Top 10 Contributions on Plant Biology

Chapter 02

Karyotype Variability in Tropical Maize Sister
Inbred Lines and Hybrids Compared with
KYS Standard Line

Mateus Mondin*, Janay A Santos-Serejo*?, Monica R Bertdao*3, Prianda
Laborda#, Daniel Pizzaia5and Margarida LR Aguiar-Perecin**

*Department of Genetics, Luiz de Queiroz College of Agriculture, Univer-
sity of Sdo Paulo, Brazil

2Embrapa Cassava and Fruits, Brazilian Agricultural Research Corpora-
tion, Brazil

3Department of Biological Sciences, Faculty of Sciences and Letters, Sdo
Paulo State University, Brazil

“Center for Molecular Biology and Genetic Engineering, State University
of Campinas, Brazil

SHerminio Ometto University Center, Herminio Ometto Foundation,
Brazil

*Corresponding Author: Margarida LR Aguiar-Perecin, Department of
Genetics, Luiz de Queiroz College of Agriculture, University of Sdo Paulo,
Piracicaba, Brazil, Email: mlrapere@usp.br

First Published September 07, 2018

This Book Chapter is an excerpt from an article published by Margarida
LR Aguiar-Perecin, et al. at Frontiers in Plant Science in October 2014.
(Mondin M, Santos-Serejo JA, Bertdo MR, Laborda P, Pizzaia D and
Aguiar-Perecin MLR (2014) Karyotype variability in tropical maize sister
inbred lines and hybrids compared with KYS standard line. Front. Plant
Sci. 5:54¢4. doi: 10.3389/fpls.2014.00544)

.
2 www.avidscience.com




Top 10 Contributions on Plant Biology

Author Contributions: Mateus Mondin and Janay A. Santos-
Serejo performed FISH experiments and karyotype analysis;
Monica R. Bertdo performed cytological work and karyotype
analysis; Prianda Laborda isolated the CentC probe; Janay A.
Santos-Serejo and Daniel Pizzaia performed pachytene analysis;
Margarida L. R. Aguiar-Perecin performed research work and
wrote the paper.

Conflict of Interest Statement: The authors declare that the
research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential
conflict of interest.

Copyright: © 2018 Margarida LR Aguiar-Perecin, et al.

This article is distributed under the terms of the Creative Commons
Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and
the source.

Abstract

Maize karyotype variability has been extensively investigated.
The identification of maize somatic and pachytene chromosomes has
improved with the development of fluorescence in situ hybridiza-
tion (FISH) using tandemly repeated DNA sequences as probes. We
identified the somatic chromosomes of sister inbred lines that were
derived from a tropical flint maize population (Jac Duro [JD]), and
hybrids between them, using FISH probes for the 180-bp knob re-
peat, centromeric satellite (CentC), centromeric satellite 4 (Cent4),
subtelomeric clone 4-12-1, 5S ribosomal DNA and nucleolus organ-
izing region DNA sequences. The observations were integrated with
data based on C-banded mitotic metaphases and conventional analy-
sis of pachytene chromosomes. Heterochromatic knobs visible at

pachynema were coincident with C-bands and 180-bp FISH signals
N
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on somatic chromosomes, and most of them were large. Variation in
the presence of some knobs was observed among lines. Small 180-bp
knob signals were invariant on the short arms of chromosomes 1, 6,
and 9. The subtelomeric 4-12-1 signal was also invariant and useful
for identifying some chromosomes. The centromere location of chro-
mosomes 2 and 4 differed from previous reports on standard maize
lines. Somatic chromosomes of a JD line and the commonly used KYS
line were compared by FISH in a hybrid of these lines. The pairing
behavior of chromosomes 2 and 4 at pachytene stage in this hybrid
was investigated using FISH with chromosome-specific probes. The
homologues were fully synapsed, including the 55 rDNA and CentC
sites on chromosome 2, and Cent4 and subtelomeric 4-12-1 sites on
chromosome 4. This suggests that homologous chromosomes could
pair through differential degrees of chromatin packaging in homolo-
gous arms differing in size. The results contribute to current knowl-
edge of maize global diversity and also raise questions concerning the
meiotic pairing of homologous chromosomes possibly differing in
their amounts of repetitive DNA.

Keywords

Maize; Chromosomes; Satellite DNA; Centromere; Heterochro-
matic Knobs

Introduction

The identification of chromosomal features and the characteriza-
tion of the maize genome structure have progressed extensively [1-5],
since the development of procedures for identifying maize meiotic
chromosomes in the 20th century [6-8]. Karyotype analysis based on
the observations of pachytene stage chromosomes obtained from pol-
len mother cells has contributed to important achievements in maize
genetics [9-12]. The construction of the earliest detailed meiotic cy-
togenetic maps [13] involved the location of heterochromatic regions,
such as cytologically observable knobs and centromeric heterochro-
matin, in addition to the identification of chromosomes by relative

length and arm ratio.
I
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The size and number of knobs are variable and they may be pre-
sent in each of the 10 chromosomes of the complement at fixed lo-
cations on the chromosome arms in modern maize and its relatives,
including species of Zea (teosintes) and Tripsacum [14]. Knobs have
been used extensively as chromosomal markers (e.g., [5]) and to study
race relationships and the phylogenetic history of Zea mays [14,15].

Meiotic chromosome analysis continues to be an important tool
for maize cytogenetics; on the other hand, procedures for the identi-
fication of maize mitotic chromosomes in root tip spreads have been
developed. The examination of C-banded somatic metaphases has
allowed the detection of bands corresponding with knobs visualized
on meiotic chromosomes [16] and proven to be useful for the detec-
tion of homozygous and heterozygous knobs in many individuals in a
population. However, the unequivocal identification of somatic chro-
mosomes may be difficult due to the degree of chromatin condensa-
tion and the presence of large knobs that alters the sizes of the chro-
mosome arms. Thus, this type of procedure must be supplemented
with an analysis of pachytene stage chromosomes, in which details
of chromosomal structure can be visualized. The examination of C-
banded metaphases has been useful in some studies, such as those
involving the detection of changes in chromosome 7 resulting from
breakage or amplification events at knob sites in cells of callus cultures
[17,18]. Also, C-banding was used to determine the number of knobs
in a work aiming to evaluate the DNA content in maize populations
[19].

Chromosome identification has improved with the mapping
of repetitive DNA sequences by fluorescence in situ hybridization
(FISH) on maize meiotic and mitotic chromosomes. Many groups
of eukaryotes, such as mammals and higher plants, have genomes
that are composed mainly of repetitive DNA that can be divided into
two categories, including tandem repeat arrays (satellite DNA) and
transposable elements (TEs; revised by Heslop-Harrison and Schwar-
zacher, [20]). Satellite DNA accumulates at specific chromosomal
regions, particularly at heterochromatic sites, such as maize knobs,

that are composed primarily of two tandemly repeated sequences,
N
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the 180-bp knob repeat or the 350-bp TR-1 element or a mixture of
both [2,5,21,22]. Maize centromeres are composed of arrays of the
CentC satellite (monomer length ~156 nt; Ananiev et al,, [23]) and
interspersed centromeric-specific retrotransposons (CRM; [24-26]).
Other repetitive DNA sequences, such as nucleolus organizing re-
gion (NOR) DNA, 5S ribosomal DNA (5S rDNA), centromeric satel-
lite 4 (Cent4), subtelomeric sequences and microsatellites have been
mapped to maize chromosomes and are valuable landmarks for chro-
mosome identification [2,27,28]. FISH analyses using probes of some
of these satellite DNAs have allowed the study of karyotype diversity
in maize inbred lines commonly used in cytogenetic and genetic stud-
ies, including e.g., B73, KYS, and Mo17 among others and in lines of
a nested association mapping (NAM) population [22]. Other reports
on the FISH mapping of repetitive DNA and genes have provided val-
uable information on the evolution of maize chromosomal features
[29-31].

In this study, we analyzed the somatic karyotypes of tropical
maize lines and hybrids using FISH mapping of tandemly repeated
DNA sequences. We investigated the karyotypes of S6 sister inbred
lines that were derived from a flint maize population [Jac Duro (JD)].
Our objective was to integrate a previous cytogenetic analysis (un-
published) based on classical techniques with the FISH data. Obser-
vations using C-banding and FISH mapping of somatic chromosomes
and a conventional analysis of pachytene chromosomes were com-
pared. The FISH procedure employed was useful for chromosome
identification and to detect that the centromere position of chromo-
somes 2 and 4 differed from the pattern reported for standard lines
[13]. Thus, the somatic karyotypes of one JD line and the standard
line KYS were compared by the FISH mapping of satellite DNA se-
quences using a hybrid between these lines. The pairing behavior at
pachytene stage of chromosomes 2 and 4 was also investigated in this
hybrid. Because most of maize cytogenetic and genome structure re-
ports have been based on temperate maize inbreds, the objective of
our work was also to contribute to the knowledge of maize global di-
versity and evolution.

I
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Materials and Methods
Plant Material

The seeds of sister lines were obtained in our laboratory by sib-
ling crosses of S6 progenies that were developed from one S2 progeny
derived from a sample of the maize flint JD population (Sementes
Agroceres, Brazil). The JD population was composed of Cateto (Ca-
teto Sdo Simdo and Cateto Minas Gerais II) and Cuba varieties (per-
sonal communication, Dr. Urbano C. Ribeiral, Agroceres). A previous
examination of somatic C-banded metaphases of S2 progeny plants
showed that C-bands (knobs) localized on the long arms of chromo-
somes 3 and 5 (3L and 5L) and on the short arms of chromosomes
7 and 9 (7S and 9S) were segregating and the long arms of chromo-
somes 6, 7, and 8 (6L, 7L, and 8L) were homozygous for C-bands in all
of the plants that were examined (Decico, [32]; Figure S1 in Supple-
mentary Material). The lines selected for the present work belonged
to the JD 1-3 and JD 4-4 families (Table 1; Figure S1), which were
previously used in a survey of their embryogenic response in callus
cultures [33]. In addition, the karyotypes of hybrids between JD lines
and of a hybrid between the 441311 line and the temperate KYS line
were analyzed. The KYS seeds were provided by the Maize Genetics
Cooperation Center (USA).

Table 1: JD 1-3 and JD 4-4 line families analyzed and their knob compositions visual-
ized in pachytene chromosomes.

Lines Knob composition

K3L KsL. KéL2 KéL3 K7s K7L KsL1 K8L2 Kos
JD 1-3 family
132331 00 00 ++ ++ ++ ++ ++ ++ ++
133425 00 00 ++ ++ ++ ++ ++ ++ 00
JD 4-4 family
441123 ++ ++ ++ ++ ++ ++ ++ ++ ++
441311 ++ ++ ++ ++ ++ ++ ++ ++ ++
442612 00 ++ ++ ++ 00 ++ ++ ++ ++
444331 00 ++ ++ ++ 00 ++ ++ ++ 00

K, knob; numbers refer to chromosomes; L, long arm; S, short arm; L1, L2, and L3 refer to different knob positions on the same chromosome arm; +, presence of
knob; 0, absence of knob.
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Preparation of Chromosome Spreads

For mitotic analyses, kernels were germinated at 28°C for 2-3
days, and excised roots were pretreated with a solution containing 300
mg/L 8-hydroxiquinoline and 1.25 mg/L cycloheximide for 2.5 h at
28°C, fixed in 3:1 ethanol:acetic acid and stored at -20°C. Metaphase
spreads were prepared by treating the roots with 45% acetic acid (for
the C-banding protocol) or with 60% acetic acid (for the FISH proto-
col) for 5 min, after which the root tips were dissected, and the mer-
istematic cells were squashed. The coverslips were removed in liquid
nitrogen, air dried and stored at -20°C until use.

The Giemsa C-banding was carried out as previously described
[34] to reveal features of the somatic chromosomes of the 441123 and
444331 lines and the 441123 x 444331 and 132331 x 134425 hybrids.

For meiotic chromosome preparations, immature tassels were
fixed in 3:1 ethanol:acetic acid and kept at -20°C. For the conven-
tional observation of pachytene chromosomes the anthers were dis-
sected in 1% propionic carmine (prepared in 45% propionic acid) and
the microsporocytes were squashed. The 441311, 444331, and KYS
lines and the 441123 x 444331 and 441311 x KYS hybrids were used
in this analysis. In FISH experiments, the anthers with meiotic cells
at the pachytene stage from the 441131 x KYS hybrid were selected
using light microscopy, by examining the cells of one anther stained
with 0.5% acetocarmine. The remaining anthers of each spikelet were
washed in water and digested in pectinase (Calbiochem 515883,
Germany; final concentration of 14.7 units/mL) and cellulase (Serva
16420, Germany; final concentration of 9.2 units/mL) for 20 min at
37°C (two anthers per tube with 100 pL of enzyme solution). After the
digestion, they were washed in cold distilled water and in 60% acetic
acid for 2 min and squashed. The coverslips were then removed in
liquid nitrogen and the slides were air-dried.

8 www.avidscience.com
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Fish Procedure

Probes for the primary knob 180-bp repeat [35] and for the cen-
tromeric repeat CentC [23] were used. Chromosome-specific probes
[2] were used to identify chromosome 2 (5S rDNA), chromosome 4
(Cent4), chromosome 6 (9.1-kb repeating unit of the NOR DNA) and
other specific chromosomes (subtelomeric 4-12-1 clone). The Cent4
and subtelomeric probes were provided by Dr. J. A. Birchler (Missouri
University, USA), and the 180-bp and NOR rDNA probes by Dr. R. L.
Phillips (Minnesota University, USA). The 5S rDNA probe was a frag-
ment of about 450-bp (gene and spacer) that was amplified by PCR
using total genomic DNA extracted from the leaves of seedlings from
the 441311 line. This PCR procedure was carried out as described by
Mondin et al. [36]. The CentC probe was a sequence consisting of two
CentC consensus repeats [23], including one of 154-bp and the other
of 139-bp (GenBank accession no. KJ466900; Figure S2 in Supple-
mentary Material). This dimer was obtained from genomic DNA that
was isolated from the AL-739 maize line (Germplasm Bank of IAC,
Campinas, SP, Brazil), employing the CTAB protocol [37]. The se-
quence was identified in a library obtained from PCR products using
the primers F-5-GGTTCCGGTGGCAAAAACTCGT-3" and R-5'
ATTTCTTCGTTTTTCACAACGAACATG-3’ consensusfora CentC
region. The amplifications were carried out using the touchdown PCR
method with temperature varying from 65 to 55°C, and the PCR prod-
ucts were cloned into TA Cloning vector (Invitrogen, USA). Selected
clones were sequenced using the ABI PRISM BigDye Terminator Cycle
Sequencing Kit (Applied Biosystems, USA) in the ABI 377 sequencer.
Clone H9, in which the CentC dimer was identified, was used to obtain
the FISH probe. Then, the amplification of this sequence was carried
out using the primers F-5'-GTGTGGAATTGTGAGCGGATAAC-3'
and R-5-TTGTAAAACGACGGCCAGTGAAT-3" (complementary
to the vector sequence).

The Cent4, CentC, NOR rDNA and subtelomeric probes were
labeled with biotin-14-dATP by nick translation (Bionick Labelling
N
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System, Invitrogen, USA) and detected with mouse anti-biotin fol-
lowed by TRITC-conjugated rabbit anti-mouse (red) and TRITC-
conjugated swine anti-rabbit antibodies (DAKO, Denmark), with the
exception of the KYS x 441311 hybrid somatic karyotype, for which
the CentC probe was detected with FITC-conjugated antibodies
(green). The NOR rDNA was detected using a mixture of 50% rabbit
anti-mouse FITC and 50% anti-mouse TRITC, resulting in a yellow
signal. The knob180-bp and 5S rDNA sequences were labeled with
digoxigenin 11-dUTP (Roche, Germany) by random priming and de-
tected with FITC- or rhodamine-conjugated sheep anti-digoxigenin
(Roche; red).

The FISH procedure was performed as previously described [36]
with minor modifications. Each cell preparation was carried out using
20 uL of the probe mixture containing two to three probes (10-20 ng/
uL of each probe). The probes were denatured by heating at 96°C for
10 min, cooled in ice, and then dropped onto slide preparations onto
which coverlips were applicated. The preparations were denatured in
a thermocycler at 93°C for 10 min. The hybridization was performed
at 37°C for 16-20 h. Post-hybridization steps followed the protocol
previously described [36]. The slides were counterstained with DAPI
(1 ug/mL) and mounted using Vectashield (Vector, USA).

Image Capture, Processing and Karyotype Analy-
sis

The C-banded metaphases and carmine stained pachytene chro-
mosomes were photographed on Technical Pan Film (Kodak) using
a Zeiss photomicroscope, with the exception of the pachytene chro-
mosomes from the hybrid 441311 x KYS which were examined using
a Zeiss Axiophot 2 microscope, and the images were acquired by a
CCD camera and analyzed with the IKAROS software (MetaSystems,
Germany). FISH images were observed under this microscope, with
the appropriate filters and analyzed with the ISIS software (MetaSys-
tems). All of the images were processed with Adobe Photoshop 6.0.

L
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The chromosomes of somatic C-banded metaphases, with the
same degree of condensation, from the 441123, 444331 lines and
441123 x 444331 hybrid were measured, and their relative lengths
(expressed as percent of chromosome 10, as reported by Aguiar-Pere-
cin and Vosa, [16] and arm ratios were estimated. An ideogram that
was based on the data from 15 metaphases was outlined. Pachytene
chromosomes of the hybrid 441123 x 444331 were measured to es-
timate their arm ratios. The chromosome relative lengths were not
scored because it was difficult to distinguish all of the chromosomes
in the same pachytene cell, due to the fusion of large knobs. About 10
individual chromosomes were measured.

The arm ratios of chromosomes 2, 4, and 5, at pachytene stage,
from 441311, 444331, and KYS lines and hybrid 441311 x KYS were
estimated and tested through an analysis of variance and mean values
were compared by their confidence intervals [38]. Images of about 20
cells from 2 to 3 plants of each material were used for the chromo-
some arm measurements.

Results

Characterization of Mitotic and Meiotic Chromo-
somes

The identification of the C-banded somatic chromosomes was
based on their relative lengths and arm ratios (Table 2), and on the
knob (C-band) positions. Figure 1 shows the C-banded karyograms
of the 441123 and 444331 lines and their hybrid. In the 441123 line
(Figure 1A), knobs were observed on chromosomes 3L, 5L, 6L 7SL,
8L, and 9S. In the 444331 line, the knobs on 3L, 7S, and 9S were not
present (Figure 1B), and chromosome 7 could be distinguished from
chromosome 8 by its larger knob (K7L). In the 441123 x 444331 hy-
brid (Figure 1C), it can be visualized that in the heterozygous pairs 3,
7,and 9, the presence of the large knob altered the chromosome sizes
(Table 2). Chromosomes 2 and 4 were recognized in the C-banded

N
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metaphases according to FISH data using the chromosome-specific
5S rDNA probe for chromosome 2 [39] and Cent4 for chromosome 4
[28], as seen in the metaphase from a 441123 x 442612 hybrid (Figure
1D). The position of the chromosome 2 centromere was submedian
in comparison with that of chromosome 4. It is interesting to note
that the FISH procedure enhances the visualization of the knob re-
gions, which can be seen as DAPI bands. The knob composition of
the 442612 line is shown in Table 1. Chromosome 6 was identified by
the NOR rDNA signal (Figure 1E), and by the secondary constriction
and satellite on 6S which were visualized in the C-banding and FISH
spreads (Figures 1 and 4). In the 132331 and 133425 lines, knobs on
3L and 5L were absent as can be observed in the 132331 x 133425
hybrid, homozygous for knobs at 6L, 7SL, and 8L, and heterozygous
for K9S (Figure 1F), which was only observed in 132331 line (Table
1). The values of relative lengths and arm ratios of the somatic chro-
mosomes without knobs (Table 2) were consistent with previous data
describing wild maize [16], except for the arm ratios of chromosomes
2 and 4, higher in chromosome 2 (about 1.44) compared with chro-
mosome 4 (about 1.30) in JD lines. The knobless chromosome 5 was
analyzed in spreads of the 132331 x 133425 hybrid.

Table 2: Relative lengths and arm ratios of somatic chromosomes and arm ratios of

pachytene chromosomes in JD lines. K6L2/L3 and K8L1/L2 are detected as a single
band in mitotic chromosomes.

Chromosome features Chromosome rank
1 2 3 4 5 6 7 8 9 10
KL * KL * KL2/L3 KS/KL KL KL1/L2  KS
Metaphase
RL 1781 1493 1566 1469 1430 1589 1359 120.3 159.4 1376 1313 1375 106.7 100
AR 124 144 197 185 130 135 1.02 1.85 183 283 30 0.91 164 181
Pachytene
AR 128 171 259 144 113 3.82 2.69 3.82 159 2.68
AL, relative length (expressed as percent of chromosome 10 length); AR, arm ratio; KL, knob on the long arm; KS, knob on the short arm; KL2/L3, knob positions on
chromosome 6; KL1/L2, knob positions on chromosome 8; *without knob.
I
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Figure 1: Somatic chromosomes of JD lines and hybrids. C-banded karyograms from
lines 441123 (A), 444331 (B), and the 441123 x 444331 hybrid (C); metaphase of the
441123 x 442612 hybrid showing 55 rDNA (green) and Cent4 (red) FISH signals (D);
metaphase of the 441123 x 444331 hybrid with 55 DNA (red) and NOR rDNA (yellow)
FISH signals (E); C-banded metaphase of the 132331 x 133425 hybrid (F), in which the
knobbed chromosomes are identified. Scale bar = 10 pm.

From these observations on the C-banded somatic chromo-
somes, we delineated an ideogram showing the chromosomes with
and without knobs (Figure 2).
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Figure 2: Ideogram representative of the somatic chromosomes of JD lines showing
knobs on chromosomes 3, 5, 6, 7, 8, and 9, detected by C-banding and FISH probed
with the knob 180-bp repeat (black), small 180-bp repeat signals (blue), subtelomeric
4-12-1 clone (orange), Cent4 (red), 5S rDNA (green), and NOR rDNA (yellow). Knob-
less homologues of chromosomes 3, 5, 7, (without K7S), and 9 are displayed.

The carmine-stained pachytene chromosomes of the 441123 x
444331 hybrid, identified by their sizes, arm ratios and knob posi-
tions are depicted in Figure 3. The cytologically visible knobs corre-
sponding with the C-bands detected in mitotic chromosomes on 3L,
5L, 7SL, 8L, and 9S were large (Figures 3B,C,G,1,]). There were two
small knobs on the long arm of chromosome 6 (612 and 6L3; Figure
3F), which appeared as a thin unique band on the somatic chromo-
somes. L2 and L3 refer to distal positions, as reported in the classical
literature [14]. Two knobs were observed on the long arm of chromo-
some 8: 8L1 (large) and 8L2 (small; Figure 3I), which also appeared
as a unique band in somatic metaphases. Chromosomes 1, 2, 4, and
10 (Figures 3A,D,E,H) had no distinguishable knobs. The arm ratio
values that were estimated for the pachytene chromosomes from the
441123 x 444331 hybrid (Table 2) are in agreement with reports on
the characterization of maize pachytene chromosomes [8,14,40], with

.
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the exception of the chromosomes 2 and 4, which possessed arm ra-
tios of 1.71 and 1.44, respectively.
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Figure 3: Carmine-stained pachytene chromosomes of the 441123 x 444331 hybrid
showing cytologically visible knobs on chromosomes 3(B), 5(C), 6(F), 7(G), 8(I), and
9(J). Chromosomes 1(A), 2(D), 4(E), and 10(H) do not possess visible knobs. Note the
presence of two knobs on 6L and 8L. Arrowheads indicate centromeres. Scale bar = 5
pm.

Fluorescence in situ hybridization signal locations of the satellite
DNA sequences were determined in the 441311 and 133425 lines and
]

www.avidscience.com 15




Top 10 Contributions on Plant Biology

the 133425 x 132331 and 441311 x KYS hybrids. The 441311 line was
closely related to 441123 and had the same knob composition (Table
1). KYS is a maize line commonly used in cytogenetic research, and its
chromosomes have been well characterized for size, arm ratio and the
sequence distributions, which were investigated here [2,27,41]. Sepa-
rate hybridizations were performed to permit a reliable visualization
of overlapping signals. The locations of signals on the chromosomes
from the 441311 line were as follows: the 180-bp knob repeat was de-
tected on 1S, 3L, 5L, 6SL, 7SL, 8L, and 9S; the Cent4 satellite was visu-
alized at the primary constriction of chromosome 4 (Figures 4A,B).
The signals of the 180-bp sequence on 1S and 6S were very small and
the others corresponded in sizes and positions to the large knobs that
were observed in the 441123 sister line (Figure 1A). The subtelomeric
4-12-1 sequence was detected on 1S, 28, 4SL, 5S, and 8L (Figure 4B).
The 5S rDNA signal that was observed on the submetacentric chro-
mosome 2 is displayed in Figure 1D in the 441311 x 442612 hybrid,
as mentioned above. In the 133425 line, chromosome 2 with the 5S
rDNA signal (red) also showed the centromere located at a submedian
position in comparison with metacentric chromosome 4 labeled with
Cent4 signal (green, Figure 4C). 180-bp knob signals corresponding
with visible knobs were detected on 6L, 7SL, 8L and 9S in the 132331
x 133425 hybrid and small signals were also observed in 1S and 6S
(Figure 4D). The signal of the large K9S, present in 132331 line, was
observed in the hybrid 132331 x 133425 and the knobless chromo-
some 9 from the parent 133425 had a thin 180-bp signal on the tip
of 9S (Figure 4D), not detected as a DAPI band in 133425 (Figure
3C). The lines of the family JD 1-3 did not possess a knob on 5L. The
subtelomeric 4-12-1 signals were in the same positions as seen in the
441311 line. These sequence locations were included in the ideogram
representing the somatic karyotype of JD lines (Figure 2).

16 www.avidscience.com
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441311

133425

441311 x KYS

441311 x KYS

Figure 4: Somatic karyotypes of JD lines (A-C) and hybrids (D-F), labeled by FISH
with probes for the knob 180-bp repeat (A,B,D-F green), Cent4 (A,B,D,E red and
C, green), subtelomeric 4-12-1 (B,D-F, red), 5S rDNA (C, red and E pseudo-colored
white), CentC (E, green). Note that the large knobs can be detected as DAPI bands in
(C) and that the knobless chromosome 9 from the parent 133425, in hybrid 132331 x
133425, has a small 180-bp signal on 9S (D). Chromosomes 2, 3, 5, 7, 8, and 9 from the
441311 parent (placed on the left) can be recognized in the 441311 x KYS hybrid (E,F).
The chromosomes were counterstained with DAPI. Scale bar = 10 um.

The hybrid 441311 x KYS allowed for the comparison of chro-
mosomes from both parents in the same FISH conditions and same
degree of chromosome condensation (Figures 4E,F). The CentC sig-
nals (green, Figure 4E), detected by three antibodies, were strong in
most of the chromosome pairs and did not discriminate specific chro-
mosomes. The 4-12-1 subtelomeric sequence was on the same posi-
tion observed for the JD lines, with exception of chromosome 5, on
which it was present at S and L in the KYS homologue. The 5S rDNA
(pseudo-colored write) and Cent4 signals (Figure 4F) were located
on chromosomes 2 and 4 as described above for JD lines. The 180-bp
knob sequence signals on the KYS chromosomes were at 18, 5L, 6SL,

N
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7L, and 9S as expected according to previous reports [2]. The K5L,
K7L, and K9S signals were smaller than the homologous signals from
the 441311 parent. Most of the chromosomes from 441311 could be
recognized in this hybrid, and were placed on the left side of each
homologous pair.

From these observations, the markers that may be used to unam-
biguously identify the somatic chromosomes of the JD lines (Figures
2 and 4) are as follows.

Chromosome 1: Small 180-bp knob repeat and 4-12-1 subtelom-
eric FISH signals at the tip of the short arm.

Chromosome 2: 55 rDNA signal on 2L and 4-12-1 subtelomeric
signal on 28.

Chromosome 3: No special markers were detected and this chro-
mosome can be distinguished by its arm ratio ~1.85 in knobless hom-
ologues, or large knob almost on the center of the long arm.

Chromosome 4: Cent4 satellite signal at the centromere and
4-12-1 subtelomeric signals on SL.

Chromosome 5: 4-12-1 subtelomeric signal on 5S.

Chromosome 6: NOR-rDNA, secondary constriction and small
180-bp knob signal on the tip of the short arm.

Chromosome 7: Large knob on 7L in all of the JD lines.

Chromosome 8: 4-12-1 subtelomeric signal and large knob on
8L in all of JD lines.

Chromosome 9: Large knob on 9S or the very small 180-bp knob
signal on the tip of the short arm in knobless homologues.

Chromosome 10: No special markers were detected, but it is dis-
tinguishable by its small size.
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Behavior of the Chromosomes 2 and 4 at Pachy-
tene Stage in the 441311 x KYS Hybrid

The pachytene chromosomes of the 441311 x KYS hybrid were
examined to investigate the pairing behavior of chromosomes 2 and
4. Carmine-stained chromosomes 2 and 4 from the 441311 and KYS
lines and the respective hybrid (Figures 5A-C,E,F) were analyzed to
compare their arm ratios. Chromosomes of the 444331 line were also
included in this analysis (Table 3). The arm ratios of the chromosome
2 of 441311, 444331 and 4411311 x KYS were very similar (about
1.70), while in KYS (Figure 5C) it was 1.36, corresponding to data in
the literature (Table 3; see review of KYS data in Anderson et al., [41].
The homologous chromosomes of the bivalent 2 were completely syn-
apsed in all of the cells that were examined (Figure 5A), and in only
one microsporocyte, a loop was detected (Figure 5B), suggesting the
occurrence of a pairing failure in a chromosomal segment. The chro-
mosome 4 arm ratios in 441311, 444331 and 4411311 x KYS were not
similar (about 1.37 in the lines and 1.47 in the hybrid). Therefore, the
centromeric position of the bivalent 4 appeared to be more variable
among cells in the hybrid, but the pairing between homologues was
complete (Figure 5E). The chromosome 4 arm ratio of KYS (Figure
5F) estimated in the present study was 1.63, which is also consistent
with data in the literature. Therefore, the data showed that in the hy-
brid, the arm ratio value of chromosome 2 was similar to the one of
the JD lines, while the chromosome 4 arm ratio was significantly dif-
ferent from the JD lines and intermediate between the parents (Table
3).
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Table 3: Arm ratios of chromosomes 2, 4, and 5 at pachytene stage from the 441311,
444331, and KYS lines and the 441311 x KYS hybrid compared with KYS data from
various studies.

Materials

Chromosomes
2 4 5

441311 169 (1.63; 1.75) a 137 (133; 141) ¢ 1.09 (1.00; 1.18) a
444331 170 (161; 1.79) a 136 (130; 141) ¢ 112 (1.06; 1.19) a
KYs* 136 (1.27; 1.44) b 163 (154; 1.71) a 104 (0.97; 1.11)a
441311 x KYS 169 (162; 1.77) a 147 (142; 152) b 1.09 (1.02; 1.16) a

h 950)* 126 159 120

981)* 120 157 116

94)* 125 1.60 110

* Present study; *KYS data from other studies. Chromosome arm ratio for each line and hybrid were tested through an analysis of variance. Values with the same
letter are equal based on their confidence intervals in brackets.

k‘ 3 CentC

5

\ 55 rDNA

1

{

| PR,

Figure 5: Chromosomes 2 (A-D), 4 (E-G), and 5 (H,I) at pachytene stage from the
441311 x KYS hybrid (A,B,D,E,G,H) and KYS (C,F) and 444331 (I) lines. The homo-
logues are completely synapsed in the hybrid, with exception of one cell in which a loop
possibly resulting from a pairing failure occurred in a segment of the bivalent 2 (B). The
arrowheads indicate the centromeres in carmine-stained chromosomes (A-C,E,EH).
FISH signals (red) of CentC and 5S rDNA probes on chromosome 2 (D), Cent4 and
subtelomeric 4-12-1 clone (red) on chromosome 4 (G), and 4-12-1 on chromosome 5
(I) are displayed. Scale bars for carmine stained chromosomes and FISH images = 10

pm.
—
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Fluorescence in situ hybridization using chromosome-specific
probes to identify chromosomes 2 and 4 showed features of the chro-
mosome pairing in the 441311 x KYS hybrid. The bivalent 2, labeled
with the CentC and 5S rDNA probes (Figure 5D), and the bivalent 4
labeled with the Cent4 and 4-12-1 subtelomeric clone probes (Figure
5G), showed normal synapsis at the repetitive DNA sites analyzed.
Additionally, it is interesting to note that the other chromosomes
presented normal pairing in this hybrid and we included here obser-
vations on chromosome 5, as example. The pair 5, which possessed
knobs of different sizes on 5L in the homologues, showed normal
synapsis at this region (Figure 5H). As in KYS this knob is located at
5L, the analysis of this hybrid was also important to give additional
evidence that the knob of the metacentric chromosome 5 is also lo-
cated on 5L, in the JD lines. This can be seen in chromosome 5 of the
444331 line with the large knob on 5L and the 4-12-1 subtelomeric
signal on 5S (Figure 5I). The arm ratios for the JD and KYS lines and
the hybrid studied here were consistent with the median position of
the centromere in chromosome 5 (Table 3).

Discussion

Polymorphism of Maize Chromosomes

The current FISH protocol using probes of repetitive DNA se-
quences efficiently characterized the somatic chromosomes of the
inbreds and hybrids investigated. In a study on the embryogenic re-
sponse in callus cultures from JD lines [33], and another on cytoge-
netic techniques [34], the true chromosomes 2 and 4 were identified
as4 and 5, based on their arm ratios, and the actual knobbed chromo-
some 5 was identified as chromosome 2. The problems with regard to
the identification of chromosomes 2 and 4 were due to the submedian
positioning of the centromere of chromosome 2 in comparison with
that of chromosome 4, not expected according to the literature, as
mentioned above. The mapping by FISH of the 5S rDNA and Cent4

N
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chromosome-specific sequences was important for the reliable identi-
fication of chromosomes 2 and 4, respectively, in mitotic metaphases.
In addition, the subtelomeric signal on 5S was useful for the recogni-
tion of chromosome 5. The somatic chromosomes 7 and 8 were also
difficult to distinguish in lines without K7§, and then, the presence of
the subtelomeric sequence at 8L was an important marker enabling
the identification of this chromosome. It is interesting to note that in
the analyses of chromosome 7 aberrations that were induced in cal-
lus cultures derived from JD 1-3 genotypes [17,42], the chromosome
7 was easily distinguished in C-banded metaphases because it pos-
sessed knobs on 78 in all of the lines of the JD 1-3 family. Addition-
ally, chromosomes 9 and 10 are difficult to distinguish based on their
morphology in lines in which chromosome 9 does not have the large
terminal knob on the short arm, but in FISH preparations, it can be
identified by the presence of the small signal of the 180-bp repeat on
the short arm.

CentC hybridization signals were very bright and did not dis-
criminate specific chromosomes. We interpret that this finding might
be due to the detection technique using three antibodies, which would
mask possible differences in the present work. The copy number of
CentC units is variable in non-homologous maize chromosomes and
among varieties and this variability has been shown with direct fluo-
rophore-label, which would be more sensitive to detect differences
among chromosomes and varieties as reported [2,43].

The presence of the subtelomeric 4-12-1 signal on 18, 28, 4SL,
5S and 8L in all of the JD lines and in KYS provided evidence that
the copy numbers of the repeat unit in these 4-12-1 arrays allow for
their detection at the resolution of the mitotic chromosomes, and that
they may probably be detected in these positions in various maize
varieties. They have been observed in maize lines, but varying among
materials [2,22], including the KYS, in which we observed the sub-
telomeric signal at 5S and 5L.
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Also, the observation of small knob signals on 1S, 6S, and 9S
in the JD lines provided additional evidence that at these positions,
there would be a detectable copy number of the 180-bp sequence
in the chromosomes of several maize varieties as shown in the lit-
erature [2,22]. Interestingly, these small heterochromatic sites coin-
cide with those previously reported as “enlarged chromomeres,” ob-
served in carmine-stained pachytene chromosomes [13,40]. Signals
for the 180-bp knob repeat and TR-1 element have been detected on
the chromosome 6 short arm in all maize lines so far investigated
[2,21,22]. Moreover, small knob signals have been found in several
maize chromosome locations. Using a FISH procedure with increased
sensitivity (involving increase in the exposure time) 180-bp repeats
were detected near the ends of almost every somatic chromosome
arm and on interstitial sites on pachytene chromosomes, which do
not correspond with visible knobs [44]. However, cytologically visible
knobs in maize, which are sites with high copy numbers of 180-bp
repeats, have been located at specific positions. In an extensive survey
of maize races from North, Central and South America, 23 possible
knob positions distributed among maize chromosomes were recog-
nized, most of which were located at subterminal regions, suggesting
the occurrence of strong selection pressure at these locations [14].

The origin of knob polymorphism in maize and its wild teosinte
progenitors, including number and size, has been discussed in several
reports. Buckler et al.[45] proposed that meiotic drive was responsible
for the evolution of maize knobs. This meiotic event is a mechanism
by which small regions of the genome are preferentially transmitted to
the progeny. In maize, meiotic drive is due to an uncommon form of
chromosome 10, or abnormal chromosome 10 (Ab 10), which causes
the knobbed chromosomes to preferentially segregate during female
meiosis because in the presence of this chromosome, the knobs of the
other chromosomes are converted into neocentromeres (see [46,47]).
Other factors, like environment and transposition, may also have
played a role in the evolution of knobs [45]. In their survey of maize
races, McClintock et al. [14] observed characteristic chromosomal

N
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patterns that suggested the existence of karyotype groups in some
geographic regions. For example, in the so-called “Andean complex,”
most of the examined races collections that were made at highlands
in South America, had the same or nearly the same karyotype char-
acteristics, including small knobs at 613 and 7L [15]. In our study, the
knob composition of the JD 1-3 and JD 4-4 lines, derived from a S2
progeny, which was segregating for knobs at 3L, 5L, 7S, and 9, is rep-
resentative of the karyotype variability in sister homozygous inbred
lines obtained after selfing cycles. Additionally, the relative sizes of the
knobs were maintained invariable throughout these cycles. For exam-
ple, K7L was always larger than the band that was observed at 8L, and
K9S, when present, was a very large knob (Figures 3 and 4). All of the
knobs scored in JD lines were consistent with those that were report-
ed in collections of Cateto and Cuba races examined by McClintock
et al. [14], which were components of the original JD population. The
knob on 7S is not frequently observed, but it was also described in
some accessions of Cateto.

Knobs have been located on cytogenetical maps based on pachy-
tene analyses [7]. Recently they have been placed on the genetic map
[48], and mapped relative to the maize reference genome assembly
[5]. The authors used FISH to map visible knobs in recombinant
inbred lines, and three knobs from the B73 inbred were accurately
placed on the B73 reference genome. These data demonstrated that
knobs lie in gene-dense regions, generally high recombination areas.
Using their mapping data in combination with the NAM metapopu-
lation, the authors compared recombination frequencies in the pres-
ence and absence of knobs, and revealed that knobs in heterozygous
condition can reduce local recombination. Therefore, the knowledge
of knob constitution of inbreds can be quite useful in breeding pro-
grams. Interestingly, during the development of inbred lines from the
JD population, in S6 and even S9 progenies heterozygous plants for at
least one knob position were detected in some progenies [32].
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Knobs can also vary in their molecular structure among chromo-
somes and varieties. They are composed primarily of 180-bp repeats
and TR-1 elements, and individual knobs can either be composed ex-
clusively of 180-bp repeats or TR-1 elements or contain a mixture of
both [2,5,21,22]. TR-1 elements have been found in knobs on 2L, 4L,
and 6S in most lines that have been investigated, but they were also
detected on 6L, 8L, 9S, and 10L2 in some lines [2,5,22,49]. Our obser-
vation of large 180-bp signals corresponding with positions and sizes
of knobs visible at pachytene stage and in C-banded somatic meta-
phases suggests that these knobs are composed primarily of 180-bp
repeats. In the materials studied here, knobs on 2L, 4L, and 10L were
not observed, but further investigation is necessary to assess whether
TR-1 elements are present on 6S, 6L2, 6L3, 8L1, 8L2, and 9S.

Behavior of the Chromosomes 2 and 4 at Pachy-
tene Stage in the 441311 x KYS Hybrid and Infer-
ences on Chromosome Evolution

The arm ratios estimated for chromosomes 2 and 4 at pachytene
stage gave evidence of differences in the centromere position of these
chromosomes between the JD and KYS lines (Table 3). In the present
study, based on the arm ratios, we found that the centromere position
of the chromosome 2 in the 441311 x KYS hybrid was similar to that
observed in the 441311 line, while the arm ratio of chromosome 4
was intermediate between values estimated for JD and KYS lines. In
addition, both homologues of pair 2 and of pair 4 were completely
synapsed. The only exception was observed in a meiotic cell showing
aloop in the chromosome pair 2, suggesting a failure of pairing (Fig-
ure 5B). FISH using satellite DNA probes revealed complete synapsis
at homologous marker sites, i.e., CentC and 55 rDNA in chromosome
2, and Cent4 and subtelomeric 4-12-1 in chromosome 4. It is beyond
the scope of our study to discuss the mechanism involved in the pair-
ing of homologous chromosomes differing in centromere positions,
which was observed in the 441311 x KYS hybrid, but this finding rais-
es some questions that may be considered in further investigations.

N
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Alterations in the arm lengths of a chromosome can occur due to
the presence of a pericentric inversion or a deficiency or duplication
of a chromosomal segment. In inversion heterozygotes a loop can be
detected at pachynema, when a standard chromosome pairs with the
homologue containing the inversion, allowing for homologous pair-
ing in the inverted region. In deficiency and duplication heterozy-
gotes, a loop formed by an unpaired segment can be observed. In the
441311 x KYS hybrid, loops were not detected in pairs 2 and 4 and
this suggests that the homologous chromosomes could pair through
a differential degree of chromatin packaging between homologous
arms differing in size. Therefore, the loop observed in the chromo-
some 2 in one cell (Figure 5B) would be an exceptional event of pair-
ing failure. The axial contraction along the fibers during meiotic mid-
prophase has been shown to be uniform, using BAC FISH mapping of
selected loci on maize chromosome addition lines of oats [4]. In their
study, the authors found that the relative loci positions along pachy-
tene chromosomes did not change as a function of total arm length
at early and late pachynema. However, they observed considerable
variation between the relative arm positions of loci when comparing
the cytogenetic FISH map to the B73 genomic physical map. As men-
tioned by the authors, this could occur in some cases in which the
cytogenetic FISH map and genomic physical map are from different
genotypes. Differences in genomic content among maize lines is well
known, for example, the genome size of the Mo17 and B73 lines are
estimated to differ by 0.13 pg (see [4]), and highly significant varia-
tion in 4C DNA content in maize varieties, ranging from 9.84 to 13.49
pg, has been reported [50]. According to Figueroa and Bass [4] vari-
ation in relative map positions could result from genotype-specific
variation in DNA packaging along the pachytene chromosome axis
of individual chromosome arms. Alternatively, the authors argued
that genome sizes could be similar, but that repetitive DNA sequences
may have accumulated in different regions of the chromosome arms.
Satellite DNA and TEs were identified in inbred line B73, and it was
estimated that ~85% of the B73 RefGen_v1 were comprised of TEs, of
I
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which 75% belonged to LTR retrotransposon families [3]. In addition,
the distribution of some of the retrotransposon families on the chro-
mosomes of maize lines were shown to be non-random, with distinct
patterns revealed by FISH [44].

From this scenario, we could infer that the KYS and JD lines have
different contents of repetitive DNA along the arms of the knobless
chromosomes 2 and 4, resulting in differences in relative arm lengths.
It is interesting to note that two different arm ratio values have been
reported for chromosomes 2 and 4 [13], but with values in chromo-
some 4 being higher than in chromosome 2. The complete synapsis
that we observed at pachytene stage may involve non-homologous
pairing at some chromosome regions; however, the homologous pair-
ing at the satellite DNA regions was remarkable. Synapsis of non-ho-
mologous parts of chromosomes in pachynema has been detected in
maize. The first report of this behavior [51] showed several instances
of non-homologous synapsis in heterozygotes for deficiencies and in-
versions, and within the univalent in monosomic plants and in parts
of the homologues in trisomic plants. In addition, other cases of non-
homologous pairing in maize have been reported, such as that which
was visualized using FISH in a heterozygote for a hemicentric inver-
sion in chromosome 8, involving pericentromeric heterochromatin
[44].

In conclusion, the results of our study highlight problems to be
investigated concerning meiotic chromosome synapsis and levels of
chromatin contraction along chromosomes with different distribu-
tions of repetitive DNA, besides contributing for the knowledge of
global maize chromosome variability.
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Supplementary Figures

S2 progeny
3L 5L 6L 78 L 8L 95

+,+0,00 ++,+0,00 i ++, 40, 00 fiza + ++ 00, +0

Numbers refer to chromosomes: L. long arm: S, short arm

+ Presence of knob; 0 absence of knob.

JD 1-3 Family (S6)* JD 4-4 Family (S6)*
3L 3L 8 98 3L SL 78 9s
++ 00 00 ++ ++, 00 ++ 00 ++ ++, 00 ++ 00
* Homozygous for knobs on 6L. 7L and 8L

Figure S1: Origin and C-band (knob) composition of the S6 inbred line fami-
lies JD 1-3 and JD 4-4 derived from a S2 progenitor, which segregated for
knobs on 3L, 5L, 7S and 9S and was homozygous for knobs on 6L, 7L and 8L.

5S’ACTCGTGCTTTTTATGCACCCTCGACAACCGTTTTCAGAATGGGTNAC
GTGCGGAAACGAAATTGCGCGAAAACAACCCAAACATGAGTTTAGTAC
CTAAAGTAGTGGATTGGGCATGTTCGTTGCGAAAAACGAAGAAGTTGT
TCCGGTGGCAAAAACTCGTGCTTTGTATGCACCCGATACCCGTTTTCGG
AATTGGTGACATGCGCCAACGAAATTGCGTGAAACCACACCAAACATG
AGTTTTGTACCTAAAGTAGTGGATTGGGCATGTTCGTTGTGAAAAACGA
AGAAATY

Figure S2: CentC consisting of two CentC consensus repeats (Ananiev et al.
19998b) of 139-bp and 154-bp respectively (red).
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