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Introduction

The neopolyploidization of prairie cordgrass (Spartina 
pectinata Link) has presented a unique opportunity to 
study the genetic evolution of Spartina, a genus comprised 
exclusively of polyploid species. Prairie cordgrass is a 
rhizomatous, perennial C4 grass native to North Amer-
ica, with a distribution extending from southern Texas to 
northern coastal regions of Canada (USDA-NRCS 2002). 
Natural populations of prairie cordgrass exist as tetraploid 
(2n = 4x = 40), hexaploid (2n = 6x = 60), and octoploid 
(2n = 8x = 80) cytotypes, with the tetraploids and octop-
loids well established in the United States (Church 1940; 
Reeder 1977; Kim et  al. 2012b). The hexaploid cytotype 
currently has only been observed in a single location in 
central Illinois in immediate proximity to tetraploid cyto-
types, and because the polyploidization event generating 
the hexaploid cytotype occurred recently, they are consid-
ered neohexaploids (Kim et al. 2012b).

Polyploidy is important in prairie cordgrass because it is 
known to affect plant phenotype. Kim et al. (2012a) reports 
increased numbers of chromosomes in hexaploid prai-
rie cordgrass corresponding to larger stomata size, larger 
spikelets, increased tiller mass, delayed flowering time, and 
taller plants in comparison to tetraploid prairie cordgrass. 
Differences in phenotype may explain why hexaploid plants 
are observed to be competitive with the tetraploid plants. 
Given the proximity between the tetraploid and hexaploid 
cytotypes in central Illinois, it is hypothesized that the 
tetraploid produced the hexaploid through the union of 
a reduced tetraploid gamete and an unreduced tetraploid 
gamete (Kim et  al. 2012a). Study of chromosome pairing 
in tetraploid, hexaploid, and octoploid populations may 
provide valuable information in testing this hypothesis and 
assessing the genome compositions of all three cytotypes. 

Abstract The existence of neopolyploidy in prairie 
cordgrass (Spartina pectinata Link) has been documented. 
The neohexaploid was discovered coexisting with tetra-
ploids in central Illinois, and has been reported to exhibit 
competitiveness in the natural environment. It is hypoth-
esized that the natural tetraploid cytotype produced the 
hexaploid cytotype via production of unreduced gametes. 
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(2n = 4x = 40), hexaploid (2n = 6x = 60), and octoploid 
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abnormality was determined. Significant differences in 
meiotic abnormality exist between tetraploid, hexaploid, 
and octoploid cytotypes. An elevated incidence of abnor-
mal, predominantly trivalent pairing in the neohexaploid 
suggests that it may possess homologous chromosomes 
in sets of three, in contrast to the tetraploid and octoploid 
cytotypes, which likely possess homologous chromosomes 
in sets of two. Abnormal chromosome pairing in the hexa-
ploid may result in unequal allocation of chromosomes 
to daughter cells during later stages of meiosis. Chromo-
some pairing patterns in tetraploid, hexaploid, and octop-
loid cytotypes indicate genome compositions of AABB, 
AAABBB, and AABBA′A′B′B′, respectively.
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Examination of chromosome pairing patterns is highly 
useful for determining genome composition as it provides 
accurate data regarding chromosome homology (Heyne 
1987). This method has been used to analyze genome 
composition in species of Triticum (Heyne 1987) and Ley-
mus (Wang and Jensen 1994). In this study, a cytogenetic 
approach to examine meiotic division during microsporo-
genesis was utilized.

Materials and methods

Prairie cordgrass (Spartina pectinata Link) plants were dis-
covered inhabiting a drainage ditch of farmland in Cham-
paign County, IL (Graves et al. 2016). In this location, three 
areas were identified in which hexaploid and tetraploid 
plants grew in close proximity. Each of the hexaploid and 
tetraploid plants were sampled and transplanted to a field 
plot in 2012, arranged in a completely randomized design 
with three replications of each accession. An additional 
hexaploid accession (99C) derived from a tetraploid acces-
sion (99A) was included in the field plot (Kim et al. 2010). 
The tetraploid accessions include 1034x, 1094x, 99A, and 
MBB4x and the hexaploid accessions include 1036x, 99C, 
MID6x, and MBB6x (Kim et al. 2013). Geographically and 
phylogenetically unrelated tetraploids (19–103 and 40–101) 
and octoploids (19–108 and PCG109) were also used in 
this study, and were established in separate field plots (Kim 
et al. 2013).

Prairie cordgrass spikelets were collected from each 
accession during five different stages of development. The 
early stage was characterized by a fully collared, upright 
flag leaf and a swollen flag leaf sheath. Boot stage was 
defined by emergence of the first spikelet. The heading 
stage was marked by visibility of the inflorescence pedun-
cle, and stigma and anther stages were characterized by 
emergence of stigmas and anthers, respectively. During 
each stage, one inflorescence per plant was collected from 
at least three plants per accession and fixed in a Carnoy 
solution of ethanol, chloroform, and acetic acid in a ratio 
of 6:3:1 and stored at 4 °C. After 24  h the spikelets were 
removed from the Carnoy solution and stored in 70% etha-
nol at 4 °C. Anthers were screened for meiosis I using 1% 
propionic carmine stain, and slides were viewed at a total 
magnification of 400× using phase contrast microscopy. 
Florets containing anthers undergoing meiotic diakinesis 
and metaphase I were immersed in alcoholic hydrochloric 
acid-carmine stain (Snow 1963) for a minimum of 7 days, 
after which chromosome squashes were prepared in 45% 
acetic acid. Between one and three florets were observed 
for each plant, and at least one plant was observed for each 
accession. Slides were viewed using an Olympus BX61 
microscope at a total magnification of 1000x through a 

phase contrast objective lens. Images were captured using 
an Olympus U-CMAD3 camera.

Chromosome pairing was considered normal if all 
chromosomes in a cell were clearly visible and paired as 
bivalents. The presence of multivalent chromosomes was 
the primary criterion for identifying abnormal chromo-
some pairing. Other factors such as chromosome failure to 
align on the central plane during metaphase I or failure to 
migrate to the cell poles during anaphase I and telophase I 
also indicated abnormal pairing. After scoring meiotic cells 
as normal or abnormal, meiotic index (MI, %) was calcu-
lated following Love (1951). However, the calculation of 
meiotic index was modified from Love (1951) so that indi-
vidual cells were scored rather than quartets. The meiotic 
index was calculated as follows:

Meiotic Index (MI)% = (Number of normal cells × 100)

÷ (Total number of cells scored)

Statistical analysis

Mean of the MI for the accessions was analyzed using 
PROC GLIMMIX in SAS 9.4 (SAS Institute Inc., Cary, 
NC) and mean comparisons were obtained with the PDIFF 
option of the LSMEANS statement setting the probabil-
ity of Type I error or alpha level (α) at 0.05. A total of 33 
hexaploid meiocytes were analyzed intensively, in which 
the number of univalent, bivalent, trivalent, and higher 
multivalent associations were counted. The total number of 
each association type was calculated across all meiocytes, 
and a Chi-Squared test was employed to test for independ-
ence between trivalent and higher multivalent frequency.

Results and discussion

Tetraploid and octoploid cytotypes showed normal biva-
lent chromosome pairing during diakinesis and metaphase 
I (Figs.  1a, b, 2a, b), in agreement with Marchant (1968) 
and Reeder (1977). The current study expands upon previ-
ous research, as chromosome segregation and cell division 
during later stages of meiosis I was evaluated in addition 
to chromosome pairing. Equal segregation of chromosomes 
during anaphase I and the generation of two identical nuclei 
during telophase I was observed (Figs. 1c, d, 2c, d). High 
values for the Meiotic Index of tetraploid and octoploid 
accessions reflect the observed meiotic normality (Table 1).

The study of chromosome pairing in the tetraploid 
cytotype provides information about chromosome homol-
ogy (Jackson 1982; Heyne 1987), which may indicate 
whether the tetraploid is autopolyploid or allopolyploid. 
In autopolyploids, the presence of more than two homol-
ogous chromosomes enables chromosomes to pair in 
multivalent associations (Ramsey and Schemske 2002). 
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Over time, autopolyploids may undergo the process of 
diploidization, after which homologous chromosomes no 
longer pair in multivalent associations and only pair in 
bivalents (Attia et al. 1987; Ramsey and Schemske 2002; 
Doyle et  al. 2008; Doyle and Egan 2010). It is possible 
that the tetraploid cytotype is autopolyploid and that dip-
loidization has occurred, explaining bivalent chromo-
some pairing. However, previous analysis of Waxy gene 
sequences has indicated that tetraploid S. pectinata con-
tains two divergent copies (A and B) of the Waxy gene 
(Fortune et  al. 2007). One hypothesis presented by For-
tune et  al. (2007) for this observation suggests that the 
tetraploid cytotype is an allopolyploid containing two 
distinct genomes (AABB), rather than an autopolyploid 
(AAAA). Chromosomes in the same genome would 
therefore pair in bivalents due to homology, and segre-
gate normally during meiosis. These outcomes were 
observed in the current study. Furthermore, recent gen-
otyping-by-sequencing (GBS) and Kompetitive allele-
specific PCR (KASP) analyses indicated that disomic 
inheritance occurs in tetraploid S. pectinata (Graves et al. 

2015; Crawford et  al. 2016), supporting the hypothesis 
that the tetraploid is allopolyploid (AABB).

The hexaploid cytotype in this study demonstrated a 
complete departure from normal chromosome pairing and 
segregation, with a Meiotic Index ranging from 0.0 to 0.6 
(Table  1). The majority of microspores showed multiva-
lent chromosome pairing to varying degrees as depicted 
in Fig.  3a, b, though the formation of trivalent chromo-
somes was observed most often. Occasionally, groupings 
of four or more chromosomes were documented, as shown 
in Fig. 3b. There was also a high occurrence of univalent 
chromosomes, which often failed to align in the center 
of the cell during metaphase I (Fig.  3a, b) and subse-
quently may not migrate to the cell poles during anaphase 
I (Fig. 3c). Finally, chromosome pairs failed to migrate to 
cell poles during anaphase I and telophase I (Fig.  3c, d). 
These abnormalities may result in either unequal segrega-
tion or complete loss of chromosomes during cytokinesis.

The hexaploid cytotype of prairie cordgrass is hypoth-
esized to have originated from the tetraploid cytotype 
through the union of an unreduced gamete with a reduced 
gamete (Kim et  al. 2012a). An allopolyploid genome 

Fig. 1  Normal tetraploid 
cells: a diakinesis showing 20 
normal bivalents. Example of 
normal bivalent in circle. b 
Metaphase I showing 20 normal 
bivalents. Example of normal 
bivalent in circle. c Anaphase 
I showing normal segregation. 
d Telophase I showing normal 
cytokinesis. Total magnification 
is 1000×, bar indicates 10 µm
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composition of AABB in the tetraploid, as suggested, 
would lead to an allopolyploid genome composition of 
AAABBB in the hexaploid. This means that it would have 
three homologous chromosomes, so chromosomes should 
mostly be present as univalents, bivalents, or trivalents, 
with occasional higher multivalents due to homoeologous 
pairing (Attia et  al. 1987; Ramsey and Schemske 2002; 

Doyle et al. 2008; Doyle and Egan 2010). In this study, uni-
valent, bivalent, and trivalent associations did occur most 
frequently, with higher multivalents occurring at a sig-
nificantly lower rate than trivalents (χ2 = 139.2, p = 0.01) 
(Fig. 4). These data support the hypothesis that the hexa-
ploid is AAABBB.

Fig. 2  Normal octoploid 
cells: a diakinesis showing 40 
normal bivalents. Example of 
normal bivalent in circle. b 
Metaphase I showing 40 normal 
bivalents. Example of normal 
bivalent in circle. c Anaphase 
1 showing normal segregation. 
d Telophase I showing normal 
cytokinesis. Total magnification 
is 1000×, bar indicates 10 µm

Table 1  Percent abnormality 
of accessions and ploidy levels, 
and meiotic index of accessions

† Significant differences between accessions (P < 0.05) were tested. Different letters indicate significant dif-
ferences

Accession Ploidy No. of Plants No. of Cells Abnormality (%) Meiotic  index†

1034x 4x 2 819 0.8 99.0A

1094x 4x 1 951 0.4 99.6A

19–103 4x 2 1400 0.1 99.9A

40–101 4x 1 844 0.0 100.0A

99A 4x 2 465 15.2 85.1B

MBB4x 4x 2 1281 0.9 99.0A

1036x 6x 1 559 100.0 0.0C

MID6x 6x 2 595 100.0 0.0C

99C 6x 1 850 99.2 0.6C

MBB6x 6x 1 636 100.0 0.0C

19–108 8x 2 1374 0.9 99.1A

PCG109 8x 2 975 0 100.0A
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The tetraploid cytotype likely gave rise to the octoploid 
cytotype as well (Krahulcová and Krahulec 2000; Levin 
2002). A tetraploid genome composition of AABB would 
lead to an octoploid genome composition of AAAABBBB. 
This means that there are four homologous chromosomes, 

and therefore chromosomes could pair together as univa-
lents, bivalents, trivalents, or quadrivalents (Attia et  al. 
1987; Ramsey and Schemske 2002; Doyle et  al. 2008; 
Doyle and Egan 2010). Only bivalent pairing was docu-
mented in this study. There may be a genetic mechanism 
causing homologous chromosomes to pair in a bivalent 
fashion, similar to mechanisms documented in other grass 
species (Rajhathy 1971; Evans and Macefield 1972). 
However, such a mechanism would likely be present in 
the hexaploid as well. There is no evidence that this type 
of mechanism is present in the hexaploid, considering the 
high number of univalent and multivalent chromosomes 
observed.

A more plausible explanation for bivalent chromosome 
pairing in the octoploid is an origin from two divergent 
tetraploid plants that hybridized. This hybridization event 
(AABB × A′A′B′A′), followed by chromosome-doubling, 
would create an octoploid with a genome composition of 
AABBA′A′B′B′. Bivalent chromosome pairing would then 
occur based on homology. This final postulation regarding 
the octoploid origin completes the hypothesis of allopoly-
ploidy in all three cytotypes. Therefore, based upon chro-
mosome pairing data and previous phylogenetic data, there 
is evidence that the tetraploid is AABB, the hexaploid is 
AAABBB, and the octoploid is AABBA′A′B′B′.

Fig. 3  Abnormal hexaploid 
cells: Metaphase I containing 
(a) univalents (U), bivalents (B), 
and trivalents (T). (b) Meta-
phase I containing univalents 
(U), bivalents (B), and higher 
order multivalents (M—tri-
valents and higher pairing 
structures). (c) Anaphase I 
containing 6 lagging chromo-
somes indicated by arrows. (d) 
Anaphase I containing 2 lagging 
chromosomes indicated by 
arrows. Total magnification is 
1000×, bar indicates 10 µm

Fig. 4  Total chromosome associations across hexaploid meiocytes
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