent was not available and only the male low-
land parent was evaluated (O). The restriction fragmentare closely related since parents with similar genomes

exhibit complete or almost complete chromosome pair- detected in the progeny Lanes P to R was the same
observed in the upland parents. The seedling, whoseing in their hybrids (Singh, 1993).

Hybridization of DNA from the lowland and upland restriction fragment is shown in Lane S and had the
Kanlow restriction fragment, died before its hybrid ori-cultivars with the specific spinach cpDNA clone used

in this study confirmed the previous findings by Hult- gin could be verified by morphological markers. We
suspect that it was a Kanlow or Kanlow � Summerquist et al. (1996) of a BamHI site polymorphism be-

tween the two ecotypes. The 13-kb fragment was hybrid- contaminate. Detection limits of the Southern Blotting
system do no rule out the possibility of some paternalized in upland parents (Lanes A and I) while lowland

Fig. 5. Chloroplast DNA polymorphism among parents and hybrids of switchgrass. DNA was digested with BamHI restriction endonuclease
and hybridized with the spinach cpDNA probe pRR12. Lanes A and B are the Summer female and Kanlow male parents, respectively, of
the progeny in Lanes C to F. Lanes H and I are the Kanlow female and Summer male parents, respectively, of the progeny in Lanes J to
N. Lane O is the Kanlow male parent of the progeny in Lanes P to R. Lane S could not be verified due to death of the source plant. In the
last lane on the right the molecular weight of polymorphic bands of HindIII-cut � DNA are marked in kilobases (kb).
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Lu, K., S.M. Kaeppler, K.P. Vogel, K. Arumuganathan, and D.J.transmission of cpDNA. The results here, however, are
Lee. 1998. Nuclear DNA content and chromosome numbers inconsistent with the predominant maternal inheritance
switchgrass. Great Plains Res. 8:269–280.of cpDNA observed in most of the angiosperm species Lynd, L.R., J.R. Cushman, R.J. Nichols, and C.E. Wyman. 1991. Fuel

(Sears, 1980). ethanol from cellulosic biomass. Science 251:1318–1323.
In summary, all morphological traits evaluated except Martı́nez-Reyna, J.M., and K.P. Vogel. 1998. Controlled hybridization

technique for switchgrass. Crop Sci. 38:876–878.seed width were useful to verify the hybrid origin of the
Moser, L.E., and K.P. Vogel. 1995. Switchgrass, big bluestem, andseed obtained in the direct and reciprocal crosses made

indiangrass. p. 409–420. In R.F Barnes et al. (ed.). Forages, 5thbetween Kanlow and Summer. The viability of the hy-
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